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GENERAL INTRODUCTION 

Atrial fibrillation (AF) is characterised by fast and irregular activation of the atria and is 
the most common sustained arrhythmia in adults. It is associated with increased mortality 
and morbidity, reduces the quality of life and life expectancy, and puts a considerable strain 
on health care systems across the globe.1, 2 In 2010 approximately 250.000 people in the 
Netherlands and 7.2 million across Europe suffered from AF. With an ageing population, 
we expect these numbers to double by the middle of the century.3 Despite the considerable 
burden on the health care system and the massive research efforts, treatment of AF remains 
unsatisfactory. Lack in our pathophysiological understanding of distinct mechanisms of AF 
initiation and maintenance led us to focus on symptom control, without adequate treatment 
of AF itself. Understanding the arrhythmogenic potential of mechanical stimuli, autonomic 
regulation, and local structural and functional heterogeneity may provide new insights and 
improve rhythm control strategies for AF. 

Effects of acute stretch and adrenergic stimulation on the development of AF 

Twenty-five years ago, Wijffels et al. observed in conscious chronically instrumented goats 
that initially short-lived episodes of AF, when artificially maintained, become sustained over 
time.4 This phenomenon is known as ‘AF begets AF’. Besides a shortening of the refractory 
period also other factors are involved in increasing AF stability over time, such as myocyte 
hypertrophy and atrial fibrosis. Also, the role of stretch and mechano-electric coupling in the 
initiation and maintenance of AF has gained attention. However, studies investigating the 
effect of acute atrial stretch in humans have yielded inconsistent results. In patients, without 
structural heart disease, atrial stretch is associated with a shortening of the atrial refractory 
period and increased the likelihood of developing AF.5 Another study found a non-uniform 
increase in ERP upon mechanical load in patients without structural heart disease.6 In patients 
with a history of paroxysmal AF, volume load tripled the number of patients experiencing 
prolonged episodes of AF.7 Acute stretch also increased the heterogeneity in atrial ERP, and 
this effect was pronounced in patients with a history of AF.8  In-vitro and in-vivo experi-
ments in animal models support the notion of increased vulnerability for atrial arrhythmias 
in response to stretch. On a cellular level, the underlying mechanism of stretch-induced ar-
rhythmias in the atria are incompletely understood. Differences in effects reported in human 
studies exploring stretch-induced alteration in atrial electrophysiology could be explained 
by uncontrolled autonomic effects as well as the heterogeneous effects of stretch on ERP 
throughout the atria.

Several reports link catecholamines to the development of atrial arrhythmias.9 Isoprenaline 
(ISO), a beta-adrenoreceptor agonist, induces AF episodes in 80% of patients undergoing 
catheter ablation for paroxysmal AF compared to 5% in the control group.10 Furthermore, 
prospective studies in patients with a history of AF showed that emotional stress doubles 
the occurrence of AF episodes (Lampert 2014) and that treating patients with beta-blockers 
attenuated the occurrence of new AF episodes associated with emotions leading to high 
sympathetic activity (Lampert 2019).11  
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Moderate amounts of stretch can potentially trigger lethal ventricular arrhythmias in ven-
tricle with local structural heterogeneity.12 On a subcellular level, heterogeneities in Ca2+ 
reuptake and release have been reported.13 Subcellular heterogeneities, however, remain to 
be investigated. 

This thesis investigates the effects of stretch and beta-adrenergic stimulation on Ca2+ handling 
with a potential role in pro-arrhythmic mechanisms in AF. 

Outline of this thesis

In Chapter 2, we provide a detailed literature overview of the effects of mechanical stimuli 
on Ca2+ handling. In cardiac myocytes, Ca2+ signalling is tightly controlled in spatially con-
fined spaces or microdomains. Ca2+ signalling at these microdomains is mechano-sensitive. 
To investigate mechano-sensitive microdomain Ca2+ handling in isolated cardiac myocytes, 
well defined reproducible mechanical stimuli need to be applied. We elaborate on technical 
considerations and discuss the type of mechanical stimuli cells can be subjected to. Myocytes 
react to changes in afterload, pre-load and shear stress differently. Furthermore, we discuss 
emerging differences between atrial and ventricular mechano-sensitivity and how the cellular 
structure could influence differences in mechano-sensing. Lastly, we explore the implication 
of mechano-sensitive Ca2+ handling on cardiac arrhythmias, focusing on subcellular struc-
tural alterations in disease and discuss the effect of contractile heterogeneity on arrhythmias. 

The subcellular mechano-sensitive Ca2+ handling in the atria is not well understood. In 
Chapter 3, we investigate the effect of uniaxial stretch on atrial Ca2+ handling and possible 
implications for atrial arrhythmias. We show that stretch causes an increase in Ca2+ spark rate 
and provide evidence that this mechanism is distinct from the stretch evoked Ca2+ sparks in 
the ventricle. Furthermore, we demonstrate that stretch leads to coordinated Ca2+ waves, rem-
iniscence of electrically stimulated transients, in close temporal proximity to the application 
of stretch. Unlike the increase in Ca2+ spark rate, coordinated Ca2+ release events were not 
inhibited by GsMTx4, a blocker of mechanosensitive channels.

In Chapter 4, we investigate the effect of adrenergic stimulation on subcellular Ca2+ handling 
in atrial myocytes. We show that after short term rapid pacing CaT amplitude is reduced 
in atrial myocytes, mainly due to a loss in CaT amplitude in uncoupled regions. After ISO 
treatment, the CaT amplitude normalised to control conditions. We investigate possible path-
ways that could lead to the rescue of CaTs in atrial myocytes and identified a pronounced 
rephosphorylation of Ca2+ release channels in atrial myocytes after tachypacing as a potential 
mechanism. 

Heterogeneity in contraction can be another source for atrial arrhythmias and subcellular 
alteration in Ca2+ handling. To better quantify the effects of subcellular heterogeneity, we 
developed and tested a new method to semi-automatically analyse spatiotemporal hetero-
geneities of subcellular contraction in transmitted line scan images of isolated myocytes. In 
Chapter 5, we present this method in detail and show the effects of ISO treatment and stretch 
on myocyte contraction. We show that ISO as well as stretch increase local strain heteroge-
neity. While cells that are not subjected to mechanical load show contractions throughout the 
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whole length of the cell, albeit with different levels of strain, parts of pre-loaded myocytes 
lengthened during active contraction. This phenomenon has been described in multicellular 
preparations and associated with arrhythmia development.

Our data provide new insights into potential pro-arrhythmic mechanisms of stretch and adr-
energic activation. The therapeutic relevance of these findings has to be addressed in future 
research projects.
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ABSTRACT 

In cardiac myocytes, calcium (Ca2+) signalling is tightly controlled in dedicated micro-
domains. At the dyad, i.e. the narrow cleft between t-tubules and junctional sarcoplasmic 
reticulum (SR), many signalling pathways combine to control Ca2+-induced Ca2+ release 
during contraction. Local Ca2+ gradients also exist in regions where SR and mitochondria 
are in close contact to regulate energetic demands. Loss of microdomain structures, or dys-
regulation of local Ca2+ fluxes in cardiac disease, is often associated with oxidative stress, 
contractile dysfunction and arrhythmias. Ca2+ signalling at these microdomains is highly 
mechanosensitive. Recent work has demonstrated that increasing mechanical load triggers 
rapid local Ca2+ releases that are not reflected by changes in global Ca2+. Key mechanisms 
involve rapid mechanotransduction with reactive oxygen species or nitric oxide as primary 
signalling molecules targeting SR or mitochondria microdomains depending on the nature 
of the mechanical stimulus. This review summarizes the most recent insights in rapid Ca2+ 
microdomain mechanosensitivity and re-evaluates its (patho)physiological significance  in 
the context of historical data on the macroscopic role of Ca2+ in acute force adaptation and 
mechanically-induced arrhythmias. We distinguish between preload and afterload mediated 
effects on local Ca2+ release, and highlight differences between atrial and ventricular myo-
cytes. Finally, we provide an outlook for further investigation in chronic models of abnormal 
mechanics (eg post-myocardial infarction, atrial fibrillation), to identify the clinical signifi-
cance of disturbed Ca2+ mechanosensitivity for arrhythmogenesis. 

Non-standard Abbreviations and Acronyms

AP, action potential; AT, axial tubule; Ca2+, calcium; CaMKII, Ca2+/calmodulin-dependent 
protein kinase II; CICR, Ca2+ induced Ca2+ release; GSMTx4, Grammostola spatulata 
mechanotoxin-4; IP3, inositol 1,4,5-trisphosphate; LTCC, L-type Ca2+ channel; MCU, 
mitochondrial Ca2+ uniporter; α-MHC, alpha-myosin heavy chain; Na+, sodium; NCX, 
Na+/Ca2+ -exchanger; NHE1, Na+/H+ -Exchanger 1; NO, nitric oxide; NOS, nitric oxide 
synthase; eNOS, endothelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; 
NOX2, NADPH Oxidase Type 2; ROS, reactive oxygen species; RyR, ryanodine receptor; 
SAC, stretch activated channel; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; SR, 
sarcoplasmic reticulum; TnC, troponin C; TT, transverse tubule; AT, axial tubule
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INTRODUCTION 

The heart is continuously exposed to a changing mechanical environment, both on a beat-to-
beat basis (e.g. fluctuating blood pressure, exercise, emotional stress), and chronically (e.g. 
elevated venous return, high blood pressure). One of the most frequent challenges to the 
heart is acute stretch due to an increase in end-diastolic volume (preload), caused by either an 
increase in venous return, or aortic resistance. The stretch is immediately followed by a more 
powerful contraction. The larger the stretch, the more force is being generated by the muscle. 
This intrinsic mechanism of autoregulation allows fast adaptation of the heart to variations in 
haemodynamic load and is known as the Frank Starling mechanism.1, 2 The initial increase in 
contractility is followed by a more gradual increase in force development that is responsible 
for the return of end-diastolic volume back to its original value. The secondary increase in 
force over a 10-15 min period was first observed by Von Anrep after clamping the ascending 
aorta in a dog,3 and later on demonstrated in an in vitro setting by Parmley and Chuck.4 Since 
then this phenomenon has been referred to as slow force response (SFR).

Accumulation of Ca2+ has been considered the mechanism that underlies the inotropy of the 
Anrep effect,5 while the Frank-Starling has been viewed as primarily a myofilament mecha-
nism.6 Historically, Ca2+ effects have not considered important in the initial force response to 
stretch, but this view has been challenged by recent findings. Newly developed imaging tools 
and preload/afterload models have allowed the capture of subcellular Ca2+ dynamics at high 
spatiotemporal resolution during mechanical modulation and demonstrated fast local Ca2+ 
releases from the sarcoplasmic reticulum (SR) in response to stretch, while global systolic 
Ca2+ is maintained.7, 8 These local Ca2+ release events are manifestations of sensitized SR Ca2+ 
release channels that may prime the muscle for more efficient Ca2+ release and mechanical 
synchrony. Other forms of mechanical stimulation, e.g. afterload and shear, also affect local 
Ca2+ release, but operate across different time scales, and appear to involve other mechanosen-
sors, chemical signals of transduction and sources of Ca2+. In any case, the subcellular Ca2+ 
response to mechanical stimulation is spatially confined, and intact structural organization of 
Ca2+ release microdomains is key to spatiotemporal control of local Ca2+ release. A different 
structural organization as in atrial myocytes, or loss of structures in failing hearts, may cause 
uncontrolled Ca2+ releases that initiate arrhythmogenic events, shedding new light on the 
role of Ca2+ in stretch-induced arrhythmias. Disturbances in the Ca2+ handling substructure 
may be particularly relevant for arrhythmias associated with cardiac diseases where tissue 
mechanics are abnormal, or in the setting of atrial dilatation during atrial fibrillation.

In this review, we discuss current knowledge of mechanisms of mechano-transduction. In 
this context, the term Ca2+ mechanotransduction refers to processes through which myo-
cytes sense and respond to mechanical stimuli by converting them into biochemical signals 
that affect Ca2+ signalling. Highlighting the most recent discoveries in this field, the review 
particularly focuses on fast processes of mechanically-induced Ca2+ release that involve 
mechanosensitive intracellular Ca2+ stores. We distinguish between different types of stimuli 
- preload, afterload and shear. In light of these new findings we revisit the role of Ca2+ in acute 
force adaptation, and stretch-induced arrhythmias. We highlight differences between atrial 
and ventricular myocytes, and speculate how dysregulation of Ca2+ mechanotransduction 
may become arrhythmogenic in cardiac disease. The long-term effects of mechanical load on 
Ca2+ signalling causing hypertrophy and remodeling have been discussed elsewhere 9,10 and 
are beyond the scope of this review.
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TECHNICAL CONSIDERATIONS 

The mechanical environment of cardiac myocytes within the beating heart is highly complex. 
With every cycle, cardiac myocytes are subjected to rapid changes in load and length. During 
diastolic filling, by Laplace’s law, myocytes develop tension while being stretched. The larg-
er the stretch, the more force is generated for contraction against afterload pressure through 
the Frank-Starling mechanism. During contraction, myocytes deform in the longitudinal 
direction by shortening, and transversally by thickening. Because of the laminar organization 
of myocyte layers in situ, cells also experience considerable shear during deformation.

In past decades, experimental techniques have been developed that aimed at controlling one 
or more mechanical components sensed by a single myocyte in an in-vitro setting. The most 
common approach to subject a single myocyte to preload is stretching the cell in longitudinal 
direction with a pair of carbon fibers or glass rods attached at both cell ends. The carbon 
fiber technique was introduced by Le Guennec et al. in the late 1980s.11 The attachment 
is presumably due to electrostatic forces between the carbon fiber and myocyte surfaces.12 
Active and passive forces are recorded by optical monitoring of bending of the fibers. The 
preload can be adjusted by moving the carbon fibers relative to each other by means of 
piezoelectric translators or manual micromanipulators. A variation on this method is the use 
of a biological adhesive, MyoTak, to glue the myocyte to glass fibers.8 The method differs 
from the carbon fiber technique in some respects. Because glass rods are stiffer, cell length is 
isometrically ‘clamped’ during contraction, although local sarcomere movement is observed 
to some degree. Real-time acquisition of sarcomere strain is achieved by combining the 
stretch system with 2D video-capture13 or confocal microscopy.14 Another advantage of com-
bining stretch with high-resolution life-cell imaging is the possibility of spatiotemporal Ca2+ 
imaging and/or patch-clamp studies during stretch.7, 15 Recently, systems for dynamic control 
of mechanical load, subjecting myocytes to pressure-volume loops, have been implemented 
with the fiber technique.16-18

A different approach for stretching cells is the use of a gel matrix. Petroff et al. embedded 
myocytes in agarose in a deformable tube.19 Because agarose is deformable but not elastic, 
pulling the tube results in stretch of the embedded cells. Also, during stretch the gel exerts 
compressive stress on the myocyte, which is not the case with carbon fiber stretch. 

The group of Chen-Izu developed a viscoelastic hydrogel made of polyvinyl alcohol and 
boronic acid cross-linker that binds to cell surface glycans.20 Because of the gel’s viscoelas-
ticity, the myocyte works against the gel during contraction and experiences afterload. The 
viscoelasticity of the gel, and thus afterload, is tunable by the mixing ratio of the cross-linker 
and the polyvinyl alcohol. In addition to afterload, the myocyte also experience transverse 
compression and surface (shear) forces because of the tethering of the gel to the cell surface. 
The use of gels does not allow modulation of the afterload within the same cell. 

To dissect the shear force component from other mechanical stresses, common techniques 
are the  application of a pressurized jet of fluid directed tangential relative to the surface of 
the cell,21 or dragging fibers over the myocyte at a predefined velocity.22 Hydrojets through 
micropipettes have also been used to apply force at specific locations on the sarcolemma 
with nanoscale precision. Because hydrojets exerts pressure perpendicular to the cell surface, 
indentation causes stretch of the sarcolemma.23 
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Despite technical breakthroughs in recent years, the isolation of one mechanical stress com-
ponent is still difficult to achieve in experimental settings. Usually one type of mechanical 
stimulus predominates, but other components contribute as well. These contributions make 
the comparison of results obtained by different methodologies challenging. In a recent review, 
Chen-Izu et al. provide a simplified framework to interpreting results from different stretch 
systems.24 In their conceptual view, mechanosensors are molecular ‘springs’ that sense strain, 
either inside the myocyte or on the surface. The dimensionality of the stretch system then 
defines what mechanosensor is activated. Myocyte stretch with carbon fibers or glass rods 
is considered a one-dimensional system, in which internal mechanosensors are activated, 
while surface mechanosensors will hardly experience any strain. In the 3D environment of a 
matrix gel, where a contracting myocyte pulls against the gel in the longitudinal direction and 
pushes against the gel in the transverse direction, also surface mechanosensors are activated. 
This concept has been proven very useful to explain apparent discrepancies between the 
available literature data obtained by different systems.

EFFECT OF PRELOAD ON CA2+ SIGNALLING

In the next section, we discuss the effects of acute stretch - a measure of preload – on systolic 
and diastolic Ca2+. We briefly mention generally accepted mechanisms causing the well-
known stretch-induced gradual increase of systolic Ca2+ transients underlying the SFR. The 
main focus is on recently discovered mechanisms of stretch-induced diastolic Ca2+ release, 
detectable at subcellular resolution, that mostly rely on intracellular Ca2+ stores. The sarco-
plasmic reticulum and mitochondria as possible sources will be discussed in more detail.

Effects of stretch on systolic Ca2+ transients

In the late 70s, new techniques for measuring intracellular Ca2+ with Ca2+-sensitive biolu-
minescent proteins became available and made it possible to study the dynamic behaviour 
of Ca2+ in intact cardiac muscle preparations.25 Thus far, the relation between Ca2+ and force 
generation was assessed in skinned muscles revealing that increasing muscle length leads 
to increased myofilament Ca2+sensitivity and thus more generated force by contraction.26 
In skinned muscle, the dynamic component of Ca2+-induced Ca2+ release, and other Ca2+-
dependent signalling processes that require an intact intracellular environment and tight 
control of trans-sarcolemmal Ca2+ fluxes, is lost. Allen and Kurihara injected isolated pap-
illary muscle and trabeculae with a Ca2+-binding photoprotein and monitored changes in 
intracellular Ca2+ and force of contraction upon stretch.27 The study demonstrated for the first 
time that the SFR was associated with an increase in the magnitude of the intracellular Ca2+ 
transient, an observation confirmed by many others,28-32 but not by all.33

The proposed mechanism underlying the slow Ca2+ response is an increase in intracellu-
lar sodium (Na+) resulting from complex interactions between multiple mechanosensitive 
pathways. The initial step probably involves auto-/paracrine activation of angiotensin re-
ceptors and downstream release of endothelin (34-36, but see also conflicting results by 37). 
Myocardial Na+/H+ exchanger activity (NHE1) is increased via complex pathways that either 
involve reactive oxygen species (ROS) production,38 or protein kinase C activation via the 
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phospholipase C and inositol 1,4,5-trisphosphate (IP3) cascade.39 The subsequent increase in 
cytosolic Na+ reduces the extrusion of Ca2+ via the Na+/Ca2+ exchanger (NCX) resulting in 
net gain of Ca2+ and therefore larger Ca2+ transients and twitch force.40 Several authors have 
also suggested the involvement of stretch activated channels (SAC) that conduct Na+ and/
or Ca2+.41, 42 A proposed candidate for integrating both pathways is the TRPC6 channel, a 
stretch-activated non-selective cation channel that is also regulated by angiotensin via phos-
pholipase C signalling, and that possibly activates kinases upstream of NHE1.43 A very recent 
study implicated a similar role for TRPC3.44 For a detailed discussion of signalling pathways 
underlying the SFR we refer to 5. 

Figure 1. Effect of stretch on force and systolic Ca2+ Single ventricular (VM) or atrial myocytes (AM) were glued 
to glass fibers, coated with a biological adhesive (MyoTak, Ion Optix), electrically stimulated at 1Hz and stretched 
to 10% of initial cell length, at 37°C. A, Representative examples of force (top) and Ca2+ transients (CaT, middle) 
averaged from confocal line scans (Fluo4-AM, bottom) simultaneously recorded before and 15 s after cells were 
stretched. B, Averaged data of force and C, CaT amplitude comparing VM and AM of different species. Changes in 
response to stretch are expressed as percentage of baseline. D, Ca2+ decay was faster in rabbit AM, and unchanged 
in rat and pig VM. Whether the faster Ca2+ decay can be attributed to the structural and/or functional differences 
between AM and VM, or reflects species-dependent effects cannot be inferred from the presented data.  (Rabbit AM, 
n=12; Rat VM, n=11; Pig VM, n=6; mean±SEM).
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In contrast SFR, Ca2+ is not centrally involved in the force potentiation during the fast phase. 
The early studies in multicellular preparations reporting on the role of Ca2+ in SFR noted no 
significant increase in intracellular Ca2+ during the fast phase after stretch. We, and others,29, 

31, 45 confirmed this in single myocytes from different species and tissue (Figure 1). These 
results imply that an increase in myofilament Ca2+sensitivity, rather than an increase in the 
amount of free Ca2+available for binding to troponin C (TnC), is the primary cause of the fast 
stretch response. This idea had previously been proposed by Allen et al. to explain why Ca2+ 

transients declined faster while force relaxation became slower as the muscle was stretched 
and more force developed. 27 Given that Ca2+ affinity of troponin is influenced by developed 
tension,46 relaxation in stretched muscle is slower because Ca2+ dissociates from the myofil-
aments more slowly due to the higher affinity of TnC for Ca2+. 47 At the same time, removal 
of free Ca2+ is faster because more Ca2+ is buffered by TnC during the relaxation phase.27 
Consistent with this theory, a sudden change in cell length during early relaxation causes 
a transient rise in free Ca2+ that is released from TnC due to the sudden drop in tension.48, 

49 Under certain conditions, this could lead to initiation of arrhythmias50, as we will discuss 
later. Of note, the faster Ca2+ decline is not observed in single myocytes (Figure 1).29 The 
reason for this is unclear. Possibly the increase in Ca2+ affinity of TnC is too small to be 
detected as changes in the Ca2+ transient in single myocytes. Alternatively, it might be related 
to the interplay between stretch, action potential (AP) duration and Ca2+ removal. Changes 
in AP duration have secondary effects on Ca2+ removal via modulation of NCX. If stretch 
prolongs AP,51, 52,53 the effect on the Ca2+ transient would be opposite as to the TnC effect, i.e. 
slowing of Ca2+ decline. Such effects might be more pronounced in uncoupled myocytes that 
typically have longer AP than intact cardiac muscle. 54, 55

Effects of stretch on diastolic Ca2+

The first indication of stretch-dependent effects on diastolic Ca2+ came from early work in 
isolated papillary muscles. Nichols et al. demonstrated that an apparently similar SFR could 
be produced when muscle length was changed only during the diastolic period between con-
tractions,56 speculating that stretch gives rise to diastolic Ca2+ influx that would then lead to 
greater Ca2+ sequestration by the SR. Allen et al. confirmed that diastolic length of papillary 
muscles controlled the size of the systolic Ca2+ transient,28 but failed to demonstrate directly 
an increase in diastolic Ca2+ concentration, possibly due to the insensitivity of aequorin to 
resting Ca2+ levels. Results in single myocytes are conflicting. Some studies monitoring 
whole-cell Ca2+ fluorescence with Indo-1 or Fura-2 reported increases in diastolic Ca2+ levels 
during stretch57,58 while others did not.29, 45 Petroff et al. were the first to use confocal mi-
croscopy to monitor subcellular Ca2+ events during stretch and to providing direct evidence 
that stretch modulates the elementary Ca2+ release process, the Ca2+ spark.59 Stretch-induced 
increases in Ca2+ spark frequency are a phenomenon consistently observed in myocytes,7, 8 
also in response to other mechanical stimuli, such as shear stress and afterload.60,20 More con-
troversy exists as to how the mechanical stimulus is sensed at the membrane and transmitted 
to intracellular Ca2+ stores, and what Ca2+ stores are possibly involved.
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Sources of stretch-induced Ca2+ release

The concept of Ca2+ microdomains in cardiac cells

During a cardiac cycle, contraction is initiated by a transient rise in intracellular Ca2+. The 
Ca2+ transient results from sarcolemmal Ca2+ influx through L-type Ca2+ channels (LTCC) 
during depolarization that activates ryanodine receptors (RyR) followed by Ca2+ being re-
leased from the SR. The relative contribution of SR Ca2+ to the steady-state cytosolic Ca2+ 
transient depends on the species, ranging from 70-75% in larger animals to 90% in rodents.61 
The efficiency of Ca2+ -induced Ca2+ release (CICR) is supported by dedicated structures, 
so-called dyads, where LTCC face clusters of RyR in the SR (Figure 2). In this narrow 
cleft, Ca2+ is temporally and spatially constrained, and is 10 times higher than global Ca2+ 
before dissipating into the cytosol for binding to the myofilaments.62 In ventricular myo-
cytes, dyadic microdomains are localized at t-tubules (TT), regularly spaced invaginations 
of the sarcolemma at Z-lines. TT interconnect and transverse the entire cytosol ensuring 
electrical and contractile synchrony throughout the myocyte. Dyads are also sites of com-
partmentalized regulation of Ca2+ signalling by kinases and ROS. For example, stimulation 
of Ca2+/calmodulin-dependent protein kinase II (CaMKII) and ROS by faster heart rates 
sensitizes RyR in the dyads, but not RyR in regions that are not coupled to the sarcolemma.63 
The source of ROS matters, because ROS produced by NADPH oxidase type 2 (NOX2), a 
membrane-bound NADPH oxidase located at TT and sarcolemma, but not mitochondrial 
ROS, preferentially modulate dyadic RYR under physiological conditions.64 NOX2 has been 
reported to be involved in mechanosensitivity of SR Ca2+ release.8 The dyad as nexus of Ca2+, 
ROS and mechanical signals will be discussed in the next section. 

A similar Ca2+ microdomain may exist between the mitochondria and the SR. Mitochondria 
are located within subsarcolemmal, perinuclear, and intermyofibrillar regions of the myo-
cyte, and are physically tethered to the SR by linker proteins, presumably Mitofusin-2.65, 66 
Tethers can be observed throughout the muscle between mitochondria and junctional SR, 
or network SR.67 The distance between the RyR in the SR and mitochondria is within the 
nanometer range (37 - 270 nm according to 68). Thus during SR Ca2+ release, the mitochondria 
are exposed to hot spots of Ca2+ reaching levels 10-folds higher than in the bulk cytosol.69, 70,71 
The close proximity of SR and mitochondria is thought to facilitate efficient mitochondrial 
Ca2+ uptake via the mitochondrial Ca2+ uniporter during SR Ca2+ release.72, 73 In the mito-
chondrial matrix, Ca2 + is important for activating Krebs cycle dehydrogenases to accelerate 
the regeneration of NADH that fuels the electron transport chain for the production of ATP. 
While passing the electron transport chain, electrons leak and produce superoxide that is 
rapidly transformed into H2O2 that can cross membranes and may influence the local redox 
environment of RyR in the SR-mitochondrial space. At the same time, Ca2+ contributes to the 
antioxidative capacity of the mitochondria, by indirectly helping to keeping H2O2 levels low, 
by regeneration of NADHP required for the activation of mitochondrial H2O2-eliminating 
enzymes (see 74 for review). 

Mitochondrial Ca2+ efflux is largely mediated via mitochondrial NCX and the permeability 
transition pore. Recent evidence suggests that Ca2+ release from mitochondria is triggered by 
stretch and shear. 
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Sarcoplasmic reticulum 

The SR is the main source of Ca2+ release during CICR. The elementary event of the release 
process is a Ca2+ spark produced by the opening of a RyR cluster. Opening of RyR is usually 
triggered by a rise in Ca2+ through LTCC activation, but may also occur spontaneously when 
RyR are sensitized to Ca2+ by phosphorylation, or oxidation and nitrosylation. A spontaneous 
Ca2+ spark is usually a local diastolic event that is restricted in time and space. The spatio-
temporal constraints are imposed by the compartmentalized structure of the dyad limiting 
diffusion and ensuring precise control of RyR release. A Ca2+ spark may start propagating 
when it increases in amplitude and duration due to high SR Ca2+ content and/or RyR sensiti-
zation. In such setting, Ca2+ sparks do activate neighbouring release units and evolve into a 
propagating Ca2+ wave.  

Figure 2. Structural organization of Ca2+ microdomains in atrial and ventricular myocytes. The schematic rep-
resentation shows an enlarged detail of subcellular structures between adjacent sarcomeres in a ventricular (VM) 
and atrial myocyte (AM). The organization of transverse tubules (TT) and axial tubules (AT) is based on membrane 
stainings of rabbit myocytes (Di-8ANEPPS).A, VM have a regular pattern of junctional SR Ca2+ release sites along 
TT. Electrical signals (carried by L-Type Ca2+ channel, LTCC), Ca2+ (released by ryanodine receptors, RyR) and 
mechano-chemical signals (reactive oxygen species, ROS; nitric oxide, NO) convey at the dyad in coupled re-
gions. Dyadic ROS is produced by NADPH Oxidase Type 2 (NOX2). Neuronal (nNOS) or endothelial nitric oxide 
synthase (eNOS) generates NO. The space between the sarcoplasmic reticulum (SR) and mitochondria forms a 
separate mechanosensitive Ca2+ microdomain. Connections between SR and intermyofibrillar mitochondria that 
constitute the bulk of the mitochondria in a cardiac myocyte are not depicted here, but are not excluded as a possible 
mechanosensitive Ca2+ site. B, AM have less dense and more irregular TT, but more AT in the central region of 
the cell that are coupled to SR and form highly efficient CICR sites. At the periphery, SR Ca2+ release is mediated 
by co-localized RyR and inositol 1,4,5-trisphosphate receptor (IP3R). Stretch-activated channels (SAC) may have 
direct access to subsarcolemmal release sites. Because of sparse TT, AM have more uncoupled release sites that 
propagate Ca2+ relatively slowly from the subsarcolemma to the center. See text for more details.
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A single myocyte stretch immediately – within milliseconds – triggers a burst of Ca2+ sparks, 
that is reversible and declines within seconds.8, 75 During moderate levels of stretch these 
sparks are restricted in time and space, but during large stretch they may degenerate into 
Ca2+ waves. The time course of Ca2+ sparks follows a stretch-induced increase in ROS. Like 
the Ca2+ response, the ROS signal is transient, and its amplitude is graded, ie, increases with 
increasing amounts of stretch.76,77 In ventricular rat myocytes, stretch-induced ROS is pro-
duced solely by NOX2.8, 78 ROS sensitizes RyR to Ca2+. Possible mechanisms include direct 
oxidation of the receptor79, or indirectly, oxidation of calmodulin displacing the inhibitory 
binding calmodulin from RyR80, or RyR phosphorylation by oxidized CaMKII.81 CICR may 
therefore become more efficient during stretch. This particular pathway of mechanotransduc-
tion is termed X-ROS signalling, and an intact microtubule network comprises an essential 
structural component.8 Disruption of the microtubule abolishes the Ca2+ response to stretch. 
Importantly, X-ROS is independent of stretch-activated channels (SAC) and transsarcolem-
mal Ca2+ influx.82

Because X-ROS signalling is fast, tunable by graded stretch and confined to the dyad, it 
has been proposed to be an important for beat-to-beat adaptation to haemodynamic load.76 
Although X-ROS operates on a much faster time-scale than the SFR (milliseconds vs min-
utes), it is intriguing to speculate that X-ROS and SFR are not separate pathways, but con-
verge and regulate each other. The essential difference between SFR and X-ROS signalling 
in terms of Ca2+ is the gain: net gain during SFR vs. loss of Ca2+ due to enhanced SR Ca2+ 
leak by X-ROS.75 In order to interfere with SFR, X-ROS must be sustained, and activate 
secondary mechanisms that promote Ca2+ gain. While X-ROS induced ROS are typically 
transient during a single stretch of quiescent cells, ROS are maintained at higher steady-state 
levels when applying repetitive cycles of stretch, mimicking loading and unloading during 
a cardiac cycle.76 This observation would comply with the first requirement for X-ROS in-
volvement in SFR in a beating heart. Besides other pathways, some studies suggested the 
involvement of SAC in Ca2+ accumulation during SFR. Interestingly, patch-clamp studies in 
stretched myocytes revealed NOX-dependent modulation of SAC,83 and this modulation may 
be facilitated by co-localization of NOX2 and SAC in caveolae.84 Thus although SAC are 
not involved in X-ROS signalling per se, they may function as modulators and downstream 
targets. In addition, NOX2 stimulates SR Ca2+ uptake via phospholamban phosphorylation, 
further shifting the balance towards Ca2+ gain.78 A possible link between X-ROS and SFR 
warrants further investigation.

X-ROS signalling is insensitive to inhibition of nitric oxide synthase (NOS) by L-NAME7. 
By contrast, stretching myocytes in an agarose gel system increases nitric oxide (NO) produc-
tion, Ca2+ spark frequency and the amplitude of electrically stimulated Ca2+ transients.19 There 
are several possible explanations. In a gel, myocytes experience additional surface forces due 
to compression. Surface mechanosensors may work via NO, while internal sensors may work 
via microtubule and ROS.24 Also, NO mechanosensitivity operates on a slower time scale of 
minutes.19 Thus, stretch-induced NO constitutes an enduring signal, unlikely to be involved 
in beat-to-beat adaptation, but possibly important for SFR. 

It should be noted that not all studies identified the SR as the source of Ca2+ waves. In stretched 
trabeculae from rat ventricle, Wakayame et al. observed Ca2+ waves upon quick release of 
stretch.85 The initiation and propagation of these waves was not affected by increasing the 
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open probability of RyR with caffeine, but caused by Ca2+ dissociation from the myofilaments. 
Others identified the mitochondria as source of stretch-induced Ca2+ release, as discussed 
next. 

Mitochondria 

Figure 2 depicts Ca2+ microdomains that are possibly mechanosensitive, including mi-
crodomains at the interface of SR and mitochondria located in the subsarcolemmal space 
underneath the crest between Z-lines. Hydrojet nanoindentation at this specific location 
triggered Ca2+ release events that were spatially restricted to the pressure site, did not rely 
on sarcolemmal Ca2+ influx or (exclusively) on SR release, but were inhibited by uncoupling 
of the mitochondrial proton gradient or by inhibition of the permeability transition pore.86 
Disruption of microtubuli by colchicine stiffened the membrane and caused displacement of 
subsarcolemmal mitochondria, which was correlated with increased likelihood of producing 
mitochondrial Ca2+ waves. Thus intact sarcolemmal structure, high membrane compliance 
and subsarcolemmal mitochondria regularity are a prerequisite for the spatiotemporal control 
of mechanically-induced mitochondrial Ca2+ release. The authors could not exclude a role of 
the SR. Additional SR Ca2+ release triggered by the initial mitochondrial Ca2+ release could 
be necessary to produce a Ca2+ wave. Alternatively, the SR could be required for loading the 
mitochondria with Ca2+ to reach the threshold for release. The latter would be in line with 
previous experiments where shear stress was applied to the entire surface of the cell by pres-
surized flow and induced mitochondrial Ca2+ release.87 A second mechanical stimulus could 
not trigger a response, except after caffeine exposure, suggesting that SR Ca2+ is required for 
reloading the mitochondria. 

The physiological significance of the mechanosensitive crosstalk between the SR and mi-
tochondria is unclear. Speculative, crosstalk might provide a mechanism for fine-tuning SR 
Ca2+ release in response to rapid changes in pressure that are sensed by the mitochondria at 
the surface. When microdomains are disrupted, as in disease, mitochondrial Ca2+ release is no 
longer confined and becomes arrhythmogenic.

EFFECT OF AFTERLOAD ON CA2+ SIGNALLING

Afterload is the load against which the heart contracts to eject blood, and is closely related to 
arterial input impedance or aortic pressure. Stating differently, afterload is the pressure in the 
ventricular walls during ejection. In cardiac muscle and single myocytes, the concept of af-
terload can be translated to mechanical variables of peak twitch force and tension. Afterload 
is highest during isometric contractions, and lowest during isotonic contractions or unloaded 
shortening. Using the carbon fiber technique in isolated myocytes, Yasuda et al compared 
Ca2+ transients under isometric (high afterload) and isotonic (low afterload) conditions; the 
two modes of contraction were being alternated on a beat-to-beat basis.88 The isotonic Ca2+ 
transients exhibited higher amplitudes and faster decays. The faster Ca2+ decline is conform 
to the idea that tension influences Ca2+ affinity of TnC. The higher Ca2+ affinity of TnC, and 
thus increased Ca2+ buffering by myofilaments, may also account for the reduced amplitude 
of cytosolic Ca2+ transients during isometric contraction.
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In the cell-in-gel model developed by Chen-Izu group, afterload is conceptualized as vis-
coelastic resistance, thus an opposing force against which myocytes contract. The model 
also includes a component of shear stress.89 This is different from the above conventional 
expression of afterload as myocyte tension. The viscoelastic resistance could be varied by 
adjusting the stiffness of the gel. Myocytes contracting against an afterload produced higher 
Ca2+ transient amplitudes in systole, and smaller contractions. Afterload also increased Ca2+ 

spark occurrence in-between contractions. There was a positive correlation between spark 
rate and stiffness of the gel, and thus the amount of afterload. Interestingly, Ca2+ sparks did 
not appear immediately, but with a latency of about 10s. Afterload had a much greater effect 
on diastolic spark rate than stretch, suggesting a different mechanism from preload. 

Afterload mechanotransduction appears to involve NO signalling. The authors found, by 
pharmacological inhibition or genetic deletion, that both neuronal NOS (nNOS) and endo-
thelial NOS (eNOS) contributed to the increase of systolic Ca2+, but only nNOS participated 
in the afterload-induced Ca2+ sparks. Due to the short life-time of NO, its effective signaling 
range is limited and dependent on the diffusion distance, amount produced and the buffer 
capacity of the cell.19, 90 Therefore, one possible explanation for the distinct effects of nNOS 
vs. eNOS-derived NO on Ca2+ sparks is their different subcellular localization. While eNOS 
is localized  at the caveolae in TTs and the surface sarcolemma,20, 91,92 nNOS is preferentially 
localized at the SR membrane in the vicinity of RyR.93 nNOS  increases RyR Ca2+ leak, di-
rectly by S-nitrosylation or indirectly via CaMKII.90, 94 In addition, nNOS facilitates SERCA 
Ca2+ reuptake which may compensate for the increased SR Ca2+ leak and reduced basal LTCC 
current.95,96, 97 

The effects of eNOS on systolic Ca2+ transients are complex, with both positive and negative 
inotropic effects being reported.92, 98 This discrepancy may depend on variations in the levels 
of NO. In a study by Vila-Petroff using exogenous NO donors, high levels of NO induced 
a large increase in cGMP and a negative inotropic effect, while low levels of NO increased 
cAMP and caused positive inotropy via cGMP-independent activation of adenyl cyclase.98 
The low exogenous NO concentration causing an increase in the Ca2+ transient amplitude in 
the study by Vila-Petroff is comparable to the levels of NO within the heart during haemody-
namic load,99 and could explain the eNOS dependent increase in systolic Ca2+  under elevated 
afterload reported by Jian et al..94 The net result of these additional effects on Ca2+ handling 
is an enduring effect on systolic Ca2+ during afterload. The harm of increased NO signalling 
is a significant increase in diastolic Ca2+ sparks that in some conditions form Ca2+ waves.100 

EFFECT OF SHEAR STRESS ON CA2+ SIGNALLING 

During each cardiac cycle, the myocardium undergoes complex 3D deformations. A signifi-
cant component comprises longitudinal and transverse shearing due to the laminar architec-
ture of the myocardial tissue. Sliding and rearrangement of laminar sheets may contribute to 
wall thickening during systole,101 and has also been associated with ventricular torsion during 
relaxation.102 Shear forces may therefore contribute significantly to ejection and filling of the 
chambers. The haemodynamic forces of blood flow causes additional shear stress at the lumi-
nal surface of the chamber wall. While shear stress in the myocardium is probably relatively 
low, the amount of shear may become significant in conditions of chronic haemodynamic 
turbulence, such as valvular diseases, or in the context of atrial fibrillation.
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Mechanistic studies addressing how shear forces that are transmitted to the individual myo-
cyte might affect myocyte function are rather scarce. Most of the work on shear-sensitive ion 
channels has been done in atrial myocytes showing that their response appears to be mostly 
indirectly, via mechanisms of trafficking (e.g. Kv1.5103) or shear-induced Ca2+ release (e.g. 
LTCC, TRPM4104, 105). 

To date, several studies have reported effects of shear on myocyte Ca2+ homeostasis.60, 87, 104, 

106 From these studies, a rather complex picture has emerged of multiple shear-sensitive Ca2+ 
signalling pathways having distinct spatiotemporal patterns and mechanisms. Shear stress 
induces Ca2+ release from SR or mitochondria.48,57,106,87 Furthermore, the Ca2+ response to 
increased shear covers the entire spectrum from faster Ca2+ sparks to longer lasting transients. 
Woo et al observed in rat atrial myocytes an increase in Ca2+ sparks frequency under shear 
stress, with an onset of 200-300ms. The Ca2+ sparks were locally confined, preferentially 
located at the cell periphery. Higher pressure flow often triggered Ca2+ waves.48 In subse-
quent studies, the same group identified mechanisms of shear-induced Ca2+ waves.104,106 The 
waves were triggered by IP3 receptor-mediated Ca2+ release and involved recruitment of 
RyR for wave propagation. IP3 signalling was mediated through activation of purinorecep-
tors by shear-induced ATP release via connexin hemichannels. Shear-induced IP3 mediated 
Ca2+ waves had a variable latency (0.2-3s) and shape. In contrast, Ca2+ transients originating 
from shear-induced mitochondrial Ca2+ release had different kinetics. The Ca2+ transients 
developed with a latency of ~300 ms, had a rising phase of ~150 ms (two times slower 
than caffeine-induced transients) and an average duration of 2 seconds.21, 87 They were ob-
served in both atrial and ventricular myocytes and appeared to originate from mitochondrial 
sources with no involvement of IP3 signalling, sarcolemmal pathways and/or SR Ca2+ stores. 
Because shear-induced mitochondrial Ca2+ releases were most consistently observed after 
short caffeine exposures, the suggested role of the SR was to replenish the mitochondria with 
Ca2+ after shear-induced depletion. Although caution is warranted when comparing different 
experimental techniques, these findings are in line with the observations by Miragoli et al.,86 
who observed mitochondrial-mediated Ca2+ transients with comparable kinetics when apply-
ing hydrojet nanoindentation to subsarcolemmal mitochondria. 

Taken together, shear stress can activate multiple pathways of mechano-transduction that 
have access to different Ca2+ pools. Why forces are transmitted to RyR and/or IP3 stores 
in some considers, but to the mitochondria in others, even when using similar techniques 
and experimental settings, remains to be established. The differences presumably lie in the 
details of amplitude, location and duration of the mechanical stimulus, or the nano-structural 
organization of the cell. Currently, it is also unclear whether shear responses share common 
pathways with other types of mechanical stimuli. A very recent study in ventricular myocytes 
suggested that shear-induced Ca2+ sparks involved activation of NOX2 and microtubules, but 
unlike stretch-induced X-ROS signalling, depended on mitochondrial ROS.107 Finally, the 
relevance to cardiac function as well as pathophysiology is far from understood.

EMERGING DIFFERENCES BETWEEN ATRIAL AND VENTRICULAR MYOCYTES 

In atrial myocytes, the spatiotemporal organization of CICR and contraction is remarkably 
different from ventricular cells (fig 2). One striking difference is the structural organization 
of the tubule network. Ventricular myocytes typically have a dense and regularly spaced 



26 Chapter II

TT network, and this arrangement determines uniform Ca2+ release and contraction. In atri-
al myocytes, TT density is sparse, the pattern is more irregular, and large variations exist 
across species. Studies in several large animal species (eg. sheep, dog), and human tissue, 
identified the presence of an atrial TT network (108-110 and reviewed by 111). Early studies in 
smaller animals such as rats and cats reported that there are few, if any, TT structures,112, 113 
while very recent studies using super-resolution imaging methods highlighted the existence 
of an extensive TT network in rats.114, 115 A possible explanation for this discrepancy is the 
large spatial heterogeneity of the TT system within the atria: some cells have complete lack 
of TT, while others have disorganized TT, and a minority has a TT organization similar to 
ventricular myocytes.65,116

Atrial myocytes have less junctional RyR in the central regions of the cell, but more at the 
cell periphery.117 As a result, during CICR Ca2+ is provided by release from junctional SR 
and non-junctional SR. This causes inhomogeneity of local Ca2+ transients: fast release in 
subcellular regions coupled to TT, and slow propagated release in non-coupled regions. 
Large heterogeneity slows the rise of global Ca2+ and hence contraction, however, this is 
at odds with the fast dynamics of contractile force we and others have observed in atrial 
myocytes.114, 118 Figure 3 compares force and Ca2+ in an atrial and ventricular rabbit myocyte. 
Activation of force is faster in atrial myocytes.119 This could be attributed to higher levels of 
fast α-myosin heavy chain (MHC) isoform in the atria,120, 121 however, rodents like mice and 
rats have comparable levels of α-MHC in atria and ventricle,122, 123 and yet atrial contraction 
dynamics are faster.124 In Figure 3, the upstroke of the Ca2+ transient (spatially averaged 
Ca2+signal from longitudinal line scans) is faster in the atrial cell despite significantly lower 
TT density. A recent study by Brandenburg et al., has provided an elegant explanation for 

Figure 3. Comparison of Ca2+ and force kinetics in atrial and ventricular myocytes Examples of Ca2+ transients 
(A) and forces (B) recorded in an atrial (AM) and ventricular (VM) rabbit myocyte (1Hz, 37°C). Signals of AM 
(black trace) and VM (grey trace) are superimposed for comparison. AM has shorter time-to-peak of CaT (52±1 
ms in AM vs. 63±3 ms in VM) and faster force development (56±3 ms in AM vs. 116±11 ms in VM). Pooled data 
of n=38 for AM, and n=38 for VM. Data are presented as mean±SEM. Comparisons within groups were made by 
unpaired Student t test, and values of P<0.05 were taken to indicate statistical significance.



27Mechanosensitivity of microdomain calcium signalling in the heart

Ch
ap

te
r 2

the apparent discrepancy.125 Using state-of-the-art imaging, large axial tubule (AT) struc-
tures were detected that contained Ca2+ channels functionally coupled to RyR clusters at SR 
junctions in the central region of the atrial myocyte. AT were connected to the sarcolemma 
through a sparse network of TT. Interestingly, Ca2+ release at AT in the cell center was faster 
than Ca2+ release at peripheral sites due to AT-specific hyperphosphorylation of RyR clusters. 
This unique structure and functional regulation of Ca2+ release units at AT provide a means 
for more rapid shortening of central sarcomeres when TT are sparse. 

In addition, atrial myocytes may be more dependent on IP3 signalling for CICR. IP3 recep-
tors are much more abundant in atrial myocytes, and are - in contrast to ventricular cells 
- co-localized with junctional RyR at the cell periphery.126 IP3 receptors require both IP3 and 
Ca2+ for activation. When IP3 is high, e.g. by neurohumoral stimulation with endothelin-1 or 
angiotensin II, IP3-mediated Ca2+ release may contribute to the systolic Ca2+ transient,126 but 
can also trigger arrhythmogenic Ca2+ waves.126 Early data in cardiac cells reported an increase 
in IP3 levels during stretch.127 IP3-triggered Ca2+ release has been proposed to contribute to 
the stretch-induced Ca2+ accumulation and endothelin-sensitive SFR in human atrial mus-
cle.37 IP3 signalling is also involved in shear stress-mediated Ca2+ waves.104,128

How can mechanotransduction be interpreted in view of these structural differences in atrial 
cells? The discussion is mainly speculative because no single cell studies with direct com-
parison between atrial and ventricular cells are available. Ca2+ mechanosensitivity of atrial 
cells has been mostly interrogated by shear stress that would predominantly activate surface 
mechanosensors; in ventricular cells, Ca2+ mechanosensitivity has been investigated during 
axial stretch that merely activates internal mechanosensors, except for the gel-based systems 
that also carry a component of shear.19 Both shear and stretch induce Ca2+ sparks and waves.8 
In ventricular myocytes, the stretch response involves NOX2 that is located at the TT in the 
vicinity of junctional RyR.8, 78 In atrial cells, because of TT paucity, one would expect the 
subsarcolemma to be the primary site of stretch-induced Ca2+ release. Peripheral sparks have 
indeed been demonstrated in shear stress experiments, but Ca2+ sparks also occurred in more 
central regions, albeit at lower frequency.105 Whether these centrally located sparks simply 
originate from propagation from uncoupled RyR, or specifically originate at AT-SR junctions 
through a yet unknown mechanism remains to be established. 

Importantly, in ventricular myocytes, stretch-triggered Ca2+ sparks/waves that arise from the 
SR or the mitochondria, do not involve sarcolemmal Ca2+ influx via SAC.7, 105 In ventricular 
myocytes, SAC may not be ideally positioned to access RyR release sites, although some 
SAC, like TRPC1 and TRPC6, have also been found at TT.83, 129 In atrial cells, because of the 
unique positioning of RyR at the sarcolemma, SAC may have direct access to release sites. 
Thus Ca2+ influx through SAC may activate RyR in its vicinity to release Ca2+ sparks. The 
suggestion of a more prominent role for SAC in atrial stretch-induced Ca2+ release would 
be consistent with the demonstrated inhibitory effect of GSMTx4 on stretch-induced atrial 
arrhythmias.130 The co-localization of IP3 receptors with RyR at peripheral release sites 
provides a clue why IP3 signaling seems to be more prominently involved in atrial Ca2+ 

mechanosensing, particularly during shear stress. Firstly, if IP3 is activated via autocrine 
mechanisms in response to pressurized flow, as proposed by106, then the IP3 receptors may 
produce Ca2+sparks directly. Secondly, in doing so, they control local Ca2+ gradients and 
sensitize neighboring RyR to Ca2+. This would facilitate Ca2+wave propagation in response to 
IP3-triggered Ca2+ release under shear stress. 
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It should be emphasized that most atrial studies are on mechanisms of shear-specific mech-
anotransduction. At the myocyte level, stretch effects on (sub)cellular Ca2+ have hardly been 
studied. Emerging questions in this context include: does X-ROS signalling exist in atrial 
myocytes?; are RyR at AT recruited upon stretch, or is stretch-induced SR Ca2+ release re-
stricted to the periphery?; and are SAC involved in stretch-induced SR Ca2+ release, and 
if so, what is the identity and location of atrial SAC? These questions, and others, need 
to be answered before we understand the nature of stretch-induced atrial arrhythmias, and 
specifically the role of Ca2+. 

ROLE OF STRETCH-DEPENDENT CA2+ RELEASE IN ACUTE ARRHYTHMIAS

Recently, Ca2+ mechanotransduction has been emerging as an auto-regulatory mechanism by 
which cardiac muscle adapts to acute changes in haemodynamic load. Within the physiologi-
cal range of beat-to-beat haemodynamic changes, it compensates for loading by sensitization 
of Ca2+ release via ROS or NO. In cardiac diseases causing heart failure, such as hypertension, 
post-myocardial infarction and dilated cardiomyopathy, haemodynamic load can exceed the 
normal range. Failing hearts experience elevated filling pressures and additionally, an in-
crease in blood pressure that causes abnormal contraction and mechanical dyssynchrony.131-134 
Due to dilatation and thinning of the wall resulting from structural remodelling, ventricles 
experience higher wall stress. Dilatation is also an early event during progression of atrial 
fibrillation.135 Abnormal mechanics is often associated with cardiac rhythm disturbances, a 
concept referred to as mechano-electrical feedback. SAC provide a means to translate stress 
and strain into electrical activity.136 In light of recent discussions, it is conceivable that Ca2+ 

mechanotransduction deteriorates from an adaptive system into an arrhythmogenic mecha-
nism in settings of excessive mechanical loading. Structural and functional remodelling of 
Ca2+ microdomains in disease adds a layer of complexity to our understanding.

As discussed above, mechanical load on myocytes induces a higher rate of diastolic Ca2+ 
sparks.7, 8, 19, 94 Available data demonstrate that these sparks are mostly restricted in time 
and space, and thus in principle not pro-arrhythmogenic. If spatiotemporal control of local 
Ca2+ release is lost, as in diseased hearts due to structural and/or functional remodelling, 
stretch-induced Ca2+ sparks may more readily deteriorate into propagating Ca2+ waves caus-
ing depolarization of the membrane via activation of NCX underlying afterdepolarizations 
and ectopic initiation.

We have previously discussed that highly organized sarcolemma and TT structures control 
stretch-induced Ca2+ release impeding Ca2+ wave propagation. Dilated hearts are mostly de-
prived of TT structures.13In a recent study in failing rats, TT disruption could be directly 
related to chronically elevated wall stress.138 As a result of TT loss, a larger fraction of RyR 
release sites is uncoupled, and local regulation by ROS via NOX2 is lost. Uncoupled regions 
appear to be preferentially regulated by mitochondrial ROS. Assuming ROS production in 
mitochondria is increased in heart failure,139, 140 uncoupled regions may become sites of fre-
quent Ca2+ waves.64 It is unknown if ROS-dependent regulation of these uncoupled regions 
is sensitive to stretch. 

In heart failure rats, a recent study reported that loss of TT was associated with disorgani-
zation of the microtubule network, stiffer membranes and derangement of mitochondria.86 
As a result, mitochondrial Ca2+ releases in response to mechanical pressure were no longer 



29Mechanosensitivity of microdomain calcium signalling in the heart

Ch
ap

te
r 2

spatially confined to the site of the mechanical stimulus, but propagated throughout the cell. 
Disruption of microtubules by colchicine in normal rat hearts caused a similar arrhythmogen-
ic effect, suggesting a major role of microtubules in mechanical regulation. 

X-ROS signalling is also modulated by microtubules. The stretch-induced Ca2+ release is 
abolished by colchicine.7 Hypertrophied and failing human heart exhibits a denser microtu-
bule network.141, 142 An increased microtubule density is associated with pressure-overload, 
rather than volume-overload.143, 144 Functionally, models with a high microtubule density, 
induced pharmacologically145 or by disease8, demonstrated hypersensitivity to mechanical 
stretch by producing more readily Ca2+ waves and arrhythmias. Remodelling of NADPH ox-
idases, such as an increase in NOX2 in early onset atrial fibrillation,146 may further contribute 
to exacerbated X-ROS signalling. 

In the whole heart, tissue heterogeneity is an important factor for the initiation and propaga-
tion of mechanical arrhythmias. Structural heterogeneity causes mechanical dyssynchrony. 
The most typical example is myocardial infarction. In the infarcted heart, arrhythmias often 
initiate at the borderzone between the infarct and the normally contracting myocardium.147-149 
Using an elegant model of controlled non-uniform contraction in rat trabeculae, the Ter 
Keurs group provided a possible explanation.150 In the model, induction of non-uniform con-
traction causes arrhythmogenic Ca2+ waves that initiate at the border zone of weak and strong 
contracting segments. Weak segments re-lengthen during contraction because they are pulled 
by the strong segments. Due to the release of force, Ca2+ dissociates from TnC more quickly, 
and the initial Ca2+ surge evolves into a propagating Ca2+ wave late during relaxation. The 
same phenomenon has also been observed during loaded contractions in trabeculae, where 
release of force during contraction or early relaxation causes a Ca2+ surge that manifests as 
afterdepolarizations on the electrical signal.85, 151, 152 

In normal hearts there is also some degree of structural heterogeneity, e.g. local differences 
in wall thickness, sufficient to cause mechanical dispersion upon stretch. It was demonstrated 
in rabbit ventricle that thin regions experienced greater relative stretch than thicker regions, 
which caused dispersion of local strain in the stretched muscle.153 Local strain correlated 
to a heterogeneous pattern of local depolarizations and focal excitation. In the intact rabbit 
heart these focal excitations developed into reentrant arrhythmias. Interestingly, local depo-
larizations were insensitive to SR Ca2+ release inhibition, but were blocked by gadolinium, 
a non-selective SAC inhibitor. The molecular identity of SAC causing acute stretch-induced 
depolarization and triggered activity has yet to be identified; possible candidates include 
members of the TRP channel family, and the K+-selective TREK-1 channel.136, 154

Lastly, the graded response of cardiac muscle to mechanical load should be considered. In 
myocytes, the spark frequency increased with the amplitude of stretch; the relation describes 
a Hill function.19 A similar function described the increase in ROS production and velocity 
of wave propagation in relation to increasing stretch.77 Many studies in trabeculae and whole 
hearts reported that the probability of triggering an arrhythmogenic event is a function of 
the amplitude of stretch/diastolic volume.31, 155-158 Interestingly, in tissue and the whole heart 
induction of arrhythmias by rapid stretch involve activation of SAC.130, 156, 159 By contrast, 
in single cells induction of arrhythmogenic Ca2+ waves do not require activation of SAC 
per se, regardless the source of the Ca2+ wave (SR or mitochondrial Ca2+ release) and the 
type of stimulus (stretch, afterload and/or shear). One possible explanation is that SAC and 
non-sarcolemmal pathways of stretch-induced Ca2+ release are activated with different levels 
of stretch. With the available technology for single myocyte stretch, large stretches cannot 
be achieved experimentally. Unfortunately, for most experiments, data are not available to 
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correlate in vitro parameters to in vivo read-outs, which makes it impossible to compare 
stretches in myocytes, tissue and whole heart. At present, the involvement of mechanical-
ly-induced Ca2+ waves in stretch- and afterload-induced arrhythmias in the diseased as well 
in the normal heart therefore remains an open question

CONCLUSION AND OUTLOOK

In myocytes, Ca2+ signaling is highly compartmentalized at dyads and SR-mitochondria 
stores. As we have discussed, these microdomains are highly mechanosensitive to preload 
and afterload. Preload is sensed by internal mechanosensors and rapidly transmitted to the 
dyad by ROS; afterload is sensed at the surface and involves NO, which is slower than ROS 
signaling. Many details are missing in this simplified scheme of Ca2+ mechanosensation due 
to gaps in our current knowledge. The molecular identity of mechanosensors, and how they 
distinguish between preload and afterload, is still largely unknown. What regulates micro-
domain-specificity, and whether crosstalk exists between the many signaling cascades of Ca2+ 
mechanosensation remains an open question.

Also, the (patho)physiological relevance is not clear. It has been suggested that stretch in-
creases CICR efficiency, but if this also leads to faster force development is not evident 
given the much longer activation time of the myofilaments compared to Ca2+ release kinetics. 
Measurements of local force dynamics with newly developed fluorescent force probes could 
provide an answer. In addition, very few studies addressed Ca2+-targeted mechanotrans-
duction in remodelled and diseased cells. Particularly in heart failure and atrial fibrillation, 
dysregulation of Ca2+ mechanosensitivity is expected, and may be relevant in the context of 
arrhythmias associated with these conditions. 

Finally, a major challenge is translation to the in vivo situation. There is little information 
about the 3D mechanical environment sensed by the myocyte in a beating heart that could be 
directly transferred to an experimental setting, and vice versa, which makes a direct compari-
son of in vivo and in vitro findings difficult. For example, differences in experimental stretch 
and strain may account for the inconclusive results of SAC activation in stretched cells vs 
whole heart, which has implications when outlining antiarrhythmic strategies. In addition, 
structural complexity inherent to the heart is a complicating factor, particularly in the context 
of arrhythmias. Computational modelling could provide a bridge the gap between stretch in 
cellular experiments, myocardial tissue, and the whole heart. Filling this gap is crucial to gain 
more insight in the significance of Ca2+ microdomain mechanosensitivity, physiologically for 
the mechanical autoregulation of cardiac function, and pathophysiologically, for the initia-
tion of arrhythmias.
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ABSTRACT

Aim: Mechanical stretch modulates atrial electrophysiology and promotes the initiation and 
maintenance of atrial fibrillation (AF). Acute stretch of intact atria may induce depolariza-
tion and premature contractions. One possible mechanism is a stretch-induced increase in 
sarcoplasmic reticulum (SR) Ca2+-leak, as observed in ventricular myocytes. By analyzing 
Ca2+-spark and -wave dynamics, we aimed to determine whether diastolic stretch activates 
SR Ca2+-release, whether this may cause aftercontractions in single atrial myocytes, and what 
the underlying mechanisms are. 

Methods and Results: Rabbit atrial myocytes were glued to glass micro-rods and stretched 
uniaxially. Force, sarcomere length (SL) and confocal Ca2+-images were recorded simultane-
ously. Application of diastolic stretch (13% of resting SL) produces an instantaneous increase 
in Ca2+-spark rate to 163 ± 19% of control without altering individual spark properties. The 
stretch-induced increase in Ca2+-spark rate was absent in Na+/Ca2+-free medium and could 
be prevented by application of the microtubule-depolymerizing agent colchicine, but not by 
either NADPH oxidase 2 inhibition (by gp91ds-tat) or global reactive oxygen species scav-
enging (by N-acetylcysteine). Counterintuitively, GsMTx-4 (a blocker of cation-nonselective 
stretch-activated ion channels) increased diastolic spark rate in non-stretch cells to levels that 
were indistinguishable from those otherwise reached upon stretch. 

In addition, highly synchronized spontaneous Ca2+-waves were observed in stretched cells. 
These Ca2+-waves required external Na+ and Ca2+, indicating a depolarization-dependent 
mechanism (‘escape beats’). Treatment with GsMTx-4 did not prevent occurrence of escape 
beats, and there was no acute effect of stretch on electrically-triggered Ca2+-transients.

Conclusion: These data confirm the presence of stretch-induced diastolic SR Ca2+-release 
in atrial myocytes, involving a mechanism that requires an intact microtubular network, but 
that is independent of redox signaling. The occurrence of synchronized Ca2+ waves during 
stretch indicates that, in parallel, membrane-depolarization may induce aftercontractions in 
stretched atrial myocytes.
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NON-STANDARD ABBREVIATIONS AND ACRONYMS

AT    Axial tubule

CaT   Ca2+-transient amplitude

CICR   Ca2+-induced Ca2+-release

FDHM   Full duration at half maximum fluorescence

FWHM   Full width at half maximum fluorescence

GsMTx-4  Grammostola spatulata mechanotoxin 4

NAC   N-acetylcysteine

NCX   Na+/Ca2+ exchanger

NOX2   NADPH oxidase 2

RT   Relaxation time

SAC    Stretch-activated ion channels

SACNS   Non-selective cation stretch-activated ion channels

SiS    stretch-induced increase in Ca2+-spark rate

SL   Sarcomere length

TT   Transverse tubules

TTP   Time to peak
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INTRODUCTION

With each heartbeat, the heart experiences variations in its mechanical environment. The 
healthy myocardium responds to stretch by an immediate increase in force of contraction 
(Frank-Starling mechanism). This occurs both in ventricles and atria. In addition to effects on 
contractility, mechanical stretch influences electrophysiology. In the atria, stretch changes ac-
tion potential shape, refractory period and conduction.1-4 Atrial stretch has been linked to the 
triggering of premature beats and it is thought to increase susceptibility to atrial fibrillation.5

The principal mechanism underlying the Frank-Starling response is generally referred to as 
an increase in myofilament Ca2+ sensitivity.6 More recently, another mechanism as suggested 
to fine-tune excitation-contraction coupling in response to stretch:7, 8 mechanical modulation 
of the open probability of ryanodine receptors (RyR) might optimize Ca2+-induced Ca2+-
release (CICR) in response to diastolic stretch, and help to terminate CICR upon contraction.9 

Two pathways from stretch to modulation of RyR have been proposed. Firstly, the microtu-
bule network may be a central component of this mechanism, as disruption of it eliminates 
mechanical stress-dependent calcium signaling. The spatial relationship between microtu-
bules, T-tubular system (TT) and sarcoplasmic reticulum (SR) membranes, as revealed by 
electron tomography, also supports the possibility of microtubules transmitting mechanical 
signals directly from the cell surface to the SR membrane, possibly modulating RyR activity 
akin to sarcolemmal stretch-activated ion channels (SAC).7 

Secondly, a membrane-bound NADPH-oxidase (NOX2), which is predominantly located in 
TT close to RyR of the junctional SR, may react to axial stretch with a burst in reactive ox-
ygen species (ROS) production. The produced ROS increases the open probability of RyRs, 
which can give rise to a sudden rise in Ca2+ spark rate (stretch-induced sparks; SiS).8 

In addition, non-selective cation SAC (SACNS) may affect membrane potential and Ca2+ 
signaling. SACNS are permeable to Na+, K+ and Ca2+, and they could modulate RyR activity 
either directly via Ca2+ influx, or indirectly via Na+ influx, increasing local Ca2+ levels via 
effects on Na+/Ca2+ exchange (NCX). SACNS currents have been functionally demonstrated 
in atrial cells at the whole-cell and single-channel level.10 Inhibiting SACNS with GsMTx-4 
(Grammostola spatulata mechanotoxin 4) inhibited the stretch-induced slowing of con-
duction and delayed the onset of burst-pacing induced AF in rabbit atrial myocardium,11 
highlighting their potential relevance for our study.

In this study, we applied axial stretch to rabbit single atrial myocytes and observed an imme-
diate increase in diastolic Ca2+-spark rate, similar to what had been reported in rat ventricular 
myocytes.7 We investigated the roles of ROS, microtubules and SACNS in the stretch-induced 
increase in Ca2+, and studied the impact of stretch on cellular Ca2+-transients and active force 
production, as well as on the initiation of spontaneous Ca2+-waves, with the aim of identify-
ing further the mechanisms underlying atrial stretch-induced automaticity. 
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MATERIAL AND METHODS 

All animal experiments were approved by the Dutch animal welfare body (DEC2014-112) 
and performed in accordance with the Directive 2010/63/EU of the European Parliament on 
the protection of animals used for scientific purposes. Rabbit atrial myocytes were isolated 
as previously described (see online supplement for detail).12 Only rod shaped myocytes with 
clear homogenous cross striation were selected. Cells were Fluo-4 AM loaded, glued to two 
thin glass fibres using a bio-adhesive, and stretched from diastolic resting length by axial 
movement of one rod, connected to a piezo-electric translator controlled by a variable voltage 
source. The voltage signal to generate stretch of different amplitudes was calculated based on 
the distance between the two glass rods. The relative increase in rod distance was greater than 
the actual change in sarcomere length (SL), due to partial membrane sliding of the rods (Fig 
1A). A 10% and 20% increase in distance between rods, referred to in this study as applica-
tion of moderate and severe stretch, caused an increase in SL of  6% and 13%, respectively 
(Tab. 1). Larger strains could not be achieved consistently, due to further increased sliding, 
partial detachment of rods.

Isometric peak force and Ca2+-transients were recorded during 2 Hz stimulation at different 
levels of preload. SR Ca2+ content was estimated from the peak amplitude of SR Ca2+ release 
events, induced by rapid application of 10 mmol/L caffeine in the external solution. For 
isometric force and SR Ca2+ content measurements, an external solution containing 1.8 mM 
Ca2+ was used. Ca2+-sparks were observed using confocal line scan recordings and after pre-
conditioning of cells by electrical pacing for 2 minutes at 2 Hz. Control activity was recorded 
for 20 s, followed by 20 s of stretch. At 1.8 mM external Ca2+, line scans revealed a relatively 
small number of Ca2+ spark events (data not shown) and for 4/16 cell isolations, sparks were 
not detected (data not shown). Therefore, experiments were carried out in NT containing 
3.6 mM of Ca2+ (100% of the cell isolations led to spark observations) 21/21 rabbits. At this 
concentration, atrial myocytes displayed robust Ca2+ spark rates during measurements while 
remaining quiescent at rest. All experiments were performed at 37°C.

Ca2+-sparks were analyzed automatically, using the ImageJ Plugin Spark Master and are ex-
pressed as events per second normalized to the length of the line scan (sparks s-1 100 µm−1). 
Data are shown as Tukey boxplots or mean ± SEM. Statistical comparisons were made using 
paired Wilcoxon matched-pairs signed rank test, Mann-Whitney-U test, Kruskal-Wallis or 
Friedman test for multiple comparison, as appropriate; a p-value < 0.05 was considered in-
dicative of statistically significant differences between means. Throughout the manuscript, n 
numbers are written in square brackets with the first number corresponding to the number of 
cells observed, and the second number corresponding to number of animals the interrogated 
cells originated from. An expanded methods section is available in the online supplement. 
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RESULTS

Figure 1. Technical approach and verification of single atrial myocyte stretch. A, rabbit atrial myocyte, attached 
to glass microrods coated with a biological adhesive. Left, non-stretched; right, after severe stretch. Yellow box, re-
gion of interest for calculating sarcomere length (SL). B, Example of force recordings at different levels of isometric 
stretch, increasing SL. Forces were recorded at the end of each 20 s stretch step. C, Relation between amount of 
stretch (calculated as the relative increase in distance between glass rods) and change in SL. The right Y-axis shows 
relative changes in mean SL (ΔSL, expressed as percentage difference relative to mean SL at 0% stretch). From 
0%-stretch to 20%-stretch, a Friedman test was performed to test for significance. Due to missing values 25% and 
30% stretch (cell detachment), they were omitted from analysis. D, Isometric peak force as a function of SL, linearly 
fitted, showing 95% confidence interval [5/3]. All experiments were performed with NT containing 1.8 mM CaCl2.
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Acute effects of axial stretch on force and Ca2+-transients in atrial myocytes 

The stretch-induced increase in force development (Frank-Starling response) is said to occur 
in the absence of noticeable changes in systolic Ca2+-transients,1 and this has been confirmed 
in our cells. SL of electrically paced atrial myocytes was recorded at baseline (with the two 
glass rods in their initial position after cell attachment), moderate (10% increase in inter-rod 
distance) and severe stretch (20%), Fig 1 A-D. SL was 1.75 ± 0.07 µm in non-stretched cells, 
1.85 ± 0.09 µm at moderate stretch, and 1.98 ± 0.09 µm at sever stretch (Fig 1C and Table1). 

Table 1. Changes in sarcomere length by increasing amounts of stretch. The amplitude of stretch (%) is defined 
as the relative increase in distance between the glass rods to which a cell is attached. The efficiency of stretch was 
assessed by the ratio of the relative change in sarcomere length (ΔSL) and change in distance between rods.

Table 2. Summarized data for single myocyte contraction and Ca2+-transient kinetics Abbr. Force: TTPforce, 
time-to-peak force development; +dF/dt, peak force generation; -dF/dt, maximal relaxation velocity; RT50, force, time 
to 50% relaxation; RT90, force, time to 90% relaxation. Ca2+-transients: FT50, time to 50% fluorescence; TTPCa, time-
to-peak fluorescence; CaT, Ca2+-transient amplitude; RT50, Ca and RT90, Ca, time from peak to 50% and 90% of Ca2+ 
decay; Tau, Ca2+ decay assessed by mono-exponential fitting. * p<0.05 vs. baseline, # p<0.05 vs. 10% stretch, [9/4].
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SL did not exceed 2.2 µm during stretch (Fig 1D), which is within the physiological range 
of diastolic filling.13 Force increased with SL (Fig 1D), by a factor of 2.8 and 4.7 for the two 
levels of stretch assessed in this study (Table 2). 

Figure 2. Changes in systolic Ca2+ and force parameters in atrial rabbit myocytes during moderate and severe 
stretch. Representative example of A, force of contraction and B, Ca2+-transients simultaneously recorded 20 s after 
the onset of stretch in an atrial myocyte paced at 2 Hz and superfused with NT at 37°C. Superimposed black, blue 
and red traces are representing baseline, moderate and severe stretch, respectively. C, Average change in force (mN/
mm2, left) and speed of contraction (+dP/dt, middle) or relaxation (-dP/dt, right) as a function of diastolic stretch 
(8 cells). D, Left, Ca2+-transient amplitude (F/F0); Middle, time to 50% peak fluorescence (TF50, in ms); Left, time 
constant of Ca2+ removal (tau, in ms). Mean data of [9/4], Friedman test with Dunn’s post hoc test for panel B and 
D, *p<0.05. All experiments were performed with NT containing 1.8 mM CaCl2.

To characterize the relationship between Ca2+, force and stretch in rabbit atrial cells, we 
simultaneously measured force of contraction (Fig. 2 A, B) and Ca2+-transients (Fig. 2 C, 
D)  in  three consecutive beats at 20 s after application of different levels of diastolic stretch.

Superimposed traces of active force development (Fig 2A) further illustrate a stretch-de-
pendent acceleration of force development (+dF/dt) and relaxation (-dF/dt, Fig 2B). Time 
to peak (TTPF) contraction, and to half maximal relaxation (RT50), were unaltered (Table 
2). Ca2+-transients were measured 20 s after the onset of stretch when changes in force had 
reached steady state (Fig 2C). Stretch had no effect on the amplitude of Ca2+-transients, their 
rate of rise (SR release) and decay times (Fig 2D). In a subset of cells, we applied caffeine as 
an indirect means of measuring total SR Ca2+-load after steady-state stimulation at resting SL 
length and during severe stretch. The amplitudes of caffeine-evoked Ca2+-release measured 
after 20 s of severe stretch were not altered (6.8 ± 0.4 F/F0 [16/5], vs 7.7 ± 0.6 [10/5] at 
resting length, not shown [NS]), suggesting no significant effects on SR Ca2+-load. Averaged 
data of Ca2+-transient parameters are summarized in Table 2.
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Figure 3. Stretch-activated diastolic Ca2+-release events in rabbit atrial myocytes. A, Typical example of a 
Fluo-4 intensity surface plot of a longitudinal confocal line scan through a rabbit atrial myocyte, showing diastolic 
Ca2+-release events (sparks) before and during severe stretch. Prior to the recording, the cell was conditioned at 
2 Hz in NT containing 3.6 mmol/L Ca2+. The indicated Scan line provides an estimate of the region scanned. B, 
The histogram (1 s bin size) shows the cumulative number of sparks illustrating the swift and sustained (for 20 s) 
stretch-induced increase in Ca2+-spark activity upon severe stretch [65/15]. C, Average Ca2+-spark frequency in 
response to moderate stretch (left, [15/5]) and severe stretch (right, [65/15]). D, Line-scan image and fluorescence 
intensity profile of a single Ca2+-spark illustrating the analysis of basic Ca2+-spark characteristics; amplitude (ΔF/F0), 
width (full width at half maximum fluorescence, FWHM), and duration (full duration at half maximum fluorescence, 
FDHM). Bottom: Surface plot of the Ca2+-spark shown at the top. E, Ca2-spark parameters before and after severe 
stretch ([11/3], NS). The statistical test used was the Wilcoxon matched pairs signed rank test and expressed as mean 
± SEM, *p<0.05. All experiments were performed with NT containing 3.6 mM CaCl2.
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Atrial myocyte stretch increases diastolic Ca2+-spark rate 

We next examined stretch effects on Ca2+-spark activity in atrial myocytes exposed to high 
Ca2+ (3.6 mmol/L) using the protocol illustrated in Fig 3A. The onset of stretch, indicated 
by the arrow on the fluorescence surface plot (Fig 3A), coincided with a robust increase in 
Ca2+-spark rate. SiS was rapid in onset (i.e. detected within the first 1 s analysis bin after 
application of stretch) and sustained over the 20 s period of stretch, as illustrated by the 

Figure 4. Role of ROS and microtubules in stretch-induced increase in Ca2+-spark rate in atrial myocytes. A, 
Fluorescence surface plots of stretched atrial myocytes treated with colchicine (to inhibit microtubule polymeriza-
tion), gp91ds and scrambled peptides (NOX2 inhibition), and N-acetylcysteine (ROS scavenger). B-D, Averaged 
spark rate before (black) and during stretch (red) in untreated control cells ([24/5]), cells treated with colchicine 
(10 µmol/L, 2 h pre-incubation, [16/4]), NOX2 inhibitor gp91ds-tat (3 µmol/L, [9/4]), inactive scrambled peptide 
(incubation for 2h in NT containing 1.8 Ca2+ mmol/L,[12/5]), and N-acetylcysteine (NAC, 10 mmol/L, added to the 
perfusion 5 min before spark measurements, [24/5]). E, Comparison of baseline Ca2+-spark rate in non-stretched 
cells after treatment with colchicine and ROS inhibitors. Mean ± SEM, *p<0.05, Wilcoxon matched-pairs signed 
rank test, except E, where a Kruskal-Wallis test with Dunn’s post hoc test was used. All experiments shown it this 
figure were carried out in NT containing 3.6 mM CaCl2.
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histogram in Fig 3B. SiS was graded by the amplitude of stretch, reaching 136 ± 34% of 
baseline at moderate (average over 20 s; p = 0.08), and 163 ± 19% at severe stretch (p < 0.05, 
Fig 3C). No stretch-induced alteration of individual Ca2+-spark characteristics, such as spark 
amplitude, width and duration was detected (Fig 3D and E).

SiS requires microtubular integrity, but not ROS production

Previous work in rat ventricular myocytes suggested that SiS requires ROS activity,8 and 
microtubular integrity.7 We confirm that disruption of microtubule polymerization, using col-
chicine, abrogates SiS elicited by axial stretch of atrial myocytes (Fig 4A and B). In contrast, 
NOX2 inhibition by gp91ds-tat failed to prevent SiS (Fig 4C). To test whether ROS produc-
tion by sources other than NOX2 influences SR Ca2+-release during stretch, we repeated the 
experiment with a general ROS scavenger, N-acetylcysteine, and found that global ROS in-
hibition did not prevent SiS either (Fig 4D). Neither gp91ds-tat nor N-acetylcysteine altered 
Ca2+-spark frequency in non-stretched cells (Fig 4E). Taken together, these results suggest 
that ROS is responsible neither for Ca2+-sparks observed in non-stretched atrial myocytes at 
high Ca2+, nor their stretch-induced increase (e.g. examples in Fig 3A and 4A). 

Figure 5. Stretch-dependent increase in Ca2+-spark rate depends on trans-sarcolemmal cation influx. Left, 
Ca2+-spark rate before (black bar) and during stretch (red bar) in control conditions (Normal Tyrode solution, [45/9]); 
Middle, after cessation of 2 Hz pacing and rapid switching to Na+/Ca2+-free external solution [15/4]; Right, during 
treatment with GsMTx-4 (2 µmol/L, superfused for 10 min pre-stretch [36/6]). All experiments were carried out in 
NT containing 3.6 mM CaCl2. A mixed ANOVA with a Simple Main Effects test was carried out to test for statistical 
significance.
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Figure 6. Characteristics of spontaneous Ca2+-waves and stretch-induced excitation in atrial myocytes. A, 
XY image of confocal line scans in non-stretched cells showing propagating Ca2+-waves (upper panel) and spon-
taneous synchronized Ca2+-release (escape beat, lower panel) during a resting period following 2 Hz stimulation. 
B, Frequency of propagating (left) and synchronized Ca2+-waves (right) during superfusion with NT (black graphs, 
N=15, mean of 3 to 8 cells) and Na+/Ca2+-free solution (blue graphs, 6 hearts, mean of 2 to 5 cells). Synchronized 
Ca2+-waves had a low incidence in unstretched cells and were not observed in Na+/Ca2+-free solution. C, Comparison 
of Ca2+-spark rate preceding propagating [15/10] and synchronized waves [7/6] vs. cells without waves [66/15]. 
Effect of stretch on frequency (15 hearts, mean of 3 to 8 cells) (D), and timing of first (E) propagating or syn-
chronized Ca2+-waves under baseline (20 s recording before stretch) and during 20s of severe stretch. The highest 
incidence of synchronized Ca2+-waves coincided with the stretch stimulus (t=0, shaded area). Percentage occurrence 
of waves (% of cells producing the first wave during a given time interval) was calculated from 102 cells. F-G, 
GsMTx-4 had no effect on frequency (NT, 15 hearts, mean of 3 to 8 cells; GsMTx-4, 6 hearts, mean of 2 to 6 cells) 
and timing of synchronized Ca2+-waves (NT, [102/15]; GsMTx-4 [52/6]). For B, D and F a Mann-Whitney-U test 
was utilized to test for statistical significance, in C a Kruskal-Wallis test with Dunn’s post hoc test was used. All 
experiments were carried out in NT containing 3.6 mM CaCl2.
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SiS relies on trans-sarcolemmal Ca2+ influx in atrial cells

Ca2+-sparks may be triggered by Ca2+ influx through sarcolemmal ion channels causing Ca2+-
induced Ca2+-release via RyR. Potential candidates for mechanically modulated diastolic 
Ca2+ influx are SACNS. To assess this possibility, we performed Ca2+-spark measurements in 
Na+/Ca2+-free solution to prevent Ca2+ and Na+ entry during diastolic stretch. 

After cessation of 2 Hz pacing, the solution was switched from NT to Na+/Ca2+-free solution 
once intracellular Ca2+ levels had reached diastolic values. No significant difference in base-
line Ca2+-spark rate was detected (p = 0.270). SiS was abolished in Na+/Ca2+-free solution, 
suggesting that in atrial myocytes trans-sarcolemmal influx of Ca2+ and/or Na+ is required for 
the stretch-induced increase in spark rate (Fig. 5, left and middle). 

To address the role of SACNS more directly, we repeated the stretch protocol in cells treated 
with the SACNS inhibitor GsMTx-4. Interestingly, non-stretched cells exposed to GsMTx-4 
showed a higher Ca2+-spark rate compared to control cells (3 s-1 100 µm-1, n=36, vs. 1.5 s-1 
100 µm-1 in control, n=42, p < 0.05) which was not significantly different from the rate detect-
ed in the stretched control cells. When GsMTx-4 treated cells were subsequently stretched, 
there was no further increase in Ca2+-spark rate (Fig. 5, right). Of note, GsMTx-4 did had no 
effect on the amplitude of Ca2+-transients (F/F0 of 5.89 ± 0.30 in control and 6.03 ± 0.26 in 
GsMTx-4, NS). 

SiS can promote spontaneous excitation in single atrial cells

In 17% of atrial cells exposed to high extracellular Ca2+ we observed large spontaneous 
Ca2+-releases upon cessation of 2 Hz stimulation (n = 19 of 112 non-stretched cells from 15 
animals). As illustrated in Fig 6A, two types of spontaneous Ca2+-release events could be 
distinguished on confocal line scans: self-propagating Ca2+-waves that were initiated in one 
site and travelled across the cell (upper panel) and synchronized Ca2+-releases along the entire 
cell (lower panel) whose kinetics did not differ from electrically stimulated Ca2+-transients 
(assessed by time-to-peak of averaged line scan Ca2+ signals; 68 ± 9 ms vs. 59 ± 3 ms for 
electrically stimulated Ca2+-transients, paced at 2 Hz [18/10], p = 0.304). Synchronized Ca2+-
waves were not observed in the absence of external Na+ and Ca2+ (Fig 6B). Synchronized 
waves were not preceded by an increase in diastolic spark rate (1.8 ± 0.2 s-1 100 µm-1 [7/6], 
p = 0.5, Fig 6C). In contrast, propagating Ca2+-waves were initiated by an increase in Ca2+-
spark rate (1.2 ± 0.2 s-1 100 µm-1 at baseline in myocytes not exhibiting  Ca2+-waves and 3.3 ± 
0.5 s-1 100 µm-1 in myocytes with propagating Ca2+-waves before a wave initiation, [15/10], p 
< 0.0001, Fig 6C), and they continued to occur during perfusion with Na+/Ca2+-free solution 
(Fig 6B). Thus, propagating Ca2+-waves relied on local RyR-mediated SR Ca2+-release and 
are independent from coordinated activation of SR Ca2+-release by membrane depolarization. 

In spite of the increase in Ca2+-spark rate by stretch the incidence of propagating Ca2+-waves 
did not change (for baseline 0.012 ± 0.004 s-1 vs. 0.017 ± 0.006 s-1 at stretch, NS). The 
occurrence of spontaneous cell-wide Ca2+-release events (escape beats), however, increased 
8-fold during stretch (Fig 6D). To illustrate the temporal relationship between propagating 
Ca2+-waves (grey), or escape beats (black), and stretch, we plotted the occurrence of the first 
event in relation to stretch in 1-second bins (Fig 6E). While the probability of Ca2+-wave 
occurrence is equally distributed before and during stretch, synchronized Ca2+-release peaked 
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shortly after the onset of stretch (with 7.8 % of cells showing escape beats within 1 s after 
onset of stretch). Together these data indicate that stretch-induced ‘escape beats’ depend on 
electrical triggering of an action potential (AP), rather than on mechanically-induced release 
of Ca2+ from the SR.

A possible mechanism would involve activation of SACNS upon stretch, producing a transient 
inward current large enough to reach the AP threshold. We therefore analyzed the effect 
of GsMTx-4 on the incidence of stretch-induced escape beats. GsMTx-4 failed to prevent 
spontaneously occurring synchronized Ca2+-release during stretch (Fig 6F and G, [102/15] 
and [52/6] for NT and GsMTx-4 respectively). 

DISCUSSION

In the present study, we investigate the effect of axial stretch on Ca2+ handling in rabbit 
atrial myocytes exposed to elevated extracellular Ca2+, and assess potential proarrhythmic 
implications. The main findings of this study are that in the 20 s after the onset of stretch: (I) 
axial stretch induces SiS without affecting systolic Ca2+-transients, (II) an intact microtubular 
network and extracellular Na+ and Ca2+, but not ROS, are required for the generation of SiS in 
atrial myocytes, (III) stretch increases the likelihood of spontaneous synchronized Ca2+-wave 
activity (‘escape beats’), and (IV) inhibition of SACNS by GsMTx-4 raises background spark 
rate without changing the propensity of proarrhythmic events.

Atrial myocyte stretch produces a diastolic SR Ca2+ leak

Direct evidence that stretch causes diastolic SR Ca2+ leak was provided in studies of mouse 
and rat ventricular myocytes that used confocal microscopy to visualize SiS.7, 14 Microtubule-
mediated mechanical activation of RyR,7 redox modifications of RyR by ROS,8 or on a slower 
time scale by nitric oxide,14, 15 were identified as possible mechanisms of this response.

In rabbit atrial cells we did not find evidence for the involvement of NOX2, or ROS from 
other sources, in SiS. We confirmed the necessity of an intact microtubular network and 
found that the induction of Ca2+-sparks by stretch requires trans-sarcolemmal influx of Na+ 
and/or Ca2+, in contrast to what has been observed in rat ventricular myocytes. In rat ven-
tricular myocytes, SiS was abolished neither by removal of extracellular Na+ and Ca2+, nor 
by treatment with GsMTx-4.7 In rabbit atrial myocytes we observed an increase in baseline 
spark rate in the presence of GsMTx-4 to no less than those caused by stretch in control 
cells, and no further increase in spark rate upon subsequent axial stretch. This suggests that 
in atrial myocytes, the mechanism of SiS differs from ventricular cells in that it involves 
Na+ and/or Ca2+ influx. Interestingly, inhibition of SACNS had no effect on the propensity of 
stretch-induced synchronized Ca2+ waves. Thus, the nature of the trans-sarcolemmal Na+ and/
or Ca2+ flux pathway that, presumably by raising sub-membrane Ca2+ levels activates RyR, 
triggering Ca2+-sparks and or membrane depolarization, remains obscure. 

Whether RyR activation is direct (via Ca2+ influx) or indirect (via Na+ influx affecting NCX 
balance) is not known either.16 
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Our data further demonstrate that interfering with microtubule integrity prevents SiS in rabbit 
atrial myocytes. Because SiS requires Na+ and/or Ca2+ influx via the sarcolemma, a plausible 
explanation for the diminished SiS by the inhibitor of microtubule polymerization colchi-
cine in our experiments may be the disruption of a mechanical link between cytoskeleton 
and sarcolemma, reducing the stretch-induced increase in activity of the hitherto unknown 
trans-sarcolemmal ion flux pathway.21 In rat ventricular myocytes, it has been proposed that 
microtubules mechanically interfere with the SR in a way that may increase RyR gating dur-
ing stretch.7 Whether such microtubule-dependent mechanism of RyR mechanosensitivity, or 
alterations in the local topology of SAC, NCX, and RyR induced by microtubular disruption, 
is effective in atrial myocytes requires further investigation.

Effects of SiS on diastolic and systolic Ca2+ function

Diastolic Ca2+ is regulated by stretch via effects on SR Ca2+-leak and re-uptake, and trans-sar-
colemmal Ca2+ fluxes, as demonstrated in guinea-pig ventricular myocytes.31 The balance 
between these fluxes varies among species. Rabbit atrial myocytes gain Ca2+ during dias-
tole, reflected by positive rest potentiation of SR Ca2+ load,32 which is consistent with the 
drop in baseline Ca2+-sparks we observed after switching to Na+/Ca2+-free medium (Fig 5). 
Stretch-dependent activation of an additional SAC-mediated Ca2+ influx, combined with SR 
Ca2+-leak due to SiS, did not result in a detectable increase of SR load and systolic global 
Ca2+-transients during the first 20 s of acute stretch. 

The absence of a fast stretch effect on bulk systolic Ca2+ does not exclude participation of 
SAC in the fine-tuning of CICR in local release domains. In ventricular myocytes, spatio-
temporal analysis of local Ca2+-transients from line scans showed that during stretch L-type 
Ca2+ channels recruited more RyR release sites in TT-coupled regions (due to increased RyR 
sensitivity and higher local Ca2+ concentrations),8 from which the authors concluded that 
stretch increases CICR efficiency on a beat-to-beat basis without changing systolic Ca2+. In 
atrial myocytes, the spatiotemporal regulation of CICR is different from ventricular cells, 
mainly because of differences in structural organization of the tubule network. The atrial 
network, including that of rabbit cells, consists of sparse transverse, and more abundant 
axial TT membrane structures in the center of the cell.33 As a consequence, CICR is more 
heterogeneous with the fastest sites of SR Ca2+-release at axial tubules.34 Protein localizations 
studies have demonstrated a longitudinal distribution of canonical transient receptor poten-
tial (TRPC) mechanosensitive channels consistent with an axial TT profile.27 It is plausible, 
therefore, that SAC activation recruits RyR not only at the surface sarcolemma, but also at 
axial TT junctions. Indeed, using line scans positioned in the cell center we observed acute 
SiS, as well as propagating and synchronized Ca2+-waves deep inside rabbit atrial myocytes.

Possible mechanisms of stretch-dependent triggered activity 

We observed a higher incidence of spontaneous Ca2+-waves during diastolic stretch, in agree-
ment with stretch-induced afterdepolarizations and triggered activity seen in whole hearts.2, 35 
These included propagating and synchronized waves, distinguished by their spatio-temporal 
dynamics in confocal line scans (Fig 6A). Propagating waves depended on Ca2+-release from 
the SR, as witnessed by an increase in spontaneous spark rate prior to wave onset (to 3.3 ± 
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0.5 s-1 100 µm-1, Fig 6C). They were also not dependent on the availability of extracellular 
Na+ and/or Ca2+. Acute stretch, causing SiS, might be expected to increase the frequency of 
spontaneously occurring propagating waves, as reported for very large stretches (>20%) in 
rat ventricular myocytes.36 In our experiments, their incidence was similarly low in stretched 
and relaxed states, possibly because SiS in our experiments (to 1.8 ± 0.2 s-1 100 µm-1, Fig 3C) 
was not sufficient for wave initiation. 

In contrast, synchronized Ca2+-wave occurrence was increased during stretch (of 13%), in 
particular immediately after the onset of the stretch stimulus. They were not preceded by a 
higher Ca2+-spark frequency (Fig 6C), and trans-sarcolemmal influx of Na+ and/or Ca2+ was 
required. The latter indicates that they likely arise from spontaneous membrane depolariza-
tion / action potential (AP) generation, with some similarity of the concept of ‘escape beats’ 
in cardiac tissue. Stretch-induced synchronized Ca2+-waves are therefore likely to be the 
consequence of membrane depolarization, presumably caused by diastolic inward currents 
upon SACNS activation.37 Unexpectedly, SAC inhibition by GsMTx-4 was not sufficient to 
suppress this stretch-induced triggered activity (even though the peptide did act on the cells, 
as witnessed by the reduced SiS). This points to the presence of stretch-induced inward 
currents that are not inhibited by GsMTx-4, perhaps including the fast cardiac Na+-channel 
Nav1.5.38 Nav1.5 mechanosensitivity is inhibited by ranolazine,39 an antianginal drug with 
Na+ channel blocking properties that shows promise for the treatment of AF.40 

Taken together, a stretch-induced increase in depolarizing currents and lowering AP thresh-
old, rather than spontaneous Ca2+-releases from the SR, may underlie triggered activity upon 
severe stretch in atrial myocardium. 

Outlook

Sustained atrial dilatation is one of the strongest clinical predictors of AF,41 but even acute 
stretch can increase vulnerability to AF in patients.42 Atrial mapping studies in intact sheep 
hearts revealed that during stretch focal discharges emerged from regions between the pul-
monary veins and posterior left atrium,43 which is suggestive of an afterdepolarization related 
mechanism. In atrial tissue, stretch induced early and delayed afterdepolarizations, which 
triggered premature AP that evolved into non-sustained runs of AF in rat,35 and rabbit.44 This 
is in keeping with our observation in single cells that stretch-induced triggered activity is 
primarily an electrically driven phenomenon. 

The fact that we did not observe anti-arrhythmic effects of GsMTx-4 in single myocytes, 
while several studies in whole hearts reported that SAC blockers reduced AF vulnerabil-
ity,11, 44 could be due to tissue-related stretch phenomena. Heterogenous tissue structures, 
such as atria, create a substrate for electrical dispersion, which could be exacerbated by 
stretch, presumably due to heterogenous activation of SAC.45, 46 It is possible, therefore, that 
GsMTx-4 exerts its anti-arrhythmic action by reducing local dispersion of excitation, as was 
demonstrated with the use of gadolinium, a non-specific SAC blocker, in rabbit ventricle.46
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Limitations

Ca2+-sparks were recorded in line scan mode because the speed of the confocal microscope 
did not enable two-dimensional imaging at sufficient rates to resolve sparks. Because atrial 
cells have a highly heterogeneous distribution of coupled RyR release sites, it is possible that 
we have underestimated the extent of SiS, and any spatial heterogeneity in this response. 
Furthermore, we did not perform membrane potential measurements. Combining patch-
clamp with single cell stretch is technically challenging and associated with alterations in cell 
homeostasis. We therefore analyzed Ca2+ fluorescence as a readout of afterdepolarizations 
and triggered activity. 

To inhibit SACNS, we used GsMTx-4, a peptide that exerts its specific inhibitory action on 
SACNS by penetrating in the outer lipid monolayer as membrane tension increases.47 High 
concentrations of GsMTx-4 (> 12 µmol/L) potentiate mechanosensitive ion channel ac-
tivity.48 At a concentration (2 µmol/L) that inhibits SACNS,

49 and SiS (Fig 5), we observed 
that GSMTx-4 caused a counter-intuitive stretch-independent increase in Ca2+-sparks by an 
unknown mechanism. The GsMTx-4 data should therefore be interpreted with caution.

Conclusion

In atrial myocytes, stretch produces an increase in diastolic Ca2+-spark rate via a mechanism 
that requires trans-sarcolemmal Na+ and/or Ca2+ flux via stretch-activated ion channels, and 
an intact microtubule network. The kinetics of stretch-induced synchronized Ca2+ waves and 
their absence in Na+ and Ca2+ conditions suggest membrane depolarization, rather than an 
increased SR Ca2+-leak as underlying cause. Synchronized Ca2+ waves appear to be independ-
ent from GsMTx-4-sensitive stretch-activated ion channels. Thus, molecular identification of 
the ion channels involved in triggered activity may introduce new atria-specific strategies for 
more effective treatment of stretch-induced AF vulnerability.
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SUPPLEMENTS - MATERIAL AND METHODS

Cell Preparation

All experimental protocols were approved by the Dutch animal welfare body (DEC2014-112) 
and they conformed with the directive of the European Parliament and of the Council on the 
protection of animals used for scientific purposes 2010/63/EU. New Zealand White Rabbits 
(2-3 kg) of either sex were purchased from Envigo, UK. Rabbits were anesthetised with (50 
mg kg-1)/xylazine (5 mg kg-1) and euthanised by a concussive blow to the head. The heart 
was quickly excised and submerged in cold isolation buffer containing (in mmol/L): 133 
NaCl, 5 KCl, 2 MgCl2, 1.2 KH2PO4, 6 Taurine, 6 Creatine, 10 Glucose, 10 HEPES at pH 7.4 
with NaOH. Subsequently, the heart was mounted on a Langendorff setup (gravity-fed: 90 
cm H20) and perfused via the coronary vasculature for 8 min at 37°C to flush out remaining 
blood. Collagenase B (0.4 mg mL-1), Collagenase P (0.15 mg mL-1), Trypsin Inhibitor (0.15 
mg mL-1), Hyaluronidase (0.25 mg mL-1) and 15 µmol/L CaCl2 were added to the isolation 
buffer and recirculated for 15 min until the atria softened. Thereafter, the left atrium was 
removed, transferred to a beaker with warm isolation buffer (supplemented with 0.5 mg mL-1 
fatty-acid free albumin and 15 µmol/L CaCl2). The tissue was cut into small pieces and single 
cells were dissociated by gentle shaking. After filtering the cell suspension through a 200 
µm nylon mesh, Ca2+ was stepwise reintroduced up to a final concentration of 1.8 mmol/L. 
Isolated atrial myocytes were stored at room temperature for up to 8 h. 

System set-up

To apply uniaxial stretch to intact atrial myocytes, two 3D micromanipulators were mounted 
on a TE-2000-U inverted microscope (Nikon, Amsterdam, Netherlands). On one microma-
nipulator, a piezo motor (Mad City Labs, Madison, USA) was attached, on the other a static 
holder. On both, the piezo motor and the holder, 35 um diameter glass needles with a length 
< 1.5 mm were fixed. The glass needles were coated with an aluminium silicate suspension 
(IonOptix pre-coat, IonOptix, Amsterdam, Netherlands). After the pre-coat was air dried, the 
needles were immersed in a small drop of MyoTak (IonOptix), a biological adhesive, until a 
uniform layer formed and swiftly submerged in experimental buffer to avoid polymerization 
of the glue.

Uni-axial stretch

Myocytes were transferred to a cell chamber with a rotation inlay, which allows one to align 
cells perpendicular to the glass needles (Figure 1A). To prevent cells from adhering to the 
glass bottom of the chamber, the coverslip was coated with a thin layer of Poly-HEMA. 
Only quiescent myocytes with clear and homogenous cross-striation and sharp well-defined 
boarders were used for the experiments. Coated glass rods were lowered onto myocytes near 
opposite cell ends and gently pressed down to optimize the contact area between the glue 
and the cell . After the myocyte was firmly attached to the system, it was lifted completely 
from the chamber bottom without stretching the myocyte prior to the start of the experiment.  
Cells were perfused with Normal Tyrode (NT) solution (containing in mmol/L: 135 NaCl, 
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5 KCl, 1 MgCl2, 10 Glucose, 10 HEPES at pH 7.4 with NaOH). For experiments shown 
in Figures 1-2, myocytes were perfused with NT containing 1.8 mM CaCl2, experiments 
depicted in Figure 3-7 were carried in NT containing 3.6 mM CaCl2. To achieve the desired 
amount of axial-stretch, the piezo-motor was controlled with an analog output of a Digidata 
1440 AD converter (Molecular Devices, Berkshire, UK) and the resulting displacement of 
piezo-motor was digitized and monitored in pClamp 10.2 (Molecular Devices). Uniaxial 
stretch was applied at a speed of 0.5 µm/ms. The necessary voltage to achieve the desired 
piezo displacement was calculated based on the distance between the mounting points of the 
glass micro-rods measured on a 2D transmitted light image of the attached cell. Due to the 
thin layer of MyoTak, elongation of attached cells does not follow exactly 1:1 the piezo actu-
ator displacement. In a subset of cells, sarcomere length (SL) at different levels of stretch was 
assessed within a ROI (in Figure 1A marked by a yellow box), based on IonOptix’s SarcLen 
software (http://www.ionoptix.com/wp-content/uploads/2014/07/SarcLen-Algorithm.pdf) in 
response to glass rod displacements. 

For force measurements, the static holder was replaced with an optical force transducer 
(Optiforce V1, IonOptix). The data were collected via an analog input of the Digidata 1440 
at 1 kHz. Force traces were analysed using Clampfit 10 (Molecular Devices). Time to peak 
(TTP) was analysed in two ways. Firstly, TTP was defined as the time from start of con-
traction to peak force. To normalize forces to the Myocyte’s cross sectional area, a confocal 
Z-stack (0.5 µm between planes) was recorded after attaching the cell to the glass rods. The 
Ca2+ signal positive pixels in the XZ – plane equidistant from both mounting points were 
used to calculate the cross sectional area. Secondly, due to the difficulty to reliably identify 
the peak of a signal in noisy biological data, we measured the time from the beginning of 
the contraction to the 90th percentile of the measured peak value. Results were comparable 
between the two ways of assessment.

Confocal imaging and Ca2+ measurement

Atrial myocytes were loaded with Fluo4-AM (5 µmol/L, Thermo Fisher) dissolved in DMSO 
containing (w/v) 20% - Pluronic F127 for 20 min, followed by 20 min for the de-esterifica-
tion of the dye. Cells were scanned at 1.68 ms/line with a 488 nm argon ion laser, attached 
to a confocal line-scan unit (Nikon c1) with a pixel size between 100 – 200 nm, using a 
40x NA 1.3 Oil immersion objective. Cells were electrically stimulated at 2 Hz (Myopacer, 
IonOptix) for 60 s prior to application of the stretch. Steady-state Ca2+ transient analysis was 
carried out manually on spatially averaged transients obtained by integrating the line-scan 
from the final three to five Ca2+ transients prior to baseline Ca2+ spark measurements. Ca2+ 
transient amplitude was calculated by normalizing the peak of the Ca2+ dependent signal 
to the average signal intensity during diastole. TF50 and TTP were defined as the time to 
reach the half-maximum and maximum fluorescence of the Ca2+ transient, respectively. The 
decay phase of the transient was fitted with a mono-exponential decay function to assess 
Ca2+ reuptake kinetics. Ca2+ spark measurements were performed in NT containing 3.6 
mmol/L Ca2+, unless stated otherwise. Absolute values of baseline Ca2+ spark rate could 
vary between isolations, which did not affect the relative response to stretch. To compare 
different interventions, we used control measurements from the same isolation.  A pressur-
ised perfusion system fitted with solenoid valves controlled by an 8-channel valve controller 
(Warner Instrument) was used to deliver solutions locally via a multi-channel inline heater 
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with a single outlet (Cell MicroControls, Norfolk, USA) at 37°C. The perfusion system 
allowed for a reliable switch between experimental solutions in < 300 ms. For measure-
ments carried out in Na+/Ca2+ free conditions, the solution was switched from NT when 
Ca2+ levels reached diastolic values after the last stimulated Ca2+ transient, and perfusion 
with the Na+/Ca2+free solution continued for the remainder of line-scan measurements.  
Na+/Ca2+free solution contained in mmol/L: 135 LiCl, 5 KCl, 1 MgCl2, 10 Glucose, 10 HEPES 
at pH 7.4 with LiOH. SR Ca2+ load was determined by rapid switching to NT supplemented 
with 10 mmol/L caffeine. Ca2+ sparks were automatically analyzed using the ImageJ Plugin 
Spark Master (https://sites.google.com/site/sparkmasterhome/). To minimize the detection of 
false positive sparks the cut-off value within Spark Master, Criterion, was set to 4.2.

Material suppliers and concentrations used

Collagenase B, Collagenase P, Trypsin inhibitor was purchased from Roche (Basel, 
Switzerland). Hyaluronidase was purchased from Worthington (Lakewood, USA). Gp91ds-
tat and the scrambled control peptide (Anaspec, Liege, Belgium) were used at 3 μmol/L 
with pre-incubation for 2 h. N-acetylcysteine (NAC, Sigma Aldrich, Darmstadt, Germany), 
10 mmol/L, was added to the superfusate and wash-on started 5 min prior to the experi-
ment 1. Cells were pre-treated with 10 µmol/L colchicine (Sigma Aldrich/Merck, Darmstadt 
Germany) for 2 hours 2. GsMTx-4 was purchased from Alomone (Jerusalem, Israel) and 
used at 2 µmol/L with 10 min pre-incubation and applied via direct perfusion during the 
experiment 2 All other chemicals were purchased from Sigma Aldrich/Merck (Darmstadt, 
Germany). 

Data presentation and statistical analysis

Data are shown as Tukey boxplots (the upper whisker of the box plot is the largest dataset 
number smaller than 1.5 interquartile range above the third quartile, the lower whisker of the 
box plot is the largest dataset number larger than 1.5 interquartile range below the second 
quartile) or mean ± standard error to the mean. Statistical comparisons were made using 
paired Wilcoxon matched-pairs signed rank test, Mann-Whitney-U test, Kruskal-Wallis or 
Friedman test for multiple comparison, where appropriate (indicated in the figure legend). 
Statistical analysis was performed using Prism 8 software (GraphPad Software Inc.) and a 
p-value < 0.05 was considered indicative of a statistically significant difference.
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Supplemental Figure 1 Fraction of atrial myocytes that exhibited higher (UP) or lower (DOWN) Ca2+ spark rates 
after severe stretch. Left: In control conditions 76 % of interrogated cells reacted to stretch with an increase in Ca2+ 

spark rate. Middle: In contrast, the fraction of myocytes showing lower spark rates after stretch is in Na+/Ca2+ free 
solution (60%), and among cells treated with GsMTx-4 (58%, right).
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ABSTRACT 

Aim: Short-term high atrial activation rates alone induce Ca2+ signalling silencing in rabbit 
atria, characterised by the loss of centripetal Ca2+ propagation and reduced propensity of the 
atria for spontaneous Ca2+ release and ectopic activity. Activation of the sympathetic nervous 
system correlates with the occurrence of atrial arrhythmias. In this study, we investigate the 
effect of Isoprenaline (ISO), an adrenoreceptor agonist, on subcellular Ca2+ release to assess 
possible proarrhythmic alterations in Ca2+ handling against the background of antiarrhythmic 
adaptations after in-vivo rapid atrial pacing.

Methods and Results: After rapid pacing rabbit atrial myocytes were treated with 300 µM 
ISO. Line scans along the short axis of the myocytes revealed normalised CaT amplitude in 
rapidly paced myocytes after ISO treatment. Spatiotemporal analysis of the CaTs uncovered 
faster Ca2+ release in central RYRs of RAP myocytes. Immunohistochemical staining showed 
low levels of RYRs phosphorylation at Ser-2808 after pacing and a pronounced rephosphory-
lation after ISO treatment. Although RYR phosphorylation and SR Ca2+ content were higher 
after adrenergic stimulation, spark frequency was not significantly altered.

Conclusion: After five days of rapid atrial pacing beta-adrenergic stimulation normalises 
CaT amplitude mainly by increasing central CaT amplitude. While phosphorylation of RYRs 
at Ser-2808 might support the Ca2+ induced Ca2+ release in central regions of the myocyte, 
it did not lead to more frequent Ca2+ release events in central RYR clusters supporting the 
notion that RYR phosphorylation on Ser-2808 is not sufficient to produce Ca2+ instabilities 
in the atria.
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INTRODUCTION

Right after the onset of atrial fibrillation (AF), the high atrial activation rate increases intracel-
lular Ca2+ load.1, 2 In an animal model of tachypacing, we previously described a mechanism, 
that prevents the uncontrolled overload with Ca2+ during sustained high activation rates. This 
mechanism, termed Ca2+ signalling silencing, develops within five days after the onset of 
rapid pacing. It is characterised by reduced Ca2+ influx via ICaL, an increased Ca2+ efflux via 
INCX  and a higher Ca2+ buffer capacity.3 Without significant alterations in SR Ca2+ content or 
Ca2+ wave frequency, Ca2+ signalling silencing can counteract Ca2+ signalling instabilities 
reported in AF.4 

Until recently atrial myocytes were believed to be nearly devoid of a functional trans-
verse-axial tubule (TAT) network, a crucial component in effective Ca2+ induced Ca2+ release. 
Without a TAT network, Ca2+ entry via L-type Ca2+ channels (LTCC) was thought to trigger 
ryanodine receptor (RYR) clusters close to the sarcolemma followed by a slow propagation 
of Ca2+ release towards the centre of the cell.3, 5 However, recent reports of a specialised 
TAT network in atrial myocytes challenge this view.6-8 Compared to the ventricle the TAT 
network in atrial myocytes is sparse and contains a significant fraction of axial tubules (AT), 
i.e. tubules orientated along the long axis of the myocytes. Dense clusters of RYRs colocalise 
along ATs to form “super-hubs” of fast Ca2+ release. RYRs that comprise super hubs are 
highly phosphorylated by PKA, a downstream target of beta-adrenoreceptor signalling, and 
therefore could be the primary location where pro-arrhythmogenic Ca2+ sparks – typically 
occurring during sympathetic activation - arise from.6

Although several reports link beta-adrenoreceptor signalling to the development of arrhyth-
mias in vulnerable atria 9-11, atrial trabeculae from AF patients show less frequent arrhythmo-
genic events in response to adrenergic stimulation compared to trabeculae from sinus rhythm 
patients.12 

In the present study, we attempt to reconcile the proarrhythmic potential of beta-adrenergic 
stimulation against the background of antiarrhythmic adaptations of Ca2+ signalling silencing 
after a period of high electrical activation rates. We study subcellular Ca2+ release in response 
to isoprenaline, a beta-adrenoreceptor agonist, in a well-characterised rabbit model of atrial 
tachypacing and link the functional information to ultrastructural alterations.

MATERIALS AND METHODS

Rapid Atrial pacing Model

All experimental protocols were approved by the Dutch animal welfare body (DEC2014-
112) and were conform with the directive 2010/63/EU. Male and female New Zealand White 
rabbits (2.5-3.0 kg) were anaesthetised with ketamine (50 mg/kg)/xylazine (5 mg/kg) via 
intramuscular injection. Animals were endotracheally intubated and ventilated with a rate 
of ~30/minute. Anaesthesia was maintained with 1.5% Isoflurane. Under x-ray guidance, a 
pacemaker lead was implanted via the left jugular vein into the right atrium. The lead location 
was considered suitable when the pacing threshold was lower than 0.5V. Only animals with 
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an  AV-conduction pattern of 3:1, resulting in a ventricular rate of ~200/min - a physiological 
rate for rabbits – were implanted with a Medtronic Itrel pacemaker in a subcutaneous pocket 
behind the left shoulder blade. After one week of recovery, the right atrium was rapidly 
stimulated using the implanted device at a frequency of 10 Hz for five days at 4x threshold. 
In Sham operated animals only the pacemaker lead was implanted. 

Cell preparation

Animals were anesthetized with ketamine (50mg/kg)/xylazine (5mg/kg) i.m. The implanted 
pacemaker lead was extracted through a small incision over the left jugular vein. Thereafter, 
the animal was euthanised by a concussive blow to the head. The heart was swiftly excised 
and transferred to a Petri dish filled with ice-cold isolation buffer containing (in mM): NaCl 
133, KCl 5, MgCl 2, KH2PO4 1.2, Taurine 6, Creatine 6, Glucose 10, Hepes 10, adjusted 
to ph 7.2 with NaOH. Major cardiac arteries supplying the ventricle were ligated to ensure 
proper enzyme flow through the atria during enzymatic digestion. Hearts were mounted on 
a gravity-driven Langendorff system with a water column height of 90cm. The heart was 
perfused retrogradely via the aorta with nominal Ca2+ free isolation buffer for 8 min at 37°C 
to wash out remaining blood. Collagenase B (0.4 mg ml-1), Collagenase P (0.15 mg ml-1), 
Trypsin Inhibitor (0.15 mg ml-1), Hyaluronidase (0.25 mg ml-1) and 15 µmol/L CaCl2 were 
then added to the isolation buffer and recirculated for 15 min. For RAP animals the enzyme 
solution was recirculated for 18 min, and the concentration of Trypsin inhibitor was reduced 
to 0.12 mg*ml-1. The left atria were removed, transferred to a beaker containing warm iso-
lation buffer supplemented with 0.5 mg ml-1 fatty-acid free albumin and 15 µmol/L CaCl2, 
and cut into small pieces. Single cells were dissociated by gentle shaking and filtering the 
suspension through a 200 µm nylon mesh. External Ca2+ was stepwise reintroduced to a final 
concentration of 1.8 mM. Isolated myocytes were stored at room temperature for up to 8 h. 

Immunocytochemistry

Nr. 1.5 Coverslips (Ø 13 mm, Thermo Scientific, Belgium) were coated with Laminin (40 
μl/ml in PBS) overnight at 4 °C. The coated coverslips were placed in 35 mm Petri dishes 
to which left atrial cell suspension was added. After the myocytes attached to the Laminin 
coated coverslips, 5µM Alexa Fluor 633-conjugated Wheat Germ Agglutinin (WGA) to stain 
the cell membrane and TAT, was added for 10 minutes. Thereafter, the coverslips were placed 
in a perfusion bath and electrically stimulated for 5 minutes at 1Hz. Cells were superfused 
with either Normal Tyrode (NT) or NT supplemented with 300 nm Isoproterenol (ISO) at 
37°C. After stimulation the coverslips were transferred to a Petri dish filled with 2% para-
formaldehyde (PFA) for 10 min. After fixation, atrial myocytes were permeabilised with 
0.5%Trition X-100 in phosphate buffered saline (PBS) and subsequently washed once with 
PBS. To reduce unspecific antibody binding 10% normal goat serum in PBS was added for 
1 hour. Afterwards, cells were washed with PBS and incubated with the primary antibody 
against RyR (1:50) overnight at 4 °C. Cells were washed 3x with PBS and incubated with a 
secondary antibody conjugated to Alexa Fluor 488 (1:100) for 2 hours at room temperature. 
Antibody against RYR-p2808 was labelled with a 532 Alexa Fluo Zenon labelling kit ac-
cording to the provided manual. Cells were incubated for 2 hours at room temperature with 



69

Ch
ap

te
r 4

Adrenergic control of RyR Ca2+-release microdomains in atrial fibrillation

the labelled antibody. To wash out all unbound ABs cells were washed with PBS  3x for 
10 min before fixating once more with 4% PFA for 10 min to avoid the dissociation of the 
Zenon labelling kit complex. Coverslips were mounted on microscopy slides with a Mowiol/
DABCO based mounting medium and left to cure overnight at 4°C in the dark. 

Confocal images of the stained myocytes were taken with an inverted LEICA TCS SPE 
equipped with a 63x oil immersion microscope. Fluorophores were excited in sequence at 
488 nm, 532 nm, and 633 nm and emission detected at 500-532 nm, 544-633 nm, and 645-
745 nm, respectively. Pixel size was set at 70 nm in the XY plane and the pinhole set at 1 Airy 
unite. All images were recorded from a central plain of the cell through the nucleus.

Confocal Calcium and T-Tubule imaging

Isolated atrial myocytes were loaded with 5uM of Fluo4-AM in 20% Pluronic acid in NT 
supplemented with 1mM of Probenecid for 15-20 min. Cells were washed with NT for 10 
min to allow the de-esterification of the calcium dye. The cell suspension was transferred to 
a cell chamber coated in Laminin for 15 min to facilitate the attachment of the myocytes to 
the glass bottom. The dish containing the cardiac myocytes was transferred to the microscopy 
stage, and the solution was exchanged with NT containing the membrane dye di-4-ANEPPS 
at a concentration of 5 µM for additional 10 minutes to stain the cell membrane and TAT-
network. During the experiment cells were continuously superfused with NT alone or with 
NT supplemented with 300nM of ISO at 37°C using an inline perfusion heater (cell mi-
crosystem). Myocytes were treated 5min with Isoprenaline (ISO) and electrically stimulated 
at 1Hz before images were taken. Line scans of double-stained myocytes were taken with 
a Nikon C1 confocal microscope mounted on an inverted Nikon Eclipse 2000E along the 
short axis of the myocyte through the central plain avoiding the nucleus. Pixel size was set to 
achieve the highest possible temporal resolution (1,53 ms per line). Both dyes were excited 
with a 488 nm Argon laser, Fluo-4 emission was collected at 525±12 nm and di-4-ANEPPS 
emission was collected above 650nm. All solutions contained 20 µM of Blebbistatin to avoid 
movement artefacts during line scans. 

Image analysis

Confocal line scans

Steady-state Ca2+ transient analysis was carried out automatically on whole-line averaged 
signals, or on a per-line basis, obtained from one to three Ca2+ transients by costume writ-
ten Matlab algorithms. Local Ca2+ transients were analysed after PURE-LET denoising in 
ImageJ and subsequent line-wise fitting of the local CaT transient based on a method by 
Tian et al..13 Local and global CaT amplitudes were calculated by normalising the peak of 
the Ca2+ dependent signal to the average signal intensity during diastole, TF50 and TTP 
(Time to Peak) were defined as the time to reach the half-maximum and maximum fluo-
rescence of the Ca2+ transient, respectively. The decay phase of the CaT was fitted with a 
mono-exponential function to assess the Ca2+ reuptake kinetics. Rate of CaT rise was defined 
as the time from 25% max fluorescence to 90% max fluorescence divided by the difference 
in fluorescence intensity at both time points. The simultaneously recorded membrane images 
were median-filtered (2x2 px kernel) and binarised with the Otsu-method to separate signal 
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positive regions (Sarcolemma or TAT system) from the signal negative region. A distance 
map was generated from the processed binary images. The outmost signal positive structures 
were assigned to the subsarcolemmal (SS) compartment. Signal positive structures between 
the SS were assigned as axial tubule AT and based on the distance map uncoupled regions 
(UC) were assigned to the pixels furthest away from any membrane structure. Based on this 
assignment, the underlying local Ca2+ transient could be allocated accordingly. Ca2+ sparks 
that appeared in-between electrically evoked beats were manually counted and expressed as 
sparks per second. 

RyR-P2808 signal analysis of RyR-clusters 

The fraction of highly phosphorylated RyR-p2808 clusters among all clusters was determined 
using ImageJ based on a method published by Brandenburg et. al 6. Normalised RYR-p2808 
signals were calculated from confocal images with a pixel size of 100nm. Regions of interest 
(ROIs) were selected from which nuclear signals were omitted as they reflect unspecific 
cross-reactions of the RYR-p2808 antibody. Cytosolic RYR-P2808, RyR and WGA signals 
were background-corrected by subtracting the modal grayscale value for each ROI. After 
local contrast enhancement (CLAHE) and image smoothing (3 x 3 mean filter), RyR clusters 
were detected within a maximum tolerance of 15 grayscale levels (8-bit grayscale image). 
A binarised image was generated, dilated, and subjected to water shedding. The binarised 
image represented combined cluster detection from both channels (RYR and RYR-p2808). 
Next, the average normalised phosphorylation at RYR-p2808 was calculated for each re-
sulting cluster-segment as RYR-p2808 / RyR ratio data. RYR-p2808 signals throughout a 
given cluster population were graphed as a frequency distribution histogram (bin size 0.2). 
Experimental data were normalised by using the first peak position of the cluster phosphoryl-
ation distribution in the ISO population as a threshold. This approach determined the fraction 
of highly phosphorylated RYR clusters among all clusters. 

ImageJ was used to determine spatial relations of RyR-clusters relative to the membrane 
and TAT network. For this purpose, myocytes were stained with WGA prior to fixation. 
The resulting images of myocyte membrane structures were binarised by Otsu-thresholding 
(radius 1 µm) following local contrast enhancement and image smoothing (3x3 mean filter). 
Next, RYR-p2808/RYR signal maxima were determined with 15 grayscale levels (8 bit) 
noise tolerance. Subsequently, the RYR-p2808/RYR signals were correlated with the WGA 
membrane signal, and assigned to either of three groups: subsarcolemmal (SS - RYR clusters 
located on the outermost signal positive regions of a myocyte), TAT network (TAT - clusters 
correlated with membrane positive structures within a myocyte) and uncoupled RYRs clus-
ters (UC – Clusters that were not associated with any membrane structures). 

Electrophysiology and Epifluorescence Ca2+ measurements

Cells were stimulated in the whole-cell voltage-clamp configuration (Axon 200B-amplifier) 
and the signal was digitised using an Axon Digidata 1440a AD converter. Myocytes were 
constantly perfused with Normal Tyrode at 37°C. The patch pipettes were pulled with a Sutter 
Instruments P-87 Micropipette Puller and fire-polished with MF-900 Microforge (Narishige, 
Japan) to a final resistance of 2-3 MOhm. For the extracellular solution, KCl was replaced 
with 10mM CsCl. The pipettes were back-filled with intracellular solution containing (in 
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mM): caesium aspartate 120, TEACl 10, NaCl 5, Hepes 10, MgCl2 0.5, MgATP 5, pH 7.2 
adjusted with CsOH. ICaL current was measured by a voltage step from -40 to 10 mV for 
200 ms. SR calcium was determined by integrating outwork current elicited by a caffeine 
application (10mM for 8 s) while clamping the cell at -70mV.

Materials

Collagenase B, Collagenase P, Trypsin inhibitor was purchased from Roche (Basel, 
Switzerland). Hyaluronidase was purchased from Worthington (Lakewood, USA). Fluo4-
AM, 532 Alexa Fluo Zenon labelling kit, WGA and Di-4-ANEPPS were purchased from 
Thermo Fisher (Dreieich, Germany) all other chemicals were purchased from Sigma Aldrich/
Merck (Darmstadt, Germany). 

Statistics

Statistical analyses were performed with Microsoft Excel, GraphPad Prism (version 8.2.1) 
Data are shown as mean ± SEM. Statistical comparisons were made using statistically appli-
cable tests. For Figure 1,7C,8B a 2-way ANOVA with a Bonferroni post hoc test, for Figure 
2, a repeated-measures 2-way ANOVA was used. Data presented in figure 3B were tested 
with an unpaired t-test. Histogram data were tested with Friedman test. A p-value < 0.05 was 
considered statistically significant.

RESULTS

Acute effects of Isoprenaline on Ca2+ transients after short term tachypacing

After five days of tachypacing, we assessed the Ca2+ transients (CaT) in untreated AMs 
(CTRL) and AMs exposed to Isoprenaline (ISO) by averaging the pixel intensities of each 
scan line over time. AMs from SHAM operated animals served as control. During 1 Hz 
electrical stimulation AMs from RAP animals showed a marked reduction in CaT amplitude 
(Fig 1C, Left) compared to SHAM AMs (CaT amplitude [F/F0]: 3.51±0.12 in SHAM vs. 
2.55±0.13 in RAP, n/N = 72/6 in SHAM vs n/N = 33/5 in RAP, *** p < 0.001). Both groups 
reacted with a significant increase in CaT amplitude to ISO treatment (SHAM: CTRL vs. 
ISO # p<0.0001, RAP: CTRL vs ISO § p<0.0001). The CaT amplitude after ISO was similar 
between groups as the ISO effect was more pronounced in RAP AMs (CaT amplitude [F/F0]: 
4.78±0.19 in SHAM vs. 4.28±0.18 in RAP, n/N = 56/6 in SHAM vs n/N = 43/5 in RAP, p = 
0.19).

Ca2+ reuptake (Fig1C, Right) behaved similarly to the CaT amplitude. In CTRL AMs reup-
take was slower in RAP than in SHAM (TAU [ms]: 381±14 in SHAM vs. 457±27 in RAP, * 
p < 0.05, n/N = 72/6 in SHAM vs n/N = 33/5 in RAP). ISO hastened Ca2+ reuptake in both 
groups significantly (SHAM: CTRL vs. ISO # p<0.0001, RAP: CTRL vs ISO § p<0.0001), 
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but more so in RAP AMs so that the Ca2+ reuptake between groups was not different after 
ISO (TAU [ms]: 261±17 in SHAM vs. 281±16 in RAP, n/N = 56/6 in SHAM vs n/N = 43/5 
in RAP, p = 0.770).

Ca2+ release was not different between CTRL and ISO in SHAM AMs (Fig1C, Centre, TTP 
[ms]: 101±6 in CTRL and 89±4 in ISO, n/N = 72/6 in CTRL vs n/N = 57/6 in ISO, p = 0.518) 
but accelerated Ca2+ release in RAP (TTP [ms]:  111±9 in CTRL 89±5 in ISO, n/N = 33/5 in 
CTRL vs n/N = 43/5 in ISO, p = 0.052).

Adrenergic response of ICaL and SR Ca2+ content

ICaL reduction is a prominent feature of AF-induced atrial remodelling, contributing to CaT 
amplitude reduction and slowing of whole cell Ca2+ release. To study peak ICaL, AMs from 
SHAM and RAP were interrogated in a whole-cell voltage clamp configuration (Fig 2A). 
CTRL on ISO data were recorded in the same AMs. 

Figure 1 ISO treatment normalises CaT amplitude and kinetics in atrial myocytes (AMs). A, Representative exam-
ples of transversal confocal line scans of SHAM (right) and RAP (left) in CTRL conditions (top) and after 5 min of 
300 µM Isoprenaline (bottom) exposure. B, Line averaged CaTs normalised to diastolic fluorescence (F0), CTRL 
conditions in black and ISO treatment in red. C, Mean data of CaT kinetics form SHAM and RAP myocytes in 
CTRL conditions and after treatment with ISO. Left, CaT amplitude (F/F0),*** p < 0.001. Centre, Time to maximal 
fluorescence (time to peak - TTP). Right, Ca2+ reuptake assessed by the time constant of Ca2+ decay (TAU). For all 
graphs CTRL: n/N = 72/6 in SHAM and n/N = 33/5 in RAP, ISO: n/N = 56/6 in SHAM and n/N = 43/5 in RAP.
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In line with our previous data,3 RAP myocytes exhibited smaller ICaL compared 
to SHAM myocytes (ICaL [pA/pF]: -10.13±0.81 in SHAM vs. -5.18±0.90 in RAP, 
n/N = 7/4 for SHAM and n/N = 7/4 for RAP, * p < 0.05). In SHAM and RAP 
cells the response to ISO was preserved, showing higher peak currents after ex-
posure. The differences between groups remained significant after ISO treatment  
(ICaL [pA/pF]: -12.97±1.41 in SHAM vs. -8.47±1.50 in RAP, n/N = 7/4 for SHAM and n/N = 
7/4 for RAP, * p < 0.05). 

Another major factor regulating CaT amplitude and kinetics is the SR Ca2+ content (Fig 
2B). To assess SR Ca2+ content, we integrated INCX depended inward current evoked by 8s 
exposure to 10mM caffeine and found that Ca2+ content was not different between SHAM and 
RAP AMs in CTRL (pC/pF: 1.1±0.16 in SHAM vs. 1.01±0.10 in RAP, n/N = 7/4 for SHAM 
and RAP, p = 0.89). The difference between RAP and SHAM remained insignificant after 

Figure 2 Adrenergic Response of ICaL and SR Ca2+ content. A, Left Representative examples of ICaL recorded in 
SHAM and RAP AMs in the absence (black) and presence (red) of ISO evoked by a 200ms voltage step from -40mV 
to 10mV. Right Paired data of mean ICaL density in SHAM and RAP AMs. B, Left Examples of normalised inward 
currents recorded in voltage clamped AMs in response to 10mM Caffeine in the absence and presents of ISO. Right, 
Mean data of SR Ca2+content in SHAM and RAP AMs in the presents and absence of ISO. Data from n/N = 7/4 for 
SHAM and n/N = 7/4 for RAP. A repeated 2-way ANOVA with a Bonferroni post hoc test for multiple comparisons
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ISO treatment. (pC/pF: 1.86±0.19 in SHAM vs. 1.48±0.08 in RAP, n/N = 7/4 for SHAM and 
RAP, p = 0.137). In RAP, SR Ca2+ content did not change significantly in response to ISO (p 
= 0.084) unlike in SHAM AMs (# p = 0.006).

Early remodelling of the TAT network after tachypacing

Because of the implications for synchronous Ca2+ release, we investigated the TAT system 
in freshly isolated SHAM and RAP AMs. The TAT network in AMs is sparse compared to 
ventricular cells and its density is further reduced after five days of tachypacing (Fig 3B, µm/
µm2: 0.041±0.032 vs 0.024±0.019 n/N = 85/7 in SHAM and n/N = 49/9 in RAP, ** p<0.005). 
Furthermore, we analysed the TAT network based on the orientation relative to the long axis 
of the myocyte. Plotted as frequency histogram, SHAM AMs show two peaks of comparable 
height (Fig 3C, Left). The first at 0° represents axial tubules, the second peak at 90° depicts 
transverse tubules oriented perpendicular to the first population. In RAP myocyte the second 
peak was diminished (Fig 3C, Centre) indicating a predominant loss of transverse tubules in 
response to pacing, quantified as TAT component change in Fig 3C, Right. As a consequence 
of persevered ATs, the maximal distance between membrane structures (sarcolemma or 
ATs) was comparable between SHAM and RAP myocytes (in µm: 3.42±0.12 in SHAM and 
3.67±0.16 in RAP, n/N = 137/6 in SHAM and n/N = 89/5 in RAP, p = 0.204).

Figure 3 TAT Network density and orientation in SHAM and RAP animals. A, Examples of freshly isolated intact 
AMs from SHAM and RAP. B, Average TAT network length normalised to cell area. C, Frequency distribution 
of TAT network orientation. 0° denotes tubules that are aligned with the long axis of the myocytes (AT), 90° indi-
cates transversally orientated tubules (TT). From Left to Right, frequency histogram of TAT orientation in SHAM, 
RAP and change in TAT component orientation by subtracting diminished compared to the first peak (C, Centre). 
Subtracting SHAM and RAP histograms demonstrate the relative gain of AT components and the loss of TT after 
tachypacing (C, Right).
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Atrial Myocytes from RAP exhibit lower baseline RYR phosphorylation

To investigate RYR phosphorylation, we employed in situ co-immunolabeling. Myocytes 
were electrically stimulated at 1Hz and superfused with 37°C NT solution (SHAM) or NT 
solution supplemented with 300 µM ISO (RAP) for 5 minutes before fixation with 4%PFA. 
Coimmunostaining of SHAM AMs showed apparent RYR phosphorylation in CTRL, indi-
cated by the first peak (Black curve in Fig 4B, Left) and a rightward shift after ISO treatment 
reflecting increased RYR phosphorylation (Red curve in Fig4.B, Left; n/N = 33/10 in CTRL 
and n/N = 21/10 in ISO, *** p<0.001). In RAP AMs we failed to detect a phosphorylation 
peak in CTRL, (Black curve in Fig4.B, Right) indicative of low or absent baseline phos-
phorylation. After ISO treatment a pronounced peak became apparent (Red curve in Fig4.B, 
Right, n/N = 30/8 in CTRL and n/N = 37/8 in ISO, *** p<0.001)

Figure 4 Phosphorylation state of PKA-phosphorylated RYR in SHAM and RAP AMs. A, Upper Panel Example 
coimmunostaining for RYR and PKA phosphorylated RYR2-p2808 and merged images in SHAM and RAP. Lower 
Panel: Representative examples for SHAM and RAP myocytes after the exposure to ISO. B, Left frequency histo-
gram of RYR-p2808/RYR cluster distribution in SHAM AMs without (black) and with ISO treatment (red). Clusters 
from n/N = 33/10 in CTRL and n/N = 21/10 in RAP, *** p<0.001. Right Frequency histogram of RYR-p2808/RYR 
cluster distribution in RAP AMs. Without (black) and with ISO treatment (red). Clusters from n/N = 30/8 in CTRL 
and n/N = 37/8 in RAP, *** p<0.001. 
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Phosphorylation of RYR2 clusters depends on its subcellular location

AMs were stained with WGA, a dye for labelling TAT structures and the sarcolemma, before 
immunolabeling with RYR and RYR-p2808 ABs (Fig 5A). Based on co-localisation with 
the WGA RYR-p2808/RYR clusters were assigned to three compartments denoted:  SS - 
RYRs below the sarcolemma, TAT - around TAT structures, and lastly UC - RYR that could 
not be linked to WGA positive structures. Similar to Fig 4B, for each compartment relative 
RYR cluster phosphorylation was plotted in the form of a frequency histogram. In CTRL the 

Figure 5 Localisation dependent Phosphorylation in AMs A, Example image a rabbit AM coimmunostained with 
RYR, RYR-p2808 and WGA to visualise membrane structures. B, Merged and zoomed region from example on the 
Left. On the Right assigned clusters based on location (Subsarcolemmal - SS, transverse axial tubule network - TAT 
and uncoupled - UC).  C, Frequency histogram of RYR-p2808/RYR in CTRL AMs from SHAM and RAP animals 
base on their subcellular location.

frequency histogram revealed varying degrees of phosphorylation in SHAM AMs (Fig5C, 
Upper panel) depending on the location of RYR clusters. In SHAM AMs, clusters associated 
with SS (Grey curve) or TAT (Black curve) showed more highly phosphorylated clusters 
compared to UC clusters (Red curve; UC vs TAT p < 0.001, UC vs SS p < 0.001, TAT vs SS 
p = 0.9, n/N = 33/10). In CTRL conditions,  RAP AMs (Fig5C, Lower panel) did not show the 
differential phosphorylation between SS (Grey curve) and UC RYRs (Red curve). However 
the phosphorylation of TAT clusters was significantly higher (Black curve; UC vs SS p = 0.9, 
UC vs TAT p < 0.001, SS vs TAT p < 0.001, n/N = 30/8). 

Membrane structures correlate with altered CaT kinetics

Intact AMs dual-stained with di-4-ANEPPS – to visualise the sarcolemma and TAT network 
- and a Ca2+ indicator allowed us to correlate CaT with membrane structures. Signals were 
recorded from both dyes simultaneously (Fig 6B). Based on signal positive pixels of the 
di-4-ANEPPS image CaTs were again assigned to subsarcolemmal region (SS), TAT network 
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(TAT), and uncoupled regions (UC). Robust Ca2+ release could be detected at TAT sites, 
confirming intact CICR of these structures. CaTs at UC sites appeared to be slower Ca2+ 
release and the CaT was smaller compared to TAT or SS regions. 

In RAP ISO dependent phosphorylation of  RYRs in all subcellular compartments is 
preserved

We analysed RYR phosphorylation in CTRL and ISO treated AMs from SHAM and RAP 
animals based on their subcellular compartment (Fig7.A). In SHAM AMs treated with ISO, 
average phosphorylation of RYR clusters shifted to the right as an expression of higher RYR 
cluster phosphorylation after ISO. In TAT and SS clusters the effect was less pronounced 
(Effect size: g  = 1.67 for TAT and  g = 4.29 for SS) than in UC regions (Effect size: g = 
11.25). Also, RAP AMs treated with ISO exhibited significantly higher RYR phosphorylation 
across all locations compared to CTRL AMs, with an effect size largest at TAT (g = 8.84) and 
again less pronounced in TAT (g = 1.16) and SS (g = 4.17).

Local CaT amplitudes showed similar responses to ISO when compared to the global CaT 
amplitudes (Fig 7C). We recorded higher CaT amplitudes in UC (F/F0: 3.42±0.13 in SHAM 
vs 2.45±0.22 in RAP, * p<0.05, n/N = 77/6 in SHAM and 34/5 in RAP) and TAT (F/F0: 
3.35±0.13 in SHAM vs 2.43±0.19 in RAP, * p<0.05, n/N = 55/6 in SHAM and 20/5 in 
RAP) regions of SHAM compared to RAP CTRL. In SS regions the CaT amplitude in CTRL 
conditions was not different between groups (F/F0: 3.89±0.16 in SHAM vs 3.06±0.15 in 
RAP, p = 0.05, n/N = 77/6 in SHAM and 34/5 in RAP). ISO treatments increased CaT 
amplitude (for all CTRL vs ISO: # p<0.05 in SHAM and § p<0.05 in RAP) and abolished 

Figure 6 Ca2+ release is faster in regions coupled to membrane structures. A, Confocal image of aa AM stained with 
di-4-ANNEPS to visualise TAT structures and loaded with Fluo4-AM for Ca2+. The white arrow heads denote the 
position of the confocal scan line in B. Images were taken in the centre of the myocyte along the short axis of the cell. 
B, Transversal line-scan recording of AMs electrically stimulated at 1Hz superfused with NT at 37°C. A thresholded 
di-4-ANEPPS image was used to segment the CaT into SS (Scan lines overlaying the outermost di-4-ANEPPS 
positive signal), AT (Lines superimposing di-4-ANEPPS positive region in the centre of the cell between SS) and 
UC (Scan lines furthest away from di-4-ANEPPS positive structures). F/F0, Normalised fluorescence intensity 
ratio indicated by look-up-table. (C) CaT at AT, SS and UC. The slower Ca2+ release and lower CaT amplitude in 
uncoupled regions compared to AT and SS demonstrate differences in subcellular CaT kinetics.
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differences between SHAM and RAP AMs in UC (F/F0: 4.49±0.17 in SHAM vs 4.00±0.21 in 
RAP, p=0.05, n/N = 60/6 in SHAM and 45/5 in RAP)  and TAT (F/F0: 4.39±0.22 in SHAM 
vs 3.81±0.22 in RAP, n/N = 45/6 in SHAM and 20/5 in RAP). 

Figure 7 Site specific structure-function relationship in SHAM and RAP. A, Site specific frequency histograms 
of RYR-p2808/RYR phosphorylation in CTRL (dotted line) and ISO treated AMs (solid line). The upper panels 
show the histograms for SHAM AMs the lower panel the histograms for RAP AMs and are grouped by subcellular 
compartment from Left to Right: UC, TAT, SS. B, For illustration, an example line scan of a AMs stained with 
di-4-ANEPPS to determine the subcellular local of CaTs. C, CaT amplitude, D, Ca2+ release and E, Ca2+ reuptake in 
SHAM (Black) and RAP (Red) AMs. From Left to Right at UC, AT and SS sides, in CTRL and after ISO treatment. 
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Rate of Ca2+ release was not different between RAP and SHAM at SS and TAT sites in CTRL 
and there was no appreciable change in the rate of Ca2+ release at these sites after ISO (Fig 
7C, Centre and Right). However, in UC regions (Fig 7C, Left). Ca2+ release in RAP AMs was 
on average two times slower than UC regions in SHAM myocytes (ms/F: 16.2±1.3 in SHAM 
vs 34.2±4.1 in RAP, p<0.05, n/N = 77/6 in SHAM and 34/5 in RAP, p < 0.001). ISO treat-
ment abolished the striking difference in the rate of Ca2+ release between SHAM and RAP 
(ms/F: 9.8±0.7 in SHAM vs 12.7.2±1.25 in RAP, n/N = 60/6 in SHAM and 45/5 in RAP, p = 
0.65). Lastly, we assessed Ca2+ reuptake by fitting a mono-exponential decay function to local 
CaTs (Fig 7D). As expected ISO significantly hastened Ca2+ reuptake, but we could not detect 
differences between RAP and SHAM myocytes neither in CTRL nor in ISO treated cells.

Figure 8 Ca2+ sparks predominantly occur at AT. A, Transversal line-scan of a AMs loaded with Fluo4-AM, Ca2+ 

sparks (red arrowheads) occur between electrically evoked CaT. The co-staining with di-4-ANNEPS to identify 
membrane structures reveals a tight coupling of Ca2+ Sparks to the TAT network. F/F0, Normalised fluorescence 
intensity ratio indicated by look-up-table. B, Ca2+ spark rate based on the subcellular location of spark occurrence 
in SHAM and RAP AMs normalised to the width of location. C, In CTRL and ISO an equal fraction of SHAM and 
RAP AMs exhibited Ca2+ sparks. 
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Spontaneous diastolic Ca2+ release events in SHAM and RAP

In both, SHAM and RAP AMs, spontaneous Ca2+ release events, in the form of Ca2+ sparks, 
could be detected between electrically evoked CaTs in a subset of cells (Fig 8A red arrow-
heads). In CTRL, 10% of SHAM and 12% of RAP AMs exhibited Ca2+ sparks. After ISO 
treatment, the fraction of AMs that developed Ca2+ sparks during the observation period 
increased to 36% in SHAM and 45% in RAP (Fig 8B).

Ca2+ sparks in UC regions were a rare event ([Sparks/100µm/s] CTRL: 0.16±0.51 in SHAM 
vs 0.15±0.15 in RAP; ISO: 2.28±0.45 in SHAM vs 1.37±0.39 in RAP), but more frequent 
next to the sarcolemma ([Sparks/100µm/s] CTRL: Sparks/100µm/s: 0.0±0.0 in SHAM vs 
7.40±5.34 in RAP; ISO: 7.15±4.90 in SHAM vs 29.41±7.16 in RAP). The predominant loca-
tion for Ca2+ spark was close to TAT structures ([Sparks/100µm/s] CTRL: Sparks/100µm/s: 
70.14±20.30 in SHAM vs 68.14±21.42 in RAP, n = 8 in SHAM and n = 11 in RAP; ISO: 
Sparks/100µm/s: 71.27±13.4 in SHAM vs 80.54±17.26 in RAP) regardless of group or expo-
sure to ISO. Although ISO increases the fraction of AMs we could detect sparks in, ISO did 
not change Ca2+ spark frequency except in SS regions of RAP AMs (§: p = 0.03)

DISCUSSION

In the present study, we characterised the effect of beta-adrenergic stimulation on spatiotem-
poral Ca2+ dynamics in atrial myocytes after a period of a sustained high atrial activation rate. 
We found that an intact beta-adrenergic response after short term tachypacing normalises CaT 
amplitude by synchronising Ca2+ release. Furthermore, we observed an intact TAT network 
in rabbit atrial myocytes with a sizeable fraction of longitudinally orientated tubules which, 
unlike transverse tubule, persist after rapid pacing and support synchronised Ca2+ release.  

ISO normalises global CaT amplitude RAP AMs but not ICaL

Consistent with previous findings, CaT amplitude after rapid pacing was significantly reduced 
compared to SHAM treated AMs.3 The application of ISO led to an increased CaT amplitude 
in both SHAM and RAP AMs. The effect was more substantial in RAP AMs, which resulted 
in comparable CaT amplitudes between groups. 

Ca2+ release in myocytes is proportional to the available ICaL.
14 Stimulating ICaL via beta-adren-

ergic agonists could contribute to the normalisation of the CaT after pacing. ICaL reduction is 
a prominent feature of AF induced atrial remodelling and has been attributed to a functional 
alteration in the absence15 and presence16-19 of reduced LTCC expression. Previous work 
of our group found a reduced ICaL after five days of RAP without significant changes in 
subsarcolemmal (SS) CaT amplitude.3 Similarly, we observed a significant reduction in ICaL 
after pacing without evident changes in SS CaT amplitude. These findings are in line with 
published data that show preservation of SS CaTs in ovine20 and canine19 models of AF. 

An explanation for the preserved SS CaT in RAP could be the isolated loss of LTCCs due 
to a diminished TAT network,21 to the effect of unchanged or, owed to LTCC redistribution, 
higher ICaL density in the sarcolemma in RAP. After rapid pacing, the overall TAT network 
density was indeed reduced - by approximately 50% - compared to SHAM AMs. Under the 



81

Ch
ap

te
r 4

Adrenergic control of RyR Ca2+-release microdomains in atrial fibrillation

assumption that the majority of LTCCs resides within the TAT network8 the degree of ICaL 
reduction we observed in RAP, again a little under 50%, is in line with preserved ICaL in the 
sarcolemma. 

In accordance with published work by Christ et. al, ISO exerted a more pronounced effect on 
ICaL in diseased animals.22 In our model ICaL increased by 70% after ISO in RAP compared to 
a 30% higher ICaL in SHAM myocytes. However, ISO was not able to fully restore ICaL in RAP 
AMs to level recorded in SHAM. The more extensive response to ISO of RAP AMs reflects 
the lower phosphorylation state in CTRL conditions. Furthermore, the failure to normalise 
ICaL to SHAM levels after ISO supports the hypothesis of reduced LTCC expression as a 
response to sustained rapid atrial activation. 

TAT network alterations after pacing

Ventricular myocytes have a dense and regular TAT network that allows for a tight coupling 
between transsarcolemmal Ca2+ influx and Ca2+ induced Ca2+ (CICR) release from adjacent 
RYRs.23 These couplons synchronise Ca2+ release across the myocyte ensuring coordinated 
contraction. For decades the TAT network of atrial cells was thought to be sparse or even 
absent,3, 5 and it was assumed that CICR release relies on slow centripetal propagation from 
subsarcolemmal regions to the centre of the cell.5 This observation is at odds with the faster 
contractile kinetics of atria.24

However In recent years, owed to the advances in targeted atrial myocyte isolation, several 
reports of TAT networks in atrial myocytes from large mammals and rodents have been 
published.8, 25 The most striking feature of the TAT network in the atria is that although it is 
sparse compared to ventricular TAT networks, there is a significant fraction of axial tubules 
(AT).25 The AT component of the network features high fidelity coupling between LTCC and 
surrounding clusters of RYRs owed to their ultrastructure. ATs are located in the centre of 
myocytes to release Ca2+ close to the contractile apparatus that surrounds them. In this way, 
AT support the fast contractile kinetics of atrial myocytes.6 In our study we confirmed that 
rabbit atrial myocytes have an intact TAT network with a large fraction of AT which release 
Ca2+ synchronously with RYRs below the surface sarcolemma, indicating intact electrical 
coupling between the surface and the AT. Unlike in pressure overload conditions where the 
TAT network proliferates,6 after rapid pacing the TAT network density was decreased. The 
loss of TATs after pacing was mainly carried by a loss of transverse tubule (TT) resulting in 
a relative gain of AT. Previous work in a sheep AF model shows a comparable loss of TAT 
density and although the TAT network orientation has not been analysed systematically, the 
provided examples suggest a predominant loss of the TT network.20 Functionally, Ca2+ re-
lease kinetics from AT sites were, like SS Ca2+ release kinetics not different between SHAM 
and RAP myocytes. 

ISO rescues slower Ca2+ release from uncoupled RyR

Although Ca2+ release kinetics were not different between RAP and SHAM myocytes in cou-
pled regions, RYRs clusters furthest away from membrane structures released Ca2+ two times 
slower in RAP than the corresponding clusters in SHAM myocytes. Because of the preserved 
AT the maximal distance from the nearest membrane structure to uncoupled clusters of RYRs 
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was comparable between groups despite reduced TAT density, ruling out that the slower Ca2+ 
release in between RAP and SHAM is purely dependent on the distance the Ca2+ wave had 
to travel.

Differences in local RYR phosphorylation have been suggested to influence Ca2+ release on 
a subcellular level. In SHAM animals RYRs along the TAT system and below the membrane 
are hyperphosphorylated at Ser-2808 (the selective PKA phosphorylation target) compared 
to uncoupled RYRs. Previous work in mice, rat and rabbit show similar results with RYR 
phosphorylation at the PKA site being higher at TAT compared to uncoupled RYR.25 In AF 
models reports of RYR phosphorylation at the PKA site has been somewhat inconsistent 
with some groups suggesting no change in phosphorylation26 and others a higher fraction of 
phosphorylated RYR in AF.3, 27 Interestingly, we found a decrease RYR phosphorylation at 
Ser-2808 in isolated atrial myocytes, after 5 days of tachypacing. This finding is in contrast 
to data published earlier by our group, which demonstrated higher relative RYR phosphoryl-
ation.3 An explanation for the inconsistency between the two studies could be the timing of 
RYR interrogation and the method applied. We used indirect ICC on isolated atrial myocytes 
treated similarly to the myocytes used for Ca2+ imaging, while the previous study has been 
conducted on homogenate frozen tissue samples. In-vivo myocytes are subjected to a base-
line level of adrenergic stimulation, the lack of such background activation in combination 
with altered phosphatase activity28 could contribute to lower RYR phosphorylation in-vitro

RYR phosphorylation was higher in UC, AT and SS of RAP myocytes after ISO treatment, 
whereas the changes in SHAM myocytes appeared to be less pronounced. While SHAM 
animals had a population of RYR that was highly phosphorylated under baseline conditions, 
such a population was virtually absent in RAP myocytes, where no clear phosphorylation 
pattern in control conditions could be distinguished. 

PKA acts downstream of beta-adrenoreceptors on Ca2+ handling proteins like the LTCC, 
SERCA and RYR, as well as on the contractile apparatus.29 It has been suggested that the 
effects on Ca2+ release and contractility depend, at least partially, on the phosphorylation 
of RYR at 2808 by PKA.30 PKA dependent RYR phosphorylation has also been linked to 
cardiac remodelling.31 However, evidence for the role of PKA driven RYR phosphorylation 
in disease is inconclusive, with some published work showing that mice with phosphoryla-
tion incompetent RYRs show the same response to ISO when compared to controls and that 
the animals do not show, as previously believed, ameliorated remodelling after myocardial 
infarction.32 Regardless of the role in cardiac remodelling, others demonstrated an apparent 
effect of ISO on local Ca2+ release. In experiments conducted in guinea pig myocytes local 
Ca2+ release is higher after ISO treatment even when SR Ca2+ is reduced.33 Furthermore, 
the authors showed that an increase in SR Ca2+ has only a small effect on CICR after ISO 
treatment. Another approach to explain the rescued central Ca2+ release in uncoupled RYRs 
has been published by Maxwell et al.34 In an elegant set of experiment the authors show that 
during the time lag of Ca2+ release between the periphery and central regions, SERCA pumps 
Ca2+ into the SR. The Ca2+ that is taken up from the edge of the approaching wave during 
the time lag increases SR Ca2+ content locally in central regions. This increase in SR Ca2+ 
content lowers the level of luminal Ca2+ required for effective CICR. PKA dependent SERCA 
activation could increase the amount of Ca2+ taken up on the leading edge of the Ca2+ wave, 
enough to ensure successful centripetal wave propagation. 
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The unchanged SR Ca2+ content at baseline and the non-significant increase after ISO support 
the hypothesis that RYR phosphorylation in uncoupled regions is involved in restoring cen-
tral CaTs, rather than a local alteration in SR Ca2+ content. However, the lack of selectivity of 
PKA with regards to the phosphorylation target and the tightly interconnected mechanisms 
of CICR complicates the interpretation of our results.

Spark rate is not altered after ISO

Increased diastolic Ca2+ leak has been suggested to underlie Ca2+ instability in AF. On a 
myocyte level elementary Ca2+ release events, or sparks, can be used to quantify the SR 
Ca2+ leak and inform about RYR properties. Several studies show a trend towards increased 
Ca2+ spark rate in AF caused by a higher RYR phosphorylation.27, 35, 36  In addition to the 
PKA phosphorylation site at Ser-2808, CaMKII dependent phosphorylation takes place at 
Ser-2814. In AF atrial myocytes the increase in Ca2+ spark rate appears to arise from the 
CaMKII phosphorylation site whereas reports for PKA dependent phosphorylation are incon-
clusive, although the apparent proarrhythmic effect of ISO in patients is well documented.9 
Current and previous results in our RAP model show that short term tachypacing alone does 
not lead to increased Ca2+ spark rates.3 Furthermore, our data confirm that PKA dependent 
phosphorylation does not increase Ca2+ spark rates above levels seen in SHAM AMs, with 
the exception of the SS compartment. 

Sparks arising from coupled RYRs are regulated by CaMKII and ROS, whereas sparks from 
uncoupled RYR are not.37 Sparks from coupled RYR are also more frequent.6, 38,39 In line with 
previously published literature, we found that in rabbit atrial myocytes, Ca2+ sparks predomi-
nantly arise from coupled RyRs. The lack of Ca2+ spark rate increase in uncoupled RYR after 
ISO stimulation supports the notion that PKA phosphorylation alone is not sufficient for Ca2+ 
spark generation. 

Limitations

The match between functional Ca2+ release and the furthest distance to a membrane structure, 
albeit recorded at the same time, might not reflect the exact distance to the nearest structure in 
all myocytes. Due to the confocality of the image data, membrane structures above and below 
UC regions might speed up CICR, which would lead to an underestimation of the uncoupling 
effect. Another limitation is the lack of RYR phosphorylation data at the CaMKII site Ser-
2814. Due to the limited availability of phosphor specific antibodies, cross-reactivity with 
the sample did not allow for accurate RYR phosphorylation estimates. Lastly, the duration 
of the imaging period had to be limited to avoid phototoxic effects of the Di-4-ANEPPS and 
Blebbistatin. Due to the short imaging periods interpretation of spark data has to be made 
cautiously. 
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Conclusion

In atrial myocytes after five days of sustained high activation rates, we could demonstrate 
that beta-adrenergic stimulation restores centripetal Ca2+ propagation and normalises CaT 
amplitude mainly by increasing central CaT amplitude and hastening release kinetics. While 
phosphorylation of RYRs at 2808 might support the CICR in UC RYR clusters, it did not 
induce more frequent proarrhythmic Ca2+ release events in these clusters. 
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ABSTRACT

Aim: Heart muscle contraction is governed by the propagation of action potentials along 
myocytes. Though myocardial deformation is mostly studied in the whole heart, recent re-
ports have identified subcellular alterations that can be associated with some pathological 
conditions. In this paper, we provide an image processing framework for quantifying local 
contraction mechanics by means of strain and strain rate from line scan images of isolated 
cardiomyocytes.

Methods and Results: Contractions in time and space were captured with confocal micros-
copy. We reached sub-pixel precision in local displacement quantification using a 1D spline 
interpolation of raw cross-correlation results, followed by Laplace-based restoration of a 
velocity function and a priori based restrictions of cell motion. Strain rate was computed as a 
spatial derivative of velocities and strain as a temporal integration of the strain rate. We tested 
our algorithm on a synthetic dataset

that realistically captures cellular contraction, and sets of imaged line scans from rat and 
rabbit myocytes. First, we evaluated the performance of the method with respect to a syn-
thetic and manually annotated ground truth. Thereafter, we employed the method to analyse 
differences in subcellular heterogeneities in strain and strain rate in myocytes subjected to 
interventions known to alter contractile kinetics. 

Conclusion: The described algorithm can semi-automatically analyse image-based heter-
ogeneous strain and strain rate along contracting cardiomyocytes from confocal line scan 
images. We demonstrate that the method can detect differences in subcellular strain and strain 
rate and could be used to investigate subcellular myocardial mechanics in health and disease 
on readily available images.
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INTRODUCTION

Myocardial contraction is a response of cardiac muscle tissue to the electrical activity that oc-
curs with each heartbeat. It is commonly quantified through regional deformation (strain) and 
deformation rate (strain rate). Non-invasive assessment of strain and strain rate at the whole 
heart level is common in clinical practice using tissue Doppler imaging or speckle tracking 
echocardiography.1, 2 To distinguish between myocytes or sarcomeres, the basic contractile 
units, resolving powers of these modalities are not sufficient.

Structural differences, spatial distributions of cellular organelles and sarcomere lengths, 
were found in several disease models.3-5 Association between local sarcomere re-lengthening 
and dyssynchrony in Ca2+ release was experimentally established by Hohendanner et al.6, 
suggesting a novel mechanism of contractile dysfunction. These studies emphasise the need 
for quantifying cardiomyocyte deformation at a subcellular level. 

Since manual annotation of subcellular motion in images is labour-intensive and time-con-
suming, several automated approaches have been proposed. Fourier transformation was ap-
plied to measure mean sarcomere and mitochondria deformation along orthogonal short-axes 
from confocal images of dyed cells.7 Another approach quantified subcellular strains using 
a correlation-based algorithm in low-resolution time-lapse sequences recorded with phase 
contrast and differential interface contrast video-microscopy.8 In a similar set of images, 
authors registered the observed motion to a template of cell motion.9 Most recently, a new 
multimodal imaging system was proposed, featuring a built-in algorithm for acquiring strain 
at a sarcomere level.10

In this study, we propose an algorithm that can analyse subcellular strain and strain rate in 
confocal line-scan images of contracting cardiomyocytes at high temporal and spatial reso-
lution. We begin the analysis by quantifying mean cellular deformation per each scan line 
and advance towards a detailed assessment of intracellular strain and strain rates. To validate 
the algorithm, we synthesize a set of images using known deformation kernels that capture 
realistic properties of contracting cardiac myocytes. To demonstrate the method’s capacity 
to detect changes in subcellular deformation we analyse confocal line scan images recorded 
from ventricular and atrial myocyte subjected to changes in temperature, beta-adrenergic 
stimulation and varying degrees of mechanical load, to alter contractile kinetics.

MATERIALS AND METHODS

Image acquisition

All animal experiments were approved by the local animal welfare body (DEC2014-112) 
and performed in accordance with the Directive 2010/63/EU of the European Parliament 
on the protection of animals used for scientific purposes. Freshly isolated ventricular car-
diomyocytes were obtained from adult male Wistar rats (250g, Envigo, UK), following a 
standard enzymatic isolation procedure.11 Atrial myocytes were isolated from New Zealand 
White Rabbits (2-3 kg, Envigo, UK) of either sex based on a previously published method.12 
Rat ventricular cells were superfused with Tyrode solution (NT) containing (in mmol/L): 
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NaCl 136, KCl 5.4, CaCl21.8, MgCl21, HEPES 10, glucose 10; and pH adjusted to 7.40 
with NaOH at 37°C. In a subset of cells, the sarcolemma (cell membrane) and its T-tubules 
(transverse extensions that protrude into the cell) were stained with 5 M FM4-64 for 10 min 
(Life Technologies/Invitrogen). A pressurized perfusion system delivered experimental solu-
tions locally. A multi-channel inline heater with a single outlet (Cell MicroControls, Norfolk, 
USA) was used to control/change temperature and switch between experimental solutions. 
To mimic sympathetic stimulation rat, ventricular cells were treated 300 µM isoprenaline 
(ISO) To reach a steady-state effect myocytes were recorded after 5 min of incubating with 
the compound. 

For experiments with rabbit atrial myocytes, cells were glued to glass needles coated with 
Myotak (IonOptix LCC, US) by pressing down on either end of the cell before lifting them 
off the bottom of the experimental chamber. The system was controlled with a pair of 3 axis 
micromanipulators. One glass needle was mounted on a direct drive piezo actuator (MCL, 
Wisconsin USA) to control cell length. The piezo was driven by the analogue output of a 
Digidata 1440 AD converter (Molecular Devices, Berkshire, UK). Cells were stretched by 
20% (calculated from the distance between the attachment point of either glass needle).

Myocytes were imaged while being stimulated in an electric field after a 60 s of stimulation 
to reach a steady state. Images were recorded, either with an inverted Zeiss AxioObserver 
Z1 microscope with a 40x/1.3 oil immersion objective and equipped with Zeiss LSM 700 
confocal laser scanning unit, or a TE-2000-U inverted microscope (Nikon, Amsterdam, 
Netherlands) equipped with a C1 confocal line scan unit (Nikon, Amsterdam, Netherlands). 
The transmitted laser light was collected to record the light image. Pixel size for rat ventricu-
lar cells was set at 0,1 µm with a scan speed of 1.7 ms per scan line, for rabbit atrial myocytes 
pixel size was set to 0.2 µm, the scan speed remained at 1.7 ms per scan line. For FM4-64 
images, the dye was excited with a 488 nm laser and emission detected above 650 nm. The 
scan line was set parallel to the longitudinal axis, covering the full myocyte length in the 

Figure 1: A Example of an isolated cardiomyocyte with a denoted scan line. B Simplified schematic of structures 
along cardiomyocytes and patterns as captured by confocal line-scan imaging in an ideal (noiseless) case, for trans-
mitted light (TL) and confocal T-tubules (TT) imaging. Patterns are representative of the internal cellular structure. 
In TL scans, sarcomeres appear as alternating dark Z-disks and light I/A-bands, as compared to alternating light 
T-tubules and dark I/A-bands in TT scans. T-tubules anchor to Z-disks, thus performing similar local motion to 
sarcomeres during contraction. C Examples from TL and TT line scan sequence of a rat myocyte.
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focal plane (Fig 1 A). Scanned profiles were stacked in time to form 2D line-scan images. Fig 
1B illustrates the internal structure of a myocyte and introduces the acquired images cropped 
to a single contraction period shown in Fig 1C.

Construction of synthetic data sets

Synthesising line-scan images of isolated contracting cardiomyocytes assumes that the spa-
tio-temporal distributions of strain and the line scan cell patterns are known aforehand.

I. Definition of strain kernels

In order to illustrate the deformation effects along the two imaging directions, we defined 
separable 2D strain kernels via two orthogonal 1D kernels: spatial and temporal, respectively.

• Spatial (vertical) 1D deformation kernel Sinusoidal - with amplitude defining the 
maximum strain value and period reflecting the level of spatial heterogeneity (number 
of strain peaks along a scan line).
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• Temporal (horizontal) 1D deformation kernels Sinusoidal - defined in the first 
half-period of a sine function to mimic a contraction-relaxation symmetry.

s t T
t t k T kT

� � �
� � �� �

�

�
���

�

�
���

�

�
��

�
��

sin if 

otherwise

2
2 1

2

0

�
, ,

,

(2)

• Gaussian - a summation of two Gaussian functions, where the latter one has a smaller 
amplitude to introduce the asymmetry by prolonging the relaxation period.
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• 2D deformation kernels The desired 2D strain kernels are obtained by multiplying 
the spatial kernel with the temporal kernels: �1 t x s t c x,� � � � � � �  and � 2 t x g t c x,� � � � � � � . They 
are designed to deform a 1D line scan pattern I t x0 ,� �   by displacing its pixels via 
I t x t x dt I t xt, , ,

�� � �� � � � �� � 0 .

II. Generating ideal synthetic images

Striated patterns of intracellular structures are formed and deformed with respect to simulat-
ed modality:

Transmitted light line-scans (TL) - Two grey values were assigned to each sarcomere, 
alternating bright I/A bands and dark Z-discs, with their lengths being randomly varied along 
the scan-line. The strain kernel deforms this pattern into an image in x-t (spatio-temporal) 
space. In reality, cell thickening or thinning along the remaining orthogonal directions (y 
and z) also affects the amount of light captured by pixel intensities. We thus modulate the 
intensity, in the same manner we modulated the strain in x direction - by multiplying it with 
a product of two cosine functions, one for each remaining direction.
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• Confocal T-tubules line-scans (TT) - The striation pattern was obtained by alternating 
thin bright T-tubules and thick dark I/A bands, thus simultaneously restricting the in-
tensities and the thickness values. Strain kernels transform this pattern into 2D images. 
Intensity fluctuation induced by cell contracting in 3D space is absent in fluorescence 
(TT) imaging.

The described series of operations corresponds to I t x T I t xi, , ]]� � � � � � �� 0 , where I t x0 ,� �  denotes 
the initial pattern, σ describes the pattern deformation and Ti is the pixel intensity modulation 
(applied only for TL images).

Figure 2: Flowchart of approaches for assessing average and heterogeneous subcellular strain. Two sets of confocal 
line scan images of contracting cells are introduced - real and synthetic ones. The first approach uses a Fourier 
transform (FFT) to reach average lengths of observed contractile units (Lavg) and thus mean cell strains. The pro-
posed method uses local cross-correlations (xCORR) to translate an image into local velocity measurements. Local 
displacements, strain rates, and strains follow as illustrated, with inpainting and correction rules that regularise the 
velocity and displacement calculation. A preview of each result is complemented with its descriptive illustration. 

III. Image degradation

Noise in microscopy imaging is the combination of thermal (Gaussian) noise in mechanical 
components and photon (Poisson) noise correlated with the amount of captured photons. The 
apparent difference in brightness between TL and TT imaging causes the Poisson noise to 
either diminish or overpower, allowing us to model their degradation separately. To synthe-
size a noisy TL line scan, we add a zero-mean white Gaussian noise NG to a noiseless image:
I t x I t x NN G, ,� � � � � �  . Since this noise is independent of the image content, its power can be 

increased by increasing the noise variance. For creating a noisy TT image, we have to con-
sider that photon noise NP  is related to pixel brightness, so it, in fact, applies as modulation 
of pixel intensities: I t x N I t xN P, ,� � � � �� �  . Specifically, increasing the power of Poisson noise 
corresponds to decreasing the number of the counted signal photons, which can virtually be 
obtained by adding the background signal.
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The virtual resolution of all simulated images is 0.1 µm and 1,9 ms per scan line with 1 Hz for 
a contraction cycle and 1024x512 image size. Patterns’ parameters were adjusted to match 
the scale of captured cell structures with the simulated resolution, while deformation kernels’ 
parameters correspond to acquired contraction durations and magnitudes of strain. Noise 
parameters were tuned to simulate a wide range of signal-to-noise (SNR) ratios. Fig 3 shows 
examples of synthetic images.

Figure 3: Top row shows a 2D sinusoidal strain kernel, followed by corresponding synthetic transmitted light (TL) 
and T-tubules (TT) images in a noiseless setting and with modality-dependant noise at SNR = 3dB. The bottom row 
shows equivalent images for a Gaussian strain profile.

Quantification of mean cell deformation

For quantifying cell deformation, we first assess measures that can be observed at a whole-
cell level. This refers to the average length and strain per contractile unit, which corresponds 
to the mean cell strain.

We calculated the mean length of repetitive contractile units in each time point by calculating 
a Fourier transform (FFT) for each scan line along the contraction period T. Since the Fourier 
domain assumes the periodicity of an input signal, we suppressed the boundary effects with 
an FFT-correcting window w(x). To gain subpixel precision, we performed a 1D spline inter-
polation of each FFT spectrum. The peak in each interpolated spectrum corresponds to the 
most expressed frequency ωmax(t) in line scan at time instance t:

�
�max xt FFT w x I t x t T� � � � � � � �� � � �� �arg max , , ,0 (4)

This relates to the most frequent length Lavg(t) via Lavg(t) = 2π/ ωmax(t), which is the average 
sarcomere length for TL line scans and average T-tubule spacing for TT line scans.

By definition, global cell deformation is the instantaneous cell length (LCell(t)) divided with 
the resting cell length measured at t0:
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For this procedure, we assume the homogeneity in subcellular deformation, which is a spe-
cial case where the difference between global and local deformations vanishes. Given that a 
cell consists of N equally long contractile units which contract identically, LCell(t) = N · Lavg(t), 
plugging this into Eq. 5 simulates an even distribution of a mean strain along the cell:
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We further refer to average strain as the “FFT-based strain estimate”.

Figure 4: Review of imaged line scan patterns: A TL and TT image crops in grayscale. Vertical lines correspond 
to line scans at time points t1 and t2 = t1 + Δt. Plots alongside show magnified line scan segments from within 
the square. B TL line scans as 1D images, ie signals. High-frequency components correspond to the alternating 
sarcomeres (left), and low-frequency components represent local illumination changes (right). Envelope around the 
low frequency shows the local dynamic range of pixel intensities. C TT line scans, equivalent to B. D A synthetic 
example that illustrates the assumed transform between two line scans.

Quantification of local cell deformation

Reducing the FFT window size to capture local strains of small pixel neighbourhoods is 
ineffective as it reduces the FFT precision substantially. Therefore, we formulate an approach 
based on a cross-correlation algorithm that maintains the accuracy in strain assessment at the 
subcellular level.

Local displacement and velocity estimation

Assessment of local displacements in contracting myocytes assumes that a local brightness 
pattern along a cell can be identified in each time instance, despite changes in sarcomeres 
lengths. We propose to trace local patterns in time using cross-correlation coefficient as a 
similarity measure, adapted to the content of line scan images. Fig 4 clarifies the concept of 
this solution.

We select a template, an image patch T(t,xc) at time instance t as a column vector of pixel 
intensities at locations xc = xc±i,Ɐi ∈[-n/2,n/2], where n is the total number of pixels around 
a central location xc that are being tracked simultaneously. If all points within the template 
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make the same small vertical movement Δx in given time Δt, we can compare this template 
to the same size image patches at time instance t+Δt  (see Fig 4 D ). This allows us to limit 
the options for comparison to a reasonably small vertical window of size w, thus regularising 
the maximal possible movement. Test patches that slide along this window are denoted as 
F(t+Δt,xw) , where xw = xc±i,Ɐi ∈[-w/2,w/2]. Cross-correlation between a template T and the 
applicable test patches F is then:

R x
t x T F t t x x F
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Here, T and F  represent mean values within each patch. Δx is the shift within [-w/2,w/2] 
around the central pixel xc and is quantised to an integer multiple of the pixel size. 
Normalisation eliminates the sensitivity to possible illumination changes. To improve the 
localisation with sub-pixel precision, we interpolated the cross-correlation coefficient vector 
for each pixel with a 1D cubic spline function (a piecewise cubic curve with continuous sec-
ond derivative). Instantaneous displacements then correspond to Δx values which maximise 
the interpolated cross-correlation coefficient:

� �
�

d t x R t x x
x T F, , ,|� � � � �arg max (8)

From instantaneous displacements, local velocities follow as v t x d t x t, , /� � � � �� � , and local 
displacements as d t x d t x dt, � � ,� ��� � � . Thresholding of the correlation coefficient allows us to 
dismiss unreliable velocity values but introduces discontinuities in the 2D velocity function.

Restoration of missing velocity values (Laplace interpolation inpainting)

Discontinuities in a velocity function are irregularly shaped and scattered throughout the 
image. Their restoration requires a more sophisticated interpolation method, as in. We choose 
to pursue a smooth solution within each non-defined region with a Laplace equation � �2
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For each pixel with coordinates (ti,xi)from within a non-defined area, discretisation in a 
4-neighbourhood via:
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reduces a second-order partial differential equation to a linear one, where u, d, l and r are 
its four neighbouring pixels (up, down, left and right) with (Δt, Δx) distances equal to (1,1):

v v v v vi i u i d i l i r� � � �� �1

4
, , , , (11)

Equations for unknown pixels are complemented with equivalent ones for known pixels on 
the region boundary. The solution to this set of equations is a continuous velocity function.
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Velocity and displacement correction scheme

Local positions of sarcomeres follow as l(t,x) = x+d(t,x). Reaching a steady state at the end 
of a contraction means that all sarcomeres return to their initial positions: l(t0,x) = l(tend,x), 
implying zero displacements: d(tend) = d(t0) = 0 . Elimination of any occurrence of non-zero 
displacement values at tend is preferred (Fig 5), as it ensures the viability of repetitive contrac-
tions. To do this line scan images, we introduce a set of a priori imposed corrections:

I) Zero-displacement steady state: A positive displacement drift is primarily caused by under-
estimating negative velocity values and vice-versa. We introduce a velocity correction term 
to counteract the displacement drift d in the opposite direction:
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Here, T(+) and T(-) denote time periods where the velocity values along the local line scan 
position are positive v(+) or negative v(-) , respectively.

II) Fixed cell boundaries: All sarcomeres are enclosed within the cell boundaries. The motion 
of sarcomeres closest to the edge is consistent with the global deformation of the cell:

l t x x l t x x l t xcorr end, , ,� � � � � �� � � � � � � � �1 � � (13)

Here, l and lcorr are sarcomere locations before and after correction, respectively, and λ is the 
extent of the cell border influence. It is modelled with a monotonically decreasing part of a 
Gaussian function dependent on a sarcomere distance from the border, with xend denoting the 
border coordinate.

Figure 5: From left to right: A synthetic TL line scan image, cross-correlation coefficient map, velocity map ob-
tained by thresholding the cross-correlation coefficient values, inpainted velocity map, and local displacements map 
with denoted initial time point t0 and end time point tend.
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III) Smooth contraction: Local interconnections of subcellular elements within the contract-
ing myocyte resist to an extensive deformation heterogeneity. Since spatial and temporal 
imaging resolutions are not correlated, we perform local regression smoothing in time and 
space separately. The idea is to approximate localised subsets of data with a local polynomial 
of 1st or 2nd degree, whichever minimises the regression error in the local neighbourhood.

Strain and strain rate estimation

We calculate the strain rate (σ) as the spatial derivative of the estimated velocity (Eq.14). The 
natural or Eulerian strain (σE) is then a temporal integration of the strain rate (Eq.15):

� E t x
d
dx
v t x

Ù

, ,� � � � � (14)

� �E t Et x t x dt, ,
Ù

� � � � �� (15)

The Eulerian strain expresses strain as a function of a Cartesian spatial coordinate x and 
time. The lagrangian strain is assessed via � �L Et x t x, ' ,� � � � �� � �exp 1  and expresses the strain as a 
function of a sub-cellular point x’ and time, thus acknowledging the cell structure.

Manual annotation of acquired images

To calculate a ground truth for local cell strain in the acquired images, sarcomere edges in 
TL images and T-tubules in TT images were manually annotated along two scan lines: one 
positioned in a region before the initiation of contraction and the other at the moment of 
maximal re-lengthening. Local lengths of annotated patterns were determined by subtracting 
x coordinates of vertically consecutive annotations. Local strains were then calculated by 
definition, by dividing the change in length of each annotated pattern with its original length.

Evaluation scheme

Experiments were performed so that follows the advance in I) complexity of image con-
tent - starting from a simplified abstract dataset to a set of more complex acquired images, 
and II) the level of analysis of cell contraction mechanics, from mean to exact subcellular 
deformation quantification. All images were analysed in grayscale.

The resolution of synthetic images was validated via mean sarcomere lengths and T-tubules 
spacings. To unfold the concentrated mean strain value along the cell length, the strain was 
assumed to be homogeneously distributed, allowing us to assess deviations of the mean strain 
from the local ground truth. The selected error metrics are the root mean square (RMS) error 
(Eq.17) and the deviation in strain estimation at the time instance where ground truth strain 
reaches its maximum value (Eq.17).
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Here, Æσ  denotes the estimated strain, σGT is the ground truth strain, tmax is the temporal coordi-
nate of σGT maximum and N is the number of pixels in an image. Both errors were calculated 
for ground truth strain kernels and normalised with the maximum ground truth strain value.

Cross-correlation based registration of subcellular patterns translates an image into a set of 
measurements of subcellular mechanics. Accordingly, its parameters determine the accuracy 
of a local strain estimation. To understand their individual influence on the result, we per-
formed a parameter sensitivity study with synthetic line-scan images. Evaluated parameters 
were: (1)  ΔT- temporal shift between a template and a comparable pattern, (2) n - template 
size, (3) wmax - maximum allowed displacement and (4) ϴ - cross-correlation coefficient 
threshold. We examined the algorithm in 4D parameter space defined with a plausible range 
of parameter values. The causal relationship between the algorithm parameters (predictor 
variables) and the RMS error (predicted value) was evaluated with multivariate linear regres-
sion, i.e. its β coefficients:

e T w nrms T w max nmax
� � � � �� � � � � ��0 � � (18)

The optimal set of parameter values was identified as the one that minimises the RMS error.

To determine the limitations of the method in noisy conditions, the algorithm with optimal 
parameter settings was further tested on images degraded with modality-specific noise. The 
level of noise was quantified by means of signal-to-noise ratio,  SNR =10log(I2/N2).

In the set of imaged line scans, the optimal parameters were adjusted considering the respec-
tive imaging resolutions. The evaluation was performed using the same error metrics as in the 
evaluation of the synthetic dataset.

The proposed method was also evaluated on TL scans of myocytes subjected to interven-
tions known to modify contractility on a whole-cell level in different environments: I) In rat 
ventricular myocytes at body temperature (37°C) and at room temperature (21 °C ). II) In 
response to adrenergic stimulation. III) Atrial rabbit myocytes subjected to varying degrees 
of preload.

In these three  experiments, heterogeneity in subcellular strain was evaluated by means of 
standard deviation (SD) along three scan lines that capture contraction at its three key mo-
ments: at time of half-maximal contraction (tσcon), peak contraction (tσmax), and half-maximal 
relaxation (tσrel).:
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Statistics

Data are shown as mean ± SEM. Statistical comparisons were made using paired student 
t-test, 2-way ANOVA, or 1-way ANOVA where applicable. A p-value < 0.05 was considered 
statistically significant.

Figure 6: A Strain and strain rate maps obtained using the proposed method with optimal settings and FFT-based 
method for scenarios (2) and (4) in Table 3. Obtained maps are superimposed onto synthetic images. B Compari-
son of local strain along orthogonal profiles that capture maximum cell deformation, as marked in A. Profiles are 
given for all four scenarios from Table 3. TL and TT images for the same strain profile share a mutual ground truth 
(GT). C Strain estimation error obtained by analysing synthetic line-scan images of cardiomyocytes simulated 
with different levels of signal-to-noise degradation.
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RESULTS

Strain estimation in synthetic line scans images.

In the set of idealised simulations of cell line scans, we estimated mean cellular strains using 
the FFT approach and subcellular strains using the proposed cross-correlation based algo-
rithm with a variety of parameter settings. Each setting corresponded to one permutation of 
plausible parameter values, defined as follows: ΔT ∈ [1,10], n ∈ [25,75], wmax ∈ [8,30] and ϴ 
∈ [0.6,0.9]. ΔT, n and wmax are measured in the number of pixels and ϴ in normalised pixel 
intensity value. The error in strain estimation was quantified for a synthesised strain kernel. 
With a representative amount of resulting parameter-error pairs, we performed a multivariate 
linear regression. Table 1 shows the regression results per each imaging modality and defor-
mation profile in synthetic line scan images.

From a series of tests conducted with the cross-correlation based approach, the highest accu-
racy in strain estimation was obtained with parameter values enlisted in Table 2. Alongside 
this, we enlist mean sarcomere lengths and T-tubule spacings obtained with FFT and the 
evaluation of the corresponding evenly distributed strains. Local strain and strain rate maps 
for scenarios (2) and (4) from Table 2 are displayed in Fig 6 A. Fig 6 B shows strain profiles 
along the denoted vertical and horizontal sections for all scenarios, against the ground truth 
profiles extracted from strain kernels.

The robustness of the algorithm with optimal sets of parameters to noise inherent to imaging 
modality was evaluated at SNR values in the range (1,30). Fig 6 C shows pixel intensity 
distributions in acquired and synthetic images for several SNR values and the effect of SNR 
on the strain estimation error.

Table 1 Coefficients of multivariate linear regression for strain estimation in noiseless synthetic data

Table 2 Evaluation of local strains obtained with the FFT-based approach via mean lengths of contractile units and 
the cross-correlation based method with an optimal set of parameters, for the noiseless artificial dataset.
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Strain estimation in acquired line scan images

First, we analysed line scans of three cardiomyocytes in transmitted light T-tubules confocal 
modalities along a cropped contraction period, respectively. The analysis covered FFT-based 
estimation of average cell strains and cross-correlation based quantification of local strains 
using the optimal set of parameters. Fig 7 displays one of the original lines scans with man-
ual annotations used for calculating the strain ground truth, followed by the strain maps 
estimated using the FFT approach and our proposed algorithm. Vertical strain profiles are 
plotted against manual measurements in annotated points and their spline interpolation. The 
evaluation was performed per annotated scan line for each cell accordingly. Results are given 
in Table 3 in terms of RMS error and deviation from the ground truth maximum.

Figure 7: Comparison of results of a T-tubules image. From left to right: Original cell scan with landmarks repre-
senting manual annotations of sarcomeres. (Each point annotating a sarcomere at rest has its pair at a moment of 
maximal contraction needed for calculating the ground truth in a later point.) Local strain maps obtained with FFT 
and cross-correlation (XCORR) are overlaid on the original image. Comparison of vertical profile.

Table 3 Evaluation of local strains obtained with the FFT-based approach via mean lengths of contractile units and 
the cross-correlation based method, for the imaged dataset.
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Temperature effects on local strain

In the first set of experiments, we recorded TL images from rat ventricular myocytes electri-
cally stimulated at 1Hz at body temperature (37°C) and room temperature (21 °C ). Fig 8A 
illustrates cell shortening calculated from the confocal line scan images. In Fig 8B, Local 
strain values along the scan line that represents peak contraction are plotted. The mean strain 
value of the same scan line is plotted in grey. 

Strain heterogeneity at all observed time points (Fig 8C) was comparable between myocytes 
superfused with NT at 37°C and 21°C, (Contraction: 0.027 ± 0.004 at 37°C vs 0.028 ± 0.004 
at 21°C, n = 9, p = ns; Peak: 0.031 ± 0.004 at 37°C vs 0.033 ± 0.004 at 21°C, n = 10, p = 
ns , Relaxation: 0.027 ± 0.003 at 37°C vs 0.026±0.002 at 21°C, n = 9, p = ns). The strain 
rate during contraction was smaller at 21°C (Contraction: -0.588 ± 0.107 at 37°C vs -0.429 
± 0.116 at 21°C, n = 8, p <0.05) and at peak contraction, close to zero. At half maximal 
relaxation strain rates at 21°C did not differ from strain rates observed at body temperature; 

Figure 8: Strain and Strain rate 
heterogeneity of electrically 
stimulated rat cardiac myocytes 
in response to temperature 
changes A Examples of cell 
shorting at body temperature 
(black) and room temperature 
(red). B Strain values along 
a scan line at the peak of the 
contraction (solid line) and mean 
strain from the same line (dashed 
line) at body temperature (Left) 
and room temperature (Right). 
C Standard deviation of strain 
at half-maximal contraction (n 
= 9), peak contraction (p = 10) 
and half-maximal relaxation (p 
= 9). D Left Strain rate during 
contraction (n = 9), peak (p = 
10)  and relaxation (p = 9). Right 
Peak to Peak distances between 
high strain regions at peak 
shortening. 
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(Relaxation: 0.410 ± 0.111 at 37°C vs 0.329 ± 0.088 at 21°C, n = 8, p = 0.67);. (Fig 8D, 
Left) . Although strain heterogeneity as measured by the strain SD did not change at 21°C, 
the examples in Fig 8B show a distinct pattern of alternating regions with higher and lower 
strain. This alternans between these regions was significantly slower at 21°C (Fig 8D, Right) 
compared to 37°C, as measure by the peak to peak distance (µm: 6.5±0.3 at 37°C vs 12.4±0.4 
at 21°C, n = 10, p < 0.005).

Adrenergic stimulation increases subcellular strain heterogeneity 

Adrenergic signalling has profound effects on contractility and Ca2+ handling. Mean strain at 
peak contraction was higher (-0.044 ± 0.002 in NT vs -0.077 ± 0.014 in ISO, n=6, p<0.05). 
After ventricular myocytes were exposed to ISO heterogeneity in local strain increased 
(Fig 9C). The effect was significant at half maximal contraction (0.018 ± 0.002 for NT vs 
0.033±0.005 for ISO, n = 6, p < 0.05) and peak cell shortening (Peak: 0.019 ± 0.004 for NT 

Figure 9: Strain and Strain rate 
heterogeneity of rat cardiac 
myocytes in response to adren-
ergic stimulation. A Examples 
of cell shorting before and after 
exposure to ISO B Strain values 
along a scan line at the peak 
of the contraction (solid line) 
and mean strain (dashed line) 
before and after ISO C The 
standard deviation of strain at 
half-maximal contraction and 
peak contraction and relaxation. 
D Heterogeneities in strain 
rates during contraction, peak 
contraction, and relaxation. For 
all graphs n = 6.
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vs 0.037 ± 0.005 for ISO, n = 6, p < 0.05)  but not during relaxation (0.019 ± 0.003 for NT 
vs 0.029 ± 0.004 for ISO, n = 6, p = 0.072. Dispersion in strain rate (Fig 9D) was significant 
during contraction (Contraction: 0.202 ± 0.024 for NT vs 0.384 ± 0.038 for ISO, n =6, p 
<0.05) and at peak shortening Peak: 0.160 ± 0.022 for NT vs 0.246 ± 0.036 for ISO, n = 
6, p < 0.05). At half maximal relaxation strain rate heterogeneity did not reach statistical 
significance (0.193 ± 0.022 for NT vs 0.434 ± 0.094 for ISO, n = 6, p = 0.085).

Atrial myocytes contraction auxotonically exhibited positive strain during contraction

In vivo, cardiac myocytes are subjected to cyclic stretch during diastolic filling to which 
they react with an immediate increase in force development. To investigate the potential 
effects of a more physiological mechanical environment in vitro, atrial rabbit myocytes were 
electrically stimulated while subjected to low or high preload. At high preloads ( 20% Stretch 
- ST) strain heterogeneity during contraction (0.051 ± 0.007 at BL vs 0.090 ± 0.013 at ST, n 

Figure 10: Strain heterogenei-
ties in response to mechanical 
load. A Examples of auxotonic 
cell shortening of atrial myo-
cytes before and after applica-
tion of 20% stretch B Example 
of local Strain along a scan line 
at peak contraction recorded 
at baseline and severe stretch. 
C Local strain heterogeneity 
in stretched atrial myocytes 
during contraction, peak, and 
relaxation. n = 5 for all time 
points. D  Comparison between 
Strain rate heterogeneity at peak 
contraction between, stretched 
rabbit atrial myocytes (Left, n = 
5), and rat ventricular myocytes 
subjected to temperature chang-
es (Center, n = 10), or treated 
with ISO (Right, n = 6).
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=5, p < 0.01), relaxation (0.049 ± 0.008 at BL vs 0.085 ± 0.013 at ST, n = 5, p < 0.05) and at 
peak cell shortening (Peak: 0.056 ± 0.007 at BL vs 0.120 ± 0.023 at ST, n = 5, p < 0.05) was 
higher compared to unstretched cells (Baseline – BL, Fig 10C). In isotonically contracting 
myocytes strain rates were predominantly negative (Fig 8B and Fig 9B), indicating that even 
within regions of local strain minima the cell was still contracting. However, atrial myocytes 
contracting auxotonically showed regions of positive strain as an expression of local elonga-
tion/stretch during active contraction (Fig 10B). Overall strain heterogeneities were higher 
in atrial myocytes at high preload, when compared to rat ventricular myocytes that contract 
isotonically (Fig 10D).

DISCUSSION

In this paper, we present and validate an automated method for quantifying regional con-
traction from line scan images of isolated cardiomyocytes. A series of experimental results 
confirmed the effectiveness of the proposed algorithm to detect differences in strain and 
strain rate in contracting myocytes. 

In both the synthetic and imaged line scans of contracting myocytes, we first quantified mean 
cell strains and considered a homogeneous strain distribution feasible with FFT. Mean sarco-
mere lengths and T-tubules spacings assessed with FFT were in the expected range6, showing 
that the virtual spatial resolution of synthetic images was representative of the real imaging 
setup and provided realistic strain measurements. Even though the average contraction did 
reflect the global cell contraction, averaging prevented the determination of local maxima 
and minima of the strain value, this is reflected by the error, especially in terms of the devia-
tion of the strain maximum (see Table 1 and Table 2).

The proposed algorithm’s performance in idealised (noiseless) scenarios was the key indi-
cator of its performance and was examined with respect to its parameters via multivariate 
regression. The obtained coefficients quantify an increase in RMS error for a unit change in 
a parameter value, thus measuring the influence of each parameter individually. The combi-
natorial impact of variables was excluded from the analysis. 

The choice of the cross-correlation time step ΔT showed the largest impact on the strain 
estimation accuracy for transmitted light images, and slightly smaller for T-tubules line 
scans. This confirms that only within a limited period, local deformation is small enough 
to allow for its successful identification. The ratio of the maximum displacement wmax and 
the time step ΔT, in fact, represents the maximum local velocity. Due to a trade-off between 
the deformation heterogeneity and its local smoothness, the maximum in the measurement 
of global cell contraction velocity is a good indicator for limiting the corresponding local 
measurements.

The length of the tracked pattern n was the most sensitive parameter when processing 
T-tubules images. As compared to transmitted light line scans, a larger patch was required 
to capture a sufficiently distinguishable local pattern. Considering the sarcomere lengths and 
tubular spacings assigned when synthesising the images, at least three to four neighbour-
ing contractile units moved similarly and captured enough pattern variability to be tracked 
simultaneously. 
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The cross-correlation coefficient threshold θ regulates the pattern (mis)matching. The veloc-
ity inpainting procedure successfully reconstructed the dismissed values assuming that the 
values on the border of the non-defined area were correct and that the range of existing values 
was preserved. Mismatching was less likely in a noiseless setting, resulting in low sensitivity 
of the parameter θ and reaching the optimum at low θ values.

The optimal parameter setting of the proposed algorithm resulted in high accuracy of local 
strain estimation overall idealised scenarios. In comparison with evenly distributed mean 
deformation obtained with FFT, both error measures were reduced for an order of magnitude.

With the same setup, we examined the influence of the imaging modality-specific noise on the 
algorithm performance. In terms of normalised pixel intensity distributions, signal-to-noise 
ratios close to 10dB correspond to the most realistic portrayal of the imaged cell contrac-
tion. RMS error values were expectedly higher for low SNRs as compared to ideal imaging 
conditions. However, the algorithm maintained the high accuracy despite extensive image 
degradation that interfered with the estimation process, reaching the plateau in estimation 
error at 10dB SNR as well. 

Evaluation of subcellular strain assessment in imaged data was performed for strain cal-
culated from manually annotated sarcomere locations. Manual measurements revealed that 
calculating strain at microscopic resolution was highly sensitive to the precision of manual 
annotations. Additionally, since one annotated point was at the same time a bottom of one 
sarcomere and a top of another, a miss-annotation in a single pixel on a scan line influenced 
two strain values. Due to the sensitivity of this procedure, we selected a single line scan of 
interest, capturing each cell at its shortest length. 

Along the line scan of interest, we observed a good match between strain profiles assessed 
with the proposed algorithm and profiles obtained with spline interpolation of ground truth 
values. However, due to small dislocations between the two curves, their similarity is not 
entirely captured by RMS error. Considering the obtained RMS values, the performance of 

Figure 11: Visualisation of results for a TL image. A Crop from an acquired sequence. B - Upper panels Local 
displacements, velocities, strains, and strain rates mapped over the original image. B – Lower panel Velocity vector 
field (left) and pixel traces obtained by tracking equidistant points on the scan line (right) for the square segment 
marked in A.
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the algorithm for imaged data was commensurate to performance for synthetic images with 
lower signal-to-noise ratios. On the other hand, the deviation of strain maximum reflected on 
the successful strain estimation in points of extreme deformation.

To further evaluate the performance of the proposed method, we analysed transmitted light 
images from myocytes subjected to interventions known to change contractile kinetics on 
the whole-cell level. In the first set of experiments using rat ventricular myocytes, we let the 
temperature of the experimental solution drop from 37°C to 21°C. At lower temperatures, 
contractile kinetics were slower, at the same time twitch force increased as the myocytes 
approach the steady-state Force-Ca2+ relationship.13 While at low temperatures the major 
determinant for relaxation resides within the myofilament at physiological temperatures 
and slow beating frequencies, as they would occur in larger mammals, the rate-limiting step 
is determined by Ca2+ removal.13 Indeed, Ca2+ reuptake has been linked to regional differ-
ences in sarcomere re-lengthening.6 Therefore. it is conceivable that temperature-induced 
changes in the rate-limiting step of relaxation could lead to differences in strain heterogene-
ity between relaxation and contraction (where the rate-limiting step is always myofilament 
based14). Assessing strain heterogeneity based on the SD of local strain failed to identify such 
differences within and between groups. Interestingly, the frequency between regions of high 
and low strain along the longitudinal axis at peak shortening was significantly lower at room 
temperature. Subcellular heterogeneity in strain might be facilitated by regional differences 
in local elasticity.15 At room temperature, slower force development could have a “smoothing 
effect” that leads to a more gradual change between high and low strain regions.

In the second series of experiments we exposed rat ventricular cells to the beta-adrenore-
ceptor agonist Isoprenaline. Adrenergic signalling exerts its effect on both Ca2+ handling 
proteins and myofilaments. On a whole-cell level this resulted in a higher contractile am-
plitude and faster relaxation. On the whole heart level, adrenergic stimulation can increase 
regional strain differences.16 On a single myocyte level, we observed higher levels of strain 
dispersion at a half-maximal contraction and at peak shortening after the treatment with ISO. 
At half-maximal relaxation, however, the heterogeneity in strain was no longer significant 
between groups. A modelling study based on data from rat ventricular myocytes collected 
at comparable conditions suggests that heterogeneities in strain during relaxation depend 
indeed on Ca2+ reuptake15, which adrenergic signalling can synchronise.6 On the other hand, 
the subcellular strain during the contraction appears to be influenced by the regional elastic 
properties of the myocyte.15 

The last set of experiments demonstrates that our algorithm can detect changes in local strain 
in mechanically loaded myocytes. When cardiac myocytes are stretched force development 
increases instantaneously, this phenomenon is known as the Frank-Starling mechanism. The 
observed mean strain at peak contraction was in agreement with other functional data show-
ing higher force development in stretched atrial myocytes (unpublished data). Furthermore, 
we observed higher levels of strain heterogeneity in stretched atrial myocytes compared to 
baseline conditions. Interestingly, we found regions with positive strain values during active 
cell shortening. In non-uniform multicellular muscle preparations, positive strain has been 
reported in the past. In these preparations more strongly contracting segments shorten while 
the weaker segments of the muscle are stretched. The active stretch of weaker regions induc-
es length-depended activation to the point that the weaker segments can support the forceful 
contraction of the stronger segments.17 Atrial myocytes differ in structure and function: they 
are longer and thinner than ventricular myocytes, their Ca2+ release is less synchronous and 
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their composition of myosin and titin is distinct. On a subcellular level, these differences 
could worsen strain heterogeneity, especially under load. Thus, the same mechanisms that 
maximises tension development against the backdrop of local non-uniformity in multicellu-
lar preparations might be operating on a myocytes level in the atria. 

Conclusion

Clarifying the heart contraction mechanisms at a myocyte level is of great interest for 
cardiac research. In this paper, we presented a method for automating the quantification of 
contraction-induced subcellular deformation from transmitted light and T-tubules confocal 
microscopy line scan images of contracting isolated cardiomyocytes. 

In our approach to myocyte analysis, we first examined average deformation at the whole-
cell level using a Fourier transform. For advancing to a higher level of detail, we propose a 
novel tool that improves the common cross-correlation approach using spline interpolation 
for reaching sub-pixel precision and with a set of empirically observed restrictions for regu-
larising subcellular motion. In line scan images, cross-correlation assumes that the temporal 
transform function of a local cell structure is piecewise linear. By enforcing the mathemat-
ically described motion restrictions, we ensured that the obtained subcellular deformations 
follow the noticeable natural progression of the overall cell contraction while preserving the 
local heterogeneity. We evaluated the method on the synthetic and the imaged line-scans 
acquired with transmitted light and confocal microscopy. Despite the differences in captured 
patterns and noise inherent to the two modalities, we obtained high accuracy for both modal-
ities in both the simulated and the acquired images of contracting cells.

Experiments performed in ventricular and atrial myocytes showed that our method could 
detect changes in strain on a subcellular level in response to interventions that affect global 
contractility.

The subcellular motion has been described before but at slower speeds or using special 
imaging techniques and labelling. The proposed method can identify heterogeneities in con-
traction and relaxation, employing a readily available imaging modality without the need for 
fluorescence labelling at high spatial and temporal resolution.

To further investigate the manifestation and role of cellular micro-mechanics in cardiac 
performance, the now accessible local deformation measurements are yet to be linked to 
measurements of local functional (Ca2+ release) and structural cell properties (organelle 
distributions).
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GENERAL DISCUSSION

The focus of this thesis is to investigate the effects of stretch and adrenergic stimulation on 
subcellular Ca2+ handling in the atria. Atrial stretch and sympathetic activation have been 
linked to atrial arrhythmias, but the underlying mechanisms are incompletely understood. 
The work performed in this thesis tries to improve our pathophysiological understanding of 
atrial arrhythmias. With an ageing population, the prevalence of atrial fibrillation (AF) will 
further increase in the decades to come. To treat AF more effectively, beyond controlling ven-
tricular rate and management of stroke risk, more detailed knowledge about proarrhythmic 
mechanisms operative in subgroups of patients or under specific circumstances is urgently 
required.

Chapter 2 discusses the effects mechanical stimuli can exert on microdomain Ca2+ handling 
in cardiac myocytes. Experiments that interrogate mechanosensitive pathways in isolated 
single cells remain challenging and the type of stress the myocytes is subjected to varies 
markedly between methods, with each stressor triggering the activation of distinct pathways. 
Furthermore, structural and functional differences between ventricular and atrial myocytes 
may exist and result in activation of distinct mechano-sensitive pathways implying that 
separate mechanisms are responsible for stretch sensitive arrhythmias in ventricles and atria. 

In Chapter 3, we investigated the effect of uniaxial stretch on atrial Ca2+ handling and 
showed that the mechanism triggering spontaneous Ca2+ release events in atrial myocytes 
is different from the pathway documented in the ventricle. Although we could show that 
GsMTx-4 abolishes the stretched induced increase in Ca2+ spark rate, it did not significantly 
lower the number of coordinated, “escape beat” like, Ca2+ release events that we observed in 
close temporal relationship with the stretch stimulus.

In Chapter 4, we investigated the effect of beta-adrenergic stimulation, another known mod-
ulator of atrial arrhythmias, on the spatiotemporal Ca2+ release in atrial myocytes after five 
days of rapid atrial activation. We elaborated on ultrastructural changes of the TAT network 
organization and tried to link RYR phosphorylation and TAT network organization to Ca2+ 
release on a subcellular level.

Finally, in the last experimental chapter (Chapter 5), we presented a novel method that 
allows to semiautomatically quantify subcellular strain and strain rate. We used confocal 
line scans, a widely used imaging modality for asseing subcellular Ca2+ signals, and showed 
that our method can detect local strain heterogeneities of atrial and ventricular myocytes in 
response to stretch and adrenergic stimulation.

Mechanosensitive pathways and subcellular Ca2+ handling

Mechanical stimulation can influence the electrical properties of the heart and even cause 
rhythm disturbances. In literature, this mechanism is referred to as mechano-electric cou-
pling.1 A group of ion channels, so-called stretch-activated channels (SAC) represent the 
molecular entity that translates mechanical stress into electrical signals.2 Besides mech-
ano-electrical coupling, the activation of rapid signalling pathways by mechanical stimuli has 
gained attention over the last years.3 In Chapter 2 we discussed recent findings of mechano-
sensitive pathways, specifically regulating Ca2+ release within confined Ca2+ microdomains.  
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In the whole heart the myocardium is subjected to various mechanical stimuli. During a 
cardiac cycle, myocytes experience rapid changes in length and load and because of the 
laminar organization of the heart also shear forces. 

To delineate the effects of each mechanical stimulus, several experimental techniques have 
been developed to isolate them, such as; embedding myocytes in viscoelastic gels to simulate 
changes in afterload, uniaxial stretch to mimic preload, and pressurized fluid jets to simulate 
shear forces. Although separating the components from each other remains challenging, the 
evidence available suggests that each mechanical stimulus is associated with the activation 
of distinct signalling pathways.4

Most studies of mechano-sensitive atrial Ca2+ handling focused on the effects of shear stress.5, 

6 But, despite atrial dilatation being a prominent feature of vulnerable atria, relatively little 
attention has been paid to effects that occur in response changes in preload and afterload. 
Hence, most of the current knowledge of stretch sensitive mechanisms on Ca2+ handling 
stems from ventricular myocytes.

Atrial myocytes differ profoundly from ventricular myocytes. One such striking 
difference is the transverse-axial tubule (TAT) network organization (Chapter 4 
and 7). In the ventricle the TAT network is dense and regular, allowing for an effec-
tive coupling between L-type Ca2+ channel (LTCC) residing in the TAT and adja-
cent - or junctional – ryanodine receptors (RYRs) by forming Ca2+ microdomains. 
These microdomains ensure the synchronous Ca2+ release observed in the ventricle.8 
In the atria the TAT network is sparse and heterogeneous and as a consequence the fraction of 
non-junctional RYRs is higher. An often discussed result of this ultrastructural difference is that 
Ca2+ release in the atria is dyssynchronous compared to Ca2+ release in ventricular myocytes.7, 9  
As mentioned, Ca2+ microdomains are involved in translating mechanical stimuli into Ca2+ 
signals and the distinct organization of these Ca2+ microdomains in the atria could have im-
plications for effects mechanical stimuli exert. 

Uniaxial stretch in the atrium

In Chapter 3 we presented data that support the speculations elaborated on in Chapter 2 
regarding differences in atrial mechano-sensing. 

In ventricular myocytes axial stretch leads to a burst in reactive oxygen production (ROS) 
by NOX-2, a membrane bound NADPH-oxidase.10  The sudden increase in local ROS is be-
lieved to elevate RYR open probability, either directly via oxidation of the channel or indi-
rectly via CaMKII activation. 

The higher RYR open probability can be visualized by an increase in Ca2+ spark rate.11 
We found that uni-axial stretch in rabbit atrial myocytes was followed by elevated Ca2+ spark 
frequency, too. However, scavenging ROS with NAC or blocking the membrane bound 
NOX-2 with a peptide inhibitor, interventions that both abolished the increase in Ca2+ spark 
rate in the ventricle10, 12, exhibited no effect in the atria. 

On the other hand, preventing trans-sarcolemmal Ca2+ entry from the extracellular solution, 
or treating the cell with GsMTx-4 abolished the stretch effect on Ca2+ spark rate in atrial rabbit 
myocytes while none of these interventions was effective in ventricular cells.12 GsMTx-4 has 
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shown various beneficial effects in the context of muscular dystrophy, Infarction/Reperfusion 
injury and stretch-induced arrhythmias.13-15 In the intact atria GsMTx-4 shortened episodes 
of AF that were evoked by burst pacing and prolonged by stretch.16 As noted, we found that 
GsMTX-4, abolished the stretch induced increase in Ca2+ spark rate. This observation is in 
line with the antiarrhythmic effects reported in the intact atria. Interestingly, we also observed 
a higher baseline Ca2+ spark rate compared to control myocytes. 

 
GsMTx-4 is believed to stabilize the tension of the outer monolayer of the cell membrane, 
thereby inhibiting the influx of Cations via SACns.

17 However, it has been suggested that 
the tension of the outer membrane could be transferred to the cytosolic monolayer, where it 
can more easily potentiate mechano-sensitive K+ channels.13, 18 Activation of these rectifying 
K+ channels could counteract Ca2+ leak induced inward INCX  and stabilize the membrane 
potential, making the cell less prone to arrhythmogenic afterdepolarizations. Thus, myocytes 
that would otherwise reach the threshold for spontaneous activity caused by high Ca2+ leak, 
do not in the presence of GsMTx-4. Myocytes that exhibited spontaneous activity were 
excluded from our Ca2+ Spark analysis. Hence, increasing the threshold for Ca2+ dependent 
afterdepolarizations could lead to the inclusion of myocytes without treatment would have 
been spontaneous.

Tissue heterogeneity and cardiac stretch

It has been shown repeatedly that acute atrial stretch is proarrhythmic. Although changes in 
the ERP in response to volume challenges are inconsistent, several authors reported higher 
vulnerability for arrhythmias in dilated atria.19-21 

In the light of our findings in Chapter 3, that GsMTx-4 could not prevent the occurrence of 
coordinated Ca2+ release events, and published results showing GsMTx-4 not to inhibit the 
shortening of ERP in the stretched atria16, it is tempting to speculate that several mechano-
sensitive mechanisms are superimposed and aggravated by heterogeneities in the amount of 
local stretch. 

However, there might be alternative explanations. The complex 3D structure of the atria that 
leads to heterogeneity in conduction22, reflects the variable muscle thickness of the tissue 
itself. This heterogeneity in muscle thickness can also give rise to inhomogeneities in stretch 
that are exaggerated by higher hemodynamic loads.23,24 Although speculative, atrial dilatation 
could modify ERP, graded by the amount of strain, through mechanical modulation of oth-
erwise voltage-gated ion channels2 such as Nav 1.5 and LTCC. Additionally, heterogeneous 
strain responses to volume load could activate stretch sensitive pathways, especially in areas 
where the muscle is weaker. The inhomogeneous increase in Ca2+ spark rate (Chapter 3), 
or the activation of SAC could influence action potential duration and resting membrane 
potential, thereby modifying the underlying substrate or directly trigger stretched induced 
excitations.

Seo et al. found that a sudden volume challenge of the ventricle was associated with 
stretch-induced depolarizations. They attributed this to inhomogeneities in the ventricular 
wall. The stretch evoked electrical activity was sensitive to Gd3+, an unspecific inhibitor of 
SAC, but not the stabilization of Ca2+ release by ryanodine.25 This observation contrasts with 
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data obtained in single ventricular myocytes demonstrating that stretch effects Ca2+ leak3, 12, 
and atrial myocytes (Chapter 3) were stretch dependent “escape beats” were not sensitive 
to SAC inhibition. Hence, further efforts are needed to explain these discrepancies between 
whole hearts and isolated myocytes. 

Non-uniformity in muscle as source of arrhythmias 

As discussed in the previous section, strain heterogeneities can potentially be deleterious. 
The effects of strain heterogeneities on a subcellular level, however, are not well documented. 
Spatio-temporal Ca2+ release and reuptake heterogeneities have been observed in response to 
pathological stimuli26 and prolongation in local Ca2+ reuptake could be linked to slower local 
sarcomere relaxation.27 

In order to investigate strain heterogeneities specialized imaging techniques, labelling strat-
egies or even manual annotations were employed in the past. In Chapter 5 we presented a 
semi-automated analysis method that relies on more readily available confocal lines scans 
and no specific labelling schemes. 

In stretched myocytes, the analysis of local strain revealed that under high preload positive 
strain values during active contraction could occur. While parts of the cell shortened and 
therefore assumed negative strain values, others were stretched out during active contraction. 
The amount of positive strain was higher with larger preloads. In literature, local stretch dur-
ing muscle shortening has been suggested to preserve overall contractile forces.28 However, 
under certain circumstances, this phenomenon can become arrhythmogenic.29 

Another set of experiments revealed that treatment with a beta-adrenoreceptor agonist 
increased local heterogeneities during contraction and at peak shortening, but these hetero-
geneities were not present during relaxation (Chapter 5). As shown in Chapter 4, ISO can 
synchronize Ca2+ release in atrial myocytes. Therefore, increased homogeneity in contraction 
after ISO treatment could be expected, if the rate-limiting step depends on Ca2+ release. 
However, a computer model analysing the effect of the subcellular mechanical properties 
and local Ca2+ release has shown that during contraction subcellular inhomogeneities in the 
cells elastic properties are responsible for strain heterogeneities, while during relaxation 
Ca2+ reuptake is the primary determinant.30 Preliminary analysis of local Ca2+ release after 
ISO showed more homogeneous and hastened Ca2+ reuptake in line with more homogenous 
subcellular strain. Taken together our findings support the validity of our proposed method 
for local strain analysis in line-scan images. (Data not shown) 

Adrenergic signalling after short term pacing 

That the activation of the autonomic nervous system is a crucial factor in atrial arrhythmias 
is well-known.31, 32 High levels of sympathetic activation can increase circulating catechola-
mines and are associated with hypertension and heart failure. Comorbidities such as obesity, 
metabolic syndrome and sleep apnea can further aggravate sympathetic drive.

On a cellular level, sympathetic stimulation exerts positive inotropic and lusitropic effects 
that depend on the PKA-mediated phosphorylation of ICaL, disinhibition of SERCA by PLB 
phosphorylation, and reduced Ca2+ affinity due to phosphorylation of TnC.33 Another target 



119General Discussion

Ch
ap

te
r 6

of PKA are RYRs.34 RYR phosphorylation has been linked to a more significant Ca2+ leak, 
and more frequent Ca2+ sparks.35 Ca2+ leaking form the SR might become arrhythmogenic by 
inducing inward INCX current and trigger EADs and DADs. Short term high atrial activation 
rates, similarly to paroxysmal AF, initiate antiarrhythmic adaptation, most notably a reduc-
tion in ICaL, an increase in INCX, and a loss of centripetal Ca2+ propagation.36 However, a high 
activation rate alone does not increase the number of Ca2+ sparks seen in other AF studies.35, 37 

In Chapter 4, we investigated the effect of beta-adrenoreceptor stimulation after five days 
of rapid electrical activation. ISO could rescue the loss of centripetal Ca2+ propagation, Ca2+ 
release and CaT amplitude most likely by a combination of increased SR Ca2+ content and 
RYR phosphorylation.

Furthermore, we found an intact TAT network in rabbit atrial cells confirming the exist-
ence of a distinct TAT network previously believed to be absent from the rabbit atria.36, 38 
We also confirmed the TAT network as the primary origin of Ca2+ sparks, as suggested by 
Brandenburg et al.9 

However, phosphorylation of RYR by PKA did lead to an increase in Ca2+ sparks in rapidly 
paced myocytes, supporting the growing evidence that the PKA dependent phosphorylation 
is not crucial for RYR Ca2+ leak.39

The interplay between adrenergic signalling and stretch

Evidence of a direct interplay of uniaxial-stretch and beta-adrenergic signalling is lacking. 
In the ventricle, the preload dependent mechanism that produces ROS upon stretch does not 
appear to share an common pathway with beta-adrenergic signalling.40

In the atria, our understanding of basic stretch depended mechanisms is even less developed. 
However, experiments simulating a stretch-activated inward current show that, in the pres-
ence of ISO atrial myocytes exhibit spontaneous activity more readily.41

Indirectly, sympathetic activation can increase the stretch the atria are exposed to by increas-
ing hemodynamic load, and speed up heart rate leading to higher strain rates experienced by 
the myocardium. Indeed, experiments performed in frog hearts suggest that high strain rates 
lower the level of stretch necessary to induce aberrant triggered activity.42 Thus, sympathetic 
activation could indirectly interact with stretch sensitive pathways. 

Summary 

In the past decades, understanding triggers of AF the structural changes that occur in the 
fibrillating atria has attracted much attention. In this thesis, we investigated cellular proar-
rhythmic mechanisms in the atria in more detail.

While the effect of stretch and adrenergic signalling on spatiotemporal Ca2+ release in 
myocytes is more commonly studied in the context of cardiomyopathies and myocardial 
infarction, Chapter 3 and Chapter 4 illustrate implications for the atria. 
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Our results show that atrial stretch can lead to potentially proarrhythmic changes in Ca2+ 
handling, via a mechanism distinct from pathways reported in the ventricle. Therefore it 
could offer and atrial-selective treatment target. 

Furthermore, Chapter 4 demonstrates that adrenergic signalling after periods of rapid atrial 
activation can restore Ca2+ handling without noticeable proarrhythmic changes. 

However, Chapter 3 and Chapter 5 reveal the effects of mechanical load on Ca2+ handling 
and contraction. Treatment with ISO could worsen their proarrhythmic effects and play an 
important role in the pathophysiology of AF. 

Taken together, this thesis shines a light on modifying factors of atrial fibrillation and empha-
sizes the need for a holistic view of the pathophysiology behind it, to enable the development 
of mechanism-tailored therapeutic concepts in AF. 
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SUMMARY 

Atrial fibrillation is one of the most common rhythm disorders in clinical practice. It is char-
acterized by the rapid and chaotic electrical activation of the atria and irregular activation of 
the ventricle. As a consequence of the irregular atrial activation, the blood flow in the atria is 
disturbed. This promotes the formation of blood clots. The blood clots can dislodge from the 
heart and travel to the brain where they can block blood flow, causing strokes. A sizeable per-
centage of the population suffers from atrial fibrillation and the severity of the consequences 
makes it of paramount importance to diagnose atrial fibrillation early and treat it efficiently.

Atrial fibrillation is a progressive disease, initially short-lived episodes become longer and 
longer over time. Structural and functional changes take place, such as fibrosis hypertrophy, 
changes in Ca2+ handling, and energy metabolism. All these changes ultimately culminate in 
sustained atrial fibrillation. 

Understanding the factors that can modify the time course of AF or its (re)initiation, such as 
mechanical stimulation, adrenergic signaling or contractile heterogeneity might be crucial to 
treat atrial fibrillation more effectively in the future. 

The main focus of this thesis was to investigate these modifying factors and the effects they 
exert on Ca2+ handling on a subcellular level. Chapter 2 and 3 discuss the effect of mechan-
ical stimulation. Chapter 2 serves as a detailed summary of the known effects of different 
forms of mechanical cues that myocytes in the heart might be subjected to. A major effect of 
such mechanical stimulation is called mechano-electrical coupling, where a sudden stretch 
of cardiac muscle leads to an immediate change in the myocytes membrane potential. In 
the last decade another mechanism has come to light, termed mechano-chemo transduction. 
This mechanism is characterized by the translation of stretch into fast acting chemical sig-
nals within the myocytes. Although well established in the ventricle, the evidence in atrial 
preparations in sparse. In Chapter 3 of this thesis we investigated the possibility of such 
rapid mechano-chemo transduction in the rabbit atrium. We subjected single atrial myocytes 
to uni-axial stretch and monitored the effects on spontaneous subcellular Ca2+ release events. 
Like in the ventricle, we found that axial stretch leads to an increase in spontaneous Ca2+ 
release events in the atria. However, in the atrium is appears to be triggered by the influx of 
cations over the cell membrane and not, like in the ventricle, by rapid mechano-chemo trans-
duction. Furthermore we found coordinated Ca2+ release events, reminiscence of electrically 
evoked Ca2+ transients, right after the application of stretch. This observation is in line with 
the concept of mechano-electrical coupling in atrial myocytes.

Another modifying factor for atrial fibrillation is adrenergic signaling. In Chapter 4 we 
investigated the effect of Isoprenaline, a sympathomimetic, on rabbit atrial myocytes after 
a period of high atrial activation rates. Such high activation rate alone leads to the loss of 
centripetal CaT propagation, known as Ca2+ signaling silencing. We show that adrenergic 
stimulation can normalize CaT amplitude mainly by re-establishing Ca2+ release in center 
of  atrial myocytes. While the phosphorylation of RYRs by Isoprenaline may support Ca2+ 
release, it did not cause the generation of more frequent proarrhythmic Ca2+ sparks. Thus 
supporting the idea that phosphorylation of RYRs by Isoprenaline is not sufficient for Ca2+ 

instabilities in the atria.
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In Chapter 5 we took a closer look at heterogeneities in subcellular movements (strain) 
withing a single myocyte. In order to investigate strain heterogeneities specialized imaging 
techniques, labeling strategies or even manual annotations were employed in the past. We 
propose a semi-automated analysis methods that relies on transmitted light images acquired 
with a more readily available confocal microscope, that can detect changes in subcellular 
movement in response various interventions. We found that in stretched atrial myocytes 
under conditions of high preload, local strain can become positive e.i. parts of the myocyte 
stretch during the contraction phase. In a second set of experiments we subjected the cells to 
adrenergic stimulation and found an increase in local heterogeneities during contraction and 
at peak shortening, but this heterogeneities were lost in relaxation. This is in line with prelim-
inary results that link Isoprenaline to more homogeneous Ca2+ reuptake and computer models 
that predict subcellular properties as major factor for heterogeneities during contraction. 

This thesis tries to shine some new light on potentially proarrhythmic factors in the atria. 
Most of these mechanisms are well documented in heart failure or cardiomyopathies, but 
their effects on atrial physiology is not well understood. We found that myocardial stretch 
of the atrium can lead to more frequent Ca2+ release events and proarrhythmic activity that 
relies on a mechanism distinct from the one reported in the ventricle. Furthermore, we could 
demonstrate that adrenergic stimulation on a single cell level can normalize Ca2+ transients 
without apparent proarrhythmic Ca2+ instabilities after sustained rapid electrical activation. 
Lastly, we proposed a new method to investigate localized heterogeneities in myocyte 
contractions and found changes in subcellular strain in response to stretch and adrenergic 
stimulation. Taken together, this thesis emphasise the need to understand modifying factors 
of AF in greater detail in an attempt to develop targeted therapies in the future.  
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ZUSAMMENFASSUNG

Vorhofflimmern ist eine der häufigsten Rhythmusstörungen in der klinischen Praxis. 
Vorhofflimmern ist gekennzeichnet durch die schnelle und chaotische elektrische Aktivierung 
der Vorhöfe und die unregelmäßige Aktivierung der Ventrikel. Infolge der unregelmäßigen 
atrialen Aktivierung wird der Blutfluss in den Vorhöfen gestört, dies fördert die Bildung 
von Blutgerinnsel. Die Embolie können sich vom Herzen lösen und zum Gehirn gelangen, 
wo sie den Blutfluss blockieren und einen Schlaganfall verursachen können. Ein beträcht-
licher Prozentsatz der Bevölkerung leidet an Vorhofflimmern, und die Schwere der Folgen 
macht es von größter Bedeutung, Vorhofflimmern frühzeitig zu diagnostizieren und effi-
zient zu behandeln.Vorhofflimmern ist eine fortschreitende Krankheit, anfangs kurzlebige 
Episoden werden mit der Zeit immer länger. Strukturelle und funktionelle Veränderungen 
wie Fibrose, Hypertrophie, Veränderungen im Ca2+ -Handling und Energiestoffwechsel fin-
den statt. All diese Veränderungen gipfeln letztendlich in anhaltendem Vorhofflimmern. 
Das Verständnis der Faktoren, die den zeitlichen Verlauf von Vorhofflimmers oder des-
sen (Wieder-) Auslösung verändern können, wie mechanische Stimulation, adrener-
ge Signalübertragung oder kontraktile Heterogenität, könnte entscheidend sein, um 
Vorhofflimmern in Zukunft wirksamer behandeln zu können.

Das Hauptaugenmerk dieser Thesis lag auf der Untersuchung dieser modifizierenden Faktoren 
und ihrer Auswirkungen auf die Ca2+ - Homöostase auf subzellulärer Ebene. In den Kapiteln 
2 und 3 wird die Wirkung der mechanischen Stimulation auf den Herzmuskel erörtert. 
Kapitel 2 dient als detaillierte Zusammenfassung der bekannten Auswirkungen verschie-
dener Formen mechanischer Signale, denen Myozyten im Herzen ausgesetzt sein könnten. 
Ein Effekt einer solchen mechanischen Stimulation wird als mechano-elektrische Kopplung 
bezeichnet, bei der eine plötzliche Dehnung des Herzmuskels zu einer sofortigen Änderung 
des Membranpotentials der Myozyten führt. In den letzten zehn Jahren ist ein anderer 
Mechanismus ans Licht gekommen, der als mechano-chemo Transduktion bezeichnet wird. 
Dieser Mechanismus ist durch die Umwandlung von Dehnungssignale in rasch wirkende che-
mische Signale innerhalb der Myozyten gekennzeichnet. Obwohl im Ventrikel gut etabliert, 
sind die Hinweise in atrialen Präparaten spärlich. In Kapitel 2 dieser Arbeit untersuchten wir 
die mögliche Existenz einer solchen schnellen mechanisch-chemischen Signaltransduktion 
im Vorhof. Wir haben einzelne atriale Myozyten einer gedehnt und die Auswirkungen auf 
spontane subzelluläre Ca2+ -Freisetzungsereignisse überwacht. Wie im Ventrikel beschrie-
ben, fanden wir eine Zunahme der spontanen Ca2+ -Freisetzung in den Vorhöfen. Im Atrium 
scheint es jedoch durch das Einströmen von Kationen über die Zellmembran ausgelöst zu 
werden und nicht wie im Ventrikel durch eine schnelle mechanisch-chemische Transduktion. 
Darüber hinaus fanden wir koordinierte Ca2+ -Freisetzungsereignisse, die an elektrisch her-
vorgerufene Ca2+-Transienten erinnern, welche unmittelbar nach einem Dehnungsereignisses 
auftreten. Diese Beobachtung steht im Einklang mit dem Konzept der mechano-elektrischen 
Kopplung in atrialen Myozyten.

Ein weiterer modifizierender Faktor für Vorhofflimmern ist die adrenerge Signalübertragung. 
In Kapitel 4 untersuchten wir die Wirkung von Isoprenalin, einem Sympathomimetikum, 
auf atriale Myozyten von Kaninchen nach einer Periode hoher atrialer Aktivierungsraten. 
Solche hohen Aktivierungsraten allein führen zu einem Verlust der zentripetalen CaT-
Ausbreitung, die als „Ca2+-Signaling Silencing” bekannt ist. Wir zeigen, dass eine 
adrenerge Stimulation die CaT-Amplitude, hauptsächlich durch Wiederherstellung der 
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Ca2+-Freisetzung im Zentrum der atrialen Myozyten, normalisieren kann. Während die 
Phosphorylierung von RYRs, den Ca2+ -Freisetzungskanälen der internen Ca2+ -Speicher, 
durch Isoprenalin die Ca2+ -Freisetzung unterstützen kann, führte Sie nicht häufigerer zu 
proarrhythmischer Ca2+-Freisetzungen. Dies unterstützt die Idee, dass die Phosphorylierung 
von RYRs durch Isoprenalin für Ca2+-Instabilitäten in den Vorhöfen nicht ausreicht. 
In Kapitel 5 haben wir uns die Heterogenitäten in subzellulären Bewegungen einzelner 
Myozyten genauer angesehen. Um kontraktile Heterogenität zu untersuchen, wurden in der 
Vergangenheit spezielle Bildgebungstechniken, Markierungsstrategien oder sogar manuelle 
Annotationen eingesetzt. Wir schlagen eine halbautomatische Analysemethode vor, die auf 
Durchlichtbildern beruht, die mit einem gängigen konfokalen Mikroskop aufgenommen wur-
den und Änderungen der subzellulären Bewegung als Reaktion auf verschiedene Eingriffe er-
kennen können. Wir fanden heraus, dass in gedehnten atrialen Myozyten unter Bedingungen 
hoher Vorlast lokaler Strain positiv werden kann, d.h. Teile der Myozyten dehnen sich 
während der Kontraktionsphase. In einer zweiten Reihe von Experimenten haben wir die 
Zellen einer adrenergen Stimulation unterzogen und einen Anstieg der lokalen Heterogenität 
während der Kontraktion festgestellt, diese Heterogenität konnte in der Relaxationsphase 
nicht nachgewiesen werden. Dies steht im Einklang mit vorläufigen Ergebnissen, einer 
homogeneren Ca2+ -Wiederaufnahme nach Isoprenalin Behandlung und Computermodellen, 
die subzelluläre Eigenschaften als Hauptfaktor für Heterogenität während der Kontraktion 
vorhersagen.

Diese Arbeit versucht, potenziell proarrhythmische Faktoren in den Vorhöfen genauer zu be-
läuchten. Die meisten dieser Mechanismen sind bei Herzinsuffizienz oder Kardiomyopathien 
gut dokumentiert, aber ihre Auswirkungen auf die atriale Physiologie sind nicht in Detail 
erforscht. Wir fanden heraus, dass die Myokarddehnung des Atriums zu häufigeren Ca2+ 
-Freisetzungsereignissen und proarrhythmischen Aktivitäten führen kann, die auf einem 
Mechanismus beruhen, der sich von dem im Ventrikel dokumentierten Mechanismus unter-
scheidet. Darüber hinaus konnten wir zeigen, dass eine adrenerge Stimulation in isolierten 
Myozyten Ca2+-Transienten ohne offensichtliche proarrhythmische Ca2+ -Instabilitäten nach 
anhaltender schneller elektrischer Aktivierung normalisieren kann. Letztlich schlagen wir 
eine neue Methode zur Untersuchung lokalisierter Heterogenität der Myozytenkontraktionen 
vor und fanden Veränderungen des subzellulären Verformung als Reaktion auf Dehnung und 
adrenerge Stimulation. Zusammengenommen unterstreicht diese Arbeit die Notwendigkeit, 
modifizierende Faktoren von Vorhofflimmern genauer zu untersuchen, um in Zukunft ge-
zielte Therapien entwickeln zu können.
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VALORIZATION

The social and economical relevance of atrial fibrillation

Atrial fibrillation (AF) is the rapid and irregular rhythm of the upper chambers of the heart 
and it is the most common sustained cardiac rhythm disorder.1 By itself AF is rarely life 
threatening, but the impact can be life altering. Patients suffering from AF complain about 
palpitations, chest-pain and heart failure-like symptoms. They are more likely to be admitted 
to the hospital for treatment of complications associated with their disease and can suffer 
side effects from the treatment that is supposed to help them. Blood clots that originate in 
the fibrillating atrium travel to the brain, which can lead to progressive cognitive decline, or, 
more fulminate, to lethal strokes.2 

Not only does AF impact the life of each individual patient, it is also presents a challenge for 
our healthcare system. The chronic nature of AF makes constant supervision and treatment 
over years necessary. 

Currently, 2% of the adult population suffer from AF. In Europe alone 10 million people are 
currently affected.3 With about one in four people expected to develop atrial arrhythmias dur-
ing their life time, the expected changes in demographic will lead to a doubling of AF cases 
by the middle of the century.4 The consequences for the healthcare system are substantial. 
In the Netherlands, the costs of AF amount to more than 583 million Euro annually. The 
direct costs amount to more than 2% of annual national healthcare costs, numbers that are 
comparable to diabetes or multiple sclerosis.5

The novelty of this research

This thesis is of a fundamental nature, and thus possible clinical applications or new treat-
ment strategies based on the work presented here are speculative. However, the findings can 
support other researchers in their quest to understand the pathophysiology of atrial fibrillation 
better and develop new treatment strategies.

In the late 1960s and early 1970s the work of Philippe Coumel, a pioneer in the field of 
electrophysiology, resulted in the concept of Coumel’s triangle of arrhythmogenesis. This 
concept postulates that for a clinical arrhythmia to arise three main ingredients need to be 
present. A trigger that initiates the arrythmia, the underlying substrate to maintain it and 
factors that modify the trigger and the substrate.6

Studying triggers and substrates of AF has led to the development of complex theories and 
equally complex treatment strategies, with varying success. On a cellular level modifying 
factors have not gotten as much attention. This thesis aims to help to fill the gaps in our 
understanding regarding some known modifying factors.

The first main topic of this thesis is the effect that mechanical stimulation can have on the 
heart in general and on the atrium in particular. The heart is in its essence a pump, that 
supplies the body with the necessary oxygen to function. Every heart beat starts with an 
electrical signal in the atria that is propagated throughout the heart and translated into muscle 
contraction. To adapt to the constantly changing demands of the body the cardiac muscle 
developed ways to sense mechanical cues and react to them.
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On a more general level, this thesis elaborates on the importance of considering mechano-
sensitive pathways when designing and conducting experiments and sensitizing researchers 
to potential pitfalls in translating findings in unloaded myocytes in-vitro to whole model 
organisms or even to humans. 

Most of the work regarding mechanosensitive mechanisms has been performed in ventricular 
preparations. The novelty of our research is that we were the first to describe stretch depen-
dent effects on subcellular Ca2+ release in the atria, which appears to differ from previously 
described pathways in the ventricle. Although, the molecular candidate for atrial mecha-
no-sensing is still elusive, it might offer an atrial selective treatment target in the future. 

We also found that on occasions sudden stretch of atrial myocytes led to spontaneous and co-
ordinated Ca2+ release events, similar to electrically evoked Ca2+ transients. Those transients 
could not be suppressed by our interventions, suggesting yet a different pathway that remains 
to be studied in detail. This phenomenon also illustrates that modifying factors can alter the 
substrate of AF and at the same time exert effects on the triggers of the arrhythmia.

The second major part of this thesis revolves around the effects of adrenergic stimulation 
on subcellular Ca2+ release after short term high activation rates. After short episodes of AF 
cardiac myocytes within the atria adapt to the fast rhythm by altering their Ca2+ handling in 
order to protect themselves from the deleterious and pro-arrhythmic effects off fast activation 
rates and Ca2+ overload. 

When stressed, the body release catecholamines, in what is commonly referred to as the 
“fight or flight” response. Adrenaline, the mediator of this response, leads to a more forceful 
heart beat but at the same time has been shown to be proarrhythmogenic, especially after 
episodes of AF. The anti-arrhythmic adaptations observed after sustained high activation 
rates are at odds with the increased susceptibility for the reinitiation of the arrhythmia in 
response to adrenaline. 

In Chapter four we investigated this inconsistency and found that the effect of catecholamines 
on atrial myocytes after pacing is more pronounced, effectively resulting in Ca2+ handling 
kinetics comparable to healthy myocytes. We could confirm the effects of adrenaline on Ca2+ 
proteins reported by other groups but could not substantiate an increased susceptibility for 
Ca2+ instabilities that could help explain the higher rates of AF reinitiation after catechol-
amine treatment in clinical practice. 

The last novel aspects of this thesis proposes a new way to analyse the contractile movements 
of cardiac myocytes on a subcellular level. In the past analysing such subcellular contrac-
tions was done manually or with highly specialized equipment. We propose a method that 
employees readily available tools in a semi-automated manner. Our method allowed us to 
analyse subcellular contraction in response to adrenergic stimulation or axial stretch. Linking 
local Ca2+ release to Ca2+ reuptake, or correlating Ca2+ dynamics to underlying contraction 
can now be routinely performed. Other staining protocols can potentially be used to link 
contractile heterogeneity to the cytoskeleton or other cell organelles, to unravel links between 
the structure of the cell and it’s function. 
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In conclusion, this thesis tried to elucidate the effects of two noteworthy modifying factors 
of atrial fibrillation on a subcellular level. We could demonstrate mechanosensitive pathways 
that differ from pathways present in the ventricle, studied the effects of adrenergic signalling 
in a model of atrial fibrillation and lastly proposed a  new method to analyse subcellular 
contraction in single myocytes. 

We believe that the results presented here are stepping stones for further efforts aimed at 
understanding the pathophysiology of atrial fibrillation in more detail and devise effective 
treatment strategies in the future.
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