
Spatial structure and variability of
the cardiac t-tubular system and its
contribution to electrophysiological

heterogeneity

�

Dr. med. Tobias Hannes
Balliol College

University of Oxford

A thesis submitted for the degree of

Master of Science by Research in Clinical Pharmacology

April 2, 2012



Contents

1 Introduction 3
1.1 T-tubules are a key structure for electromechanical coupling in the heart 3

1.1.1 The cardiomyocyte as the elementary unit of excitation-contraction
coupling in the heart . . . . . . . . . . . . . . . . . . . . . . . 3

1.1.2 Electrical activation at the cellular level is nearly synchronous 4
1.1.3 T-tubules are required for synchronous electromechanical acti-

vation of the cells . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 T-tubules as a specialised membrane system . . . . . . . . . . . . . . 6

1.2.1 The t-tubular system is a restricted diffusion space . . . . . . 6
1.2.2 Ion channel distribution in the t-tubular system . . . . . . . . 8

1.3 Heterogeneity of cardiomyocyte repolarisation . . . . . . . . . . . . . 13
1.3.1 Is there a connection between t-tubular architecture and repo-

larisation? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.3.2 Role of repolarisation dispersion in the heart . . . . . . . . . . 13
1.3.3 Differential ion channel distribution is a basis of eelctrophysio-

logical heterogeneity in the heart . . . . . . . . . . . . . . . . 14
1.4 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Materials and Methods 16
2.1 Experimental procedures . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.1 Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.1.2 Cell isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.1.3 Confocal microscopy . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.4 Electron tomography . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 Generation of three-dimensional models . . . . . . . . . . . . . . . . . 19
2.2.1 Confocal microscopy . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.2 Electron tomography . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Analysis of variability . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

i



2.4 Functional modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Results 23
3.1 Two-dimensional representations of the t-tubular system . . . . . . . 23
3.2 Three-dimensional representations of the t-tubular system . . . . . . 24

3.2.1 Confocal microscopy . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.2 Electron tomography . . . . . . . . . . . . . . . . . . . . . . . 25

3.3 Structural variability of the t-tubular system . . . . . . . . . . . . . . 28
3.3.1 Inter- and intracellular variability . . . . . . . . . . . . . . . . 28
3.3.2 Modelling of the effects of t-tubular variability on electrophys-

iology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 Discussion 37
4.1 Generation of three-dimensional models of the t-tubular structure . . 37
4.2 Estimation of the heterogeneity of the t-tubular system based on con-

focal microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3 Modelling the effects of t-tubular heterogeneity on electrophysiological

function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.4 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5 Acknowledgements 45

ii



List of Figures

2.1 Scheme of the model by Pásek et al. . . . . . . . . . . . . . . . . . . . 22

3.1 Segmentation in confocal microscopy images . . . . . . . . . . . . . . 25
3.2 3D model based on confocal microscopy . . . . . . . . . . . . . . . . . 26
3.3 Electron tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4 Intercell variability of the t-tubular surface . . . . . . . . . . . . . . . 28
3.5 Action potential and ICaL at different t-tubular surface densities . . . 30
3.6 IKr at different t-tubular surface densities . . . . . . . . . . . . . . . 33
3.7 Inhibition of the Na+-K+-ATPase . . . . . . . . . . . . . . . . . . . . 34
3.8 Effect of extracellular K+-concentration on action potential shape at

different t-tubular densities . . . . . . . . . . . . . . . . . . . . . . . . 35
3.9 Repolarisation reserve . . . . . . . . . . . . . . . . . . . . . . . . . . 36

iii



Abstract

Background The cardiomyocyte cell membrane is composed of the sur-
face membrane and a complex system of membrane invaginations, the
t-tubules. In keeping with its role in synchronisation of electromechan-
ical coupling, the t-tubular system is distinguished from the cell mem-
brane by its ion channel composition. Variability of the architecture of
the t-tubular system might modulate electrophysiological function at the
cellular level. Light and electron microscopy-based methods were estab-
lished to generate three-dimensional models of t-tubular structure. Effects
of t-tubular variability on electrophysiological function were investigated
using a pseudo-two dimensional model of the ventricular cardiomyocyte.
Methods Confocal microscopy and electron tomography were used to
generate three-dimensional models. Based on the distribution of the t-
tubular membrane, electrophysiological parameters were calculated us-
ing a mathematical model. Results and Discussion Three-dimensional
models of t-tubular structure could be generated using different stain-
ing protocols for confocal microscopy and different fixation protocols for
electron tomography. Advantages and applications of the different meth-
ods were discussed. The t-tubular fraction varied considerably among
different cardiomyocytes. In the model this gave rise into changes in
ionic currents; however variation of t-tubular density lead to heterogeous
changes in repolarisation only after simulated inhibition of repolarisation-
related membrane currents. Conclusions Electron tomography allows
generation of structural models at resolution of a few nanometres, how-
ever optimisation of fixation protocols is a critical step. Larger volumes
can be acquired in living cells with confocal microscopy; however, a large
fraction of the t-tubular system is sub-resolution. The variability of the
t-tubular system may contribute to electrophysiological heterogeneity in
patho-physiologically challenged states, and it forms an interesting target
for functional modelling based on three-dimensional models of t-tubular
structure.
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Chapter 1

Introduction

1.1 T-tubules are a key structure for electromechan-
ical coupling in the heart

1.1.1 The cardiomyocyte as the elementary unit of excitation-
contraction coupling in the heart

The coupling of electrical activation to contraction and its fine-tuning is the major
function of the heart muscle cell, the cardiomyocyte [12]. Electrical activation man-
ifests in the formation of the action potential. During the action potential, voltage-
dependent Ca2+-channels in the cell membrane open. Ca2+ is now allowed to enter
the cell and binds to ryanodine receptors in the membrane of the sarcoplasmic retic-
ulum, an intracellular membrane system with close juxtapositions to the t-tubular
membranes. It acts as the main Ca2+-store in cardiomyocytes. Binding of the rel-
atively small amount of Ca2+ that crossed the cell membrane entails the ryanodine
receptor to release Ca2+ from the sarcoplasmic reticulum. This mechanism has been
designated as Ca2+-induced Ca2+-release [35]. The succeeding increase in cytosolic
free Ca2+-concentration ([Ca2+]i), promotes the binding of Ca2+ to troponin C. The
synchronous activation of myosins throughout the cardiomyoyte leads to contraction.
As Ca2+-influx via voltage-dependent Ca2+-channels and Ca2+-release via ryanodine
receptors ceases, by inactivation of the respective channels, [Ca2+]i decreases, largely
as a result of the activity of a Ca2+-ATPase in the membrane of the sarcoplasmic
reticulum, the so called Sarco-Endoplasmic Reticulum Ca2+-ATPase (SERCA). To
decrease the cytosolic Ca2+-concentration and to refill the sarcoplasmic reticulum
with Ca2+, a Ca2+-ATPase in the membrane of the sarcoplasmic reticulum, reuptake
of Ca2+ into the sarcoplasmic reticulum is performed by SERCA. In addition, the
Na+-Ca2+-exchanger and a sarcolemmal Ca2+-ATPase extrude Ca2+ to the extracel-
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lular space and under steady-state conditions this amount is equal to that used for
initiation of Ca2+-induced Ca2+-release.

1.1.2 Electrical activation at the cellular level is nearly syn-
chronous

Ca2+ is one of the most versatile intracellular messengers. The list of Ca2+-mediated
and -modulated cellular processes – besides contraction – seems endless. To name but
a few: It is involved in the regulation of numerous ion channels, e. g. in the Ca2+-
dependent inactivation of L-type Ca2+-channels, Ca2+-dependent activation of Cl−-
channels, in the regulation of K+-channels [1] and in the activation of IP3-receptors
that, in addition to ryanodine receptors, release Ca2+ from intracellular stores [38].
It regulates electrical coupling of cardiomyocytes by modification of connexin gating
[30]. Gene expression is controlled and modulated by Ca2+ [67]. Apoptosis and con-
tracture can result from an inadaequate Ca2+-regulation [37]. In the atrium, it takes
part in the regulation of atrial natriuretic peptide secretion [32]. Thus, a spacially
and temporally confined control of the Ca2+-concentration is paramount to avoid in-
terference with other cellular functions.
In addition, the spatial control determines also the timing of Ca2+-concentration
changes by limiting diffusion pathways to effectors, e. g. ryanodine receptors,
and silencers, e. g. SERCA, of the Ca2+-signal. Thus, the dynamics that Tro-
ponin C is exposed to that ultimately fine-tune contraction are largely dependent
on control of timing and the diffusion distances between the individual components
of the contractile apparatus. This is directly evident from the diffusion equation
∂C
∂t

= D
(
∂2C
∂z2

+ ∂2C
∂y2

+ ∂2C
∂x2

)
where C is the Ca2+-concentration and D is the diffusion

coefficient.

1.1.3 T-tubules are required for synchronous electromechani-
cal activation of the cells

Ultrastructural aspects of the t-tubular system

Now –in the context of spatial and temporal control of Ca2+-release – t-tubules come
into play: with the exception of the perinuclear region, the cardiomyocyte is densely
packed with contractile filaments, sarcoplasmic reticulum, and mitochondria. Not
that only the distances from the periphery to the center of the cell are relatively far
for simple diffusion of Ca2+, all this material itself imposes barriers to diffusion.
Forming a network of invaginations of the cell membrane deep into the cell, t-tubules
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are able to deliver action potential related changes in transmembrane potential to
the site of excitation-contraction coupling with minimal delay. This leads to nearly
synchronous Ca2+ release.
T-tubules were first discovered in 1957 in the canine myocardium [61]. The openings
of the t-tubules to the extracellular space on the cellular surface were resolved using
freeze fracture in 1967 [79]. In 1971, the continuity between t-tubular and interstitial
space was demonstrated using colloidal tracers [83]. Three-dimensional structure of
cardiac t-tubules was first modelled in 1995 based on electron micrographs of serial
thin sections [4] and subsequently in 1999 the structure of a whole rat cardiomycoyte
was resolved with confocal microscopy [96].
T-tubules occur every 2 µm adjacent to a Z line which is formed by contractile fil-
aments and form an intracellular interface with the sarcoplasmic reticulum. Their
diameters vary between 40 and 450 nm [76]. Depending on species, estimates of
the surface fraction of sarcolemma that is part of the t-tubular system range from
21% to 64% in ventricles of the mammalian heart while the contribution to the cell
volume – in those calculations t-tubules were regarded as a fraction of the cell al-
though their content is continuous with the extracellular space – ranges from 0.8% to
3.2% [12]. Internalisation of the t-tubular membrane by brief application of the high-
osmotic substance formamide leads to a reduction of ≈25% of the cell capacitance
[21, 18, 25, 56, 95, 112], a parameter that is obtained by patch clamp measurements
and correlates with cell surface area. However, cell capacitance measurements before
and after detubulation lead to an underestimation of the t-tubular fraction [18]. Thus,
the t-tubular fraction substantially contributes to the surface area of the cell. Besides
the part that is transversal to the cell’s long axis, axially oriented tubules can be
found. The axial fraction depends on species and is highly pronounced in ventricular
cardiomyocytes of the rat [9, 12].
Another interesting aspect are the energetics of t-tubules. One can imagine, given the
astonishing complexity of the system [96, 86], that maintenance is energetically de-
manding for the cell. The rate of t-tubule loss during culture after isolation to single
cells could be regarded as an indirect measure of this. Within 72 hours, about 50%
of t-tubules disappear in rat cardiomyocytes [78]. In addition, metabolic impairment
in the course of ischaemic cardiomyopathy leads within days to weeks to a decrease
in t-tubular density and loss of regularity [64, 48].
Only mammalian cardimoycytes have so far been reported to be tubulated [12]. How-
ever, many mammalian cardiomyocytes have a very sparse t-tubular system or even
no t-tubules at all. In rodent atria, the t-tubular system is rudimentary both in
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quantity and regularity [10, 42, 51, 14, 95], although in larger animals an extensive
t-tubular system can be found in the atria as well [31]. T-tubules appear relatively
late during development. In the neonatal period, t-tubules are absent in ventricular
cardiomyocytes [109, 88]. In these non-tubulated cells, non-uniform Ca2+-release pat-
terns are observed [47, 50, 95]. This underlines the importance of t-tubules for the
synchronisation fo Ca2+-release.

1.2 T-tubules as a specialised membrane system

1.2.1 The t-tubular system is a restricted diffusion space

Potassium diffusion

Potassium is the major regulator of the resting membrane potential. The Nernst
potential for potassium is EM = RT

F
ln [K+]o

[K+]i
where R is the universal gas constant,

T is the temperature, F is the Faraday constant, K+
o is the extracellular and K+

i is
the intracellular concentration. A typically assumed potassium gradient is K+

i ≈ 140

mM and K+
o ≈ 5 mM resulting in a potassium equilibrium potential of EM = −85

mV.
The main driver of this huge gradient is the Na+-K+-ATPase. As the activity of the
Na+ -K+ -ATPase is strongly regulated by [K+]o, small increases in the extracellular
potassium concentration have significant effects on the resting membrane potential
and thus on cellular excitability.
Alterations in the extracellular potassium concentration primarily change the resting
membrane potential and the action potential waveform. In addition, effects on con-
tractility can be observed. However, those depend on cell type and species: while a
reduction in the extracellular potassium concentration from 5 to 1 mmol

L
has a posi-

tive inotropic effect in rabbit atrial and rat ventricular cardiomyocytes, contractility
increases in rabbit ventricular cardiomyocytes [15]. The effect on contractility seems
to be dependent on the relation of changes of the resting membrane potential and
action potential duration. While in rabbit atrial and rat ventricular cardiomyocytes
the hyperpolarisation-controlled modulation of the Na+-Ca2+-exchanger dominates,
in rabbit ventricular cardiomyocytes the effect of action potential duration on the
transmembrane ICa results in a net gain of intracellular Ca2+.
Based on these observations, t-tubules come into play again. An accumulation of K+

in the paracellular space was amply documented in the 70’s and 80’s [26, 52, 53, 27,
71, 65]. In this context, also a slow potassium diffusion in the t-tubular system was
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reported [3, 2]. A major finding was that the accumulation of K+ in the extracellular
space was dependent on the beating rate [65].
As potassium diffusion within the t-tubular system can so far not be directly mea-
sured, a simulation study to determine the diffusion constant for K+ between t-tubules
and paracellular space [101] was based on a compartmentalised cylinder. The itera-
tive algorithm was run until the change in K+ converged with the experimental values
resulting in a diffusion constant of 85 µm2/s, which is about 9 times lower than in
water.
However, the tortuous architecture of the t-tubular system alone does not explain
the slow diffusion of K+. In detubulated cardiomyocytes, current changes which in-
dicated changes in [K+]o were still slow [101]. A possible explanation could be that
K+ is trapped in caveolae which are small invaginations of the surface membrane
not affected by detubulation and by negative charges of the glycocalix on the surface
membrane.
The restricted K+-diffusion in the t-tubular lumen could therefore be involved in the
regulation of cellular excitability and could additionally modulate contractility.

Calcium diffusion

Ca2+ is the mediator of excitation-contraction coupling. Unlike K+, changes of [Ca2+]o
directly affect contractility. As the t-tubular membrane is the predominant carrier of
transmembrane Ca2+-fluxes, the regulation of t-tubular [Ca2+] is particularly impor-
tant.
Changes of t-tubular [Ca2+] were adressed with patch-clamp studies and optical meth-
ods. Shepherd and McDonough [90] used rapid solution changes while recording peak
ICa. ICa showed a biphasic response to rapid changes of [Ca2+]o in guinea pig ven-
tricular cardiomyocytes with a fast and a slow phase, while in rabbit atrial cardiomy-
ocytes lacking t-tubules a slow phase was missing. Assuming that the mean length
of t-tubules is approximately 10 µm, Shepherd and McDonough calculated a diffu-
sion constant of 95 µm2/s, close to the value Swift et al. calculated for K+ [101].
A comparable observation was made using the membrane-associated Ca2+-indicator
Ca2+-Green C18 [13]. After a rapid switch to Ca2+-free solution, a delayed washout
of Ca2+ out of the t-tubular lumen was observed. In the peripheral regions, washout
occured with a t0.5 of 0.9 s and in central regions with 1.7 s. When interpreting these
results, it has to be kept in mind that the Ca2+-indicator itself acts as a buffer and
could contribute to a slower Ca2+-diffusion.
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Ca2+ therefore can accumulate within the t-tubular system and this accumulation
could be involved in the regulation of Ca2+-influx and force generation.

1.2.2 Ion channel distribution in the t-tubular system

Although the t-tubular membrane is continuous with the surface membrane, there is
accumulating evidence that the functional properties of both membrane systems are
different.

Ca2+-channels. A first hint on a specialisation of the t-tubular membrane was the
discovery that the concentration of the L-type Ca2+-channels in isolated membranes
is different after fractionation into t-tubular and surface membrane in rabbit, rat,
sheep and calf ventricular cardiomyocytes [16, 33]. Furthermore, it was observed that
the increase of the L-type Ca2+-channel concentration occurs in parallel to the de-
velopment of the t-tubular system in the postnatal heart [109, 39]. This correlation
holds also true for the decreased L-type Ca2+-channel concentration and t-tubular
depletion observed in heart failure. Based on membrane fractionation experiments,
Wibo et al. [109] estimate a threefold higher concentration in the t-tubular system
(43/µm2 compared to 13/µm2), while Doyle et al. [33] doubt that precise stochiome-
tries can be given as the membrane fractions were likely to be mutually contaminated.
Additionally, the protein localisation can vary depending on a variety of confound-
ing factors, e.g. light. As an example, the Na+-Ca2+-exchanger can be internalised
within hours of light exposure in mice subjected to a light and darkness cycle of 12
hours each [89]. Thus, physiological adaption within short periodical cycles as the
rest-and-activity cycle are sufficient to confound measurements of ion channel density.
These confounding parameters – if not controlled for – can therefore interfere with
the comparability and reproducibility of studies.
Other studies used imaging techniques, mainly immunohistochemistry and thin-section
immunogold electron microscopy. Results were, however, contradictory. A compara-
tive study found higher t-tubular immunoreactivity of L-type Ca2+ channel subunits
in rat, but equal immunoreactivity in rabbit and guinea pig cardiomyocytes compared
to the surface membrane [104]. Although immunohistochemical studies are able to
resolve differences spatially, a major criticism is that differences cannot be reliably
quantified. In addition, the structural differences may not reflect functionality as
ion channel gating is largely dependent on the composition of auxiliary subunits and
associated proteins.
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Although in theory possible by the application of scanning ion conductance mi-
croscopy [57], we are not aware of reports on direct current measurements in the
t-tubular system as parts of the cell membrane cannot be distinguished by conven-
tional patch clamp techniques. Thus, the major evidence for differences in current
densities stems from studies using detubulation by osmotic shock. The brief applica-
tion of formamide results in the internalisation of – depending on the species – about
80% of the t-tubular membrane [18]. This leads to decoupling with the surface mem-
brane. Based on this experimental principle, currents and dependent parameters can
be measured before and after detubulation. In the case of the L-type Ca2+-channel,
the respective current is ICa and dependent parameters are action potential duration
and Ca2+-release from the sarcoplasmic reticulum. Consistent with the notion that
the L-type Ca2+-channel is concentrated in the t-tubular membrane, a decrease can
be found in all three parameters after detubulation [20, 17].

Na+-Ca2+-exchanger. The removal of the bulk of Ca2+-ions is not dependent on
the t-tubular membrane as it is driven by SERCA leading to a reuptake of Ca2+ in
the sarcoplasmic reticulum. The second most important pathway for Ca2+-removal
during relaxation is the Na+-Ca2+-exchanger [12]. Again using detubulation, the
Na+-Ca2+-exchanger was predominantly located in the t-tubular membrane [29, 112].
This was confirmed by immunohistochemical studies [100].

Sarcolemmal Ca2+-ATPase. A single study investigated the localisation of the
sarcolemmal Ca2+-ATPase [25] based on Ca2+-imaging before and after application
of carboxyeosin, a sarcolemmal Ca2+-ATPase inhibitor, in control and detubulated
cardiomyocytes. A contribution of 6% of the total Ca2+-extrusion after the systolic
Ca2+-transient was calculated, that vanishes with detubulation.
Although this contribution seems of minor importance, an important role for the
control of diastolic [Ca2+]i has been suggested [24]. This is based on the observa-
tion that the sarcolemmal Ca2+-ATPase is a low velocity, but high affinity pump and
therefore extrudes Ca2+ even at the low concentrations during diastole. Thus, it can
be argued that sarcolemmal Ca2+-ATPase could play an important role in rather in
diastolic heart failure which is the inability to adaequately relax. Another important
aspect is that a variety of proteins bind to the cytoplasmic loop of the sarcolemmal
Ca2+-ATPase including neuronal nitric oxide synthase [110]. If thus, as suggest by
Chase and Orchard, the sarcolemmal Ca2+-ATPase is located exclusively within the
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t-tubular membrane, the signalling cascades these proteins are involved in are modu-
lated by presence and loss of t-tubules. As the binding to sarcolemmal Ca2+-ATPase
decreases the activity of neuronal nitric oxide synthase and nitric oxide modulates
Ca2+-release from the sarcoplasmic reticulum, the loss of t-tubules could disinhibit
nitric oxide synthase and alter excitation-contraction coupling [60]. These findings
suggest that the t-tubular membrane is not only specialised in ion channel activity,
but also downstream signalling.

Na+-K+-ATPase. The Na+-K+-ATPase establishes the electrochemical gradients
that are necessary for the electrophysiological function of the heart. It actively moves
Na+ out and K+ into the cell. In addition, it is essential for the Ca2+-gradient across
the cell membrane. Only if the Na+-K+-ATPase is operating, the Na+ gradient can
drive the Na+-Ca2+-exchanger to remove Ca2+ from the cytosol – what is called the
forward mode of the Na+-Ca2+-exchanger [12]. Enhancement of the reverse mode is
the basis of the action of digitalis that has been used in the therapy of heart fail-
ure since William Withering discovered its beneficial effects in 1785. The positive
inotropic effect of digitalis glycosides is according to the ”pump inhibition hypothe-
sis” mainly mediated by inhibition of the Na+-K+-ATPase which increases [Ca2+]i by
reducing the forward mode activity of the Na+-Ca2+-exchanger [58].
With the predominant t-tubular localisation of Ca2+-transporting proteins and the
Na+-Ca2+-exchanger especially, it is an obvious hypothesis that also the Na+-K+-
ATPase might be predominantly located in the t-tubular membrane. There is evi-
dence in favour of this hypothesis. Berry et al. [11] localised ≈ 70% of the α2- and
≈ 40% of the α1-subunit in the t-tubular membrane of murine ventricular cardiomy-
ocytes. With the notion that the α2-isoform has a predominant role in [Ca2+]i-control
while the α1-isoform is a housekeeper for the K+-gradient [49] this further supports
the hypothesis that the differential distribution of the Na+-K+-ATPase contributes
to excitation-contraction coupling. This distribution was confirmed in other studies
[100] adding the observation that the α3-isoform could not be localised in the t-tubular
system [46]. In addition, detubulation experiments localise the main activity of the
Na+-K+-ATPase in the t-tubules [29].
The importance of the precise colocalisation of the Na+-K+-ATPase and Na+-Ca2+-
exchanger in the t-tubular membrane can be illustrated by the pathophysiology of an
inherited disorder of heart rhythm, long QT-syndrome 4 [69]. Long QT syndromes
are characterised by a prolonged QT time in the electrocardiogram, familial recur-
rence of sudden cardiac death [87] and a variety of genetic and iatrogenic causes [6].
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One mechanism for the co-distribution is the complex formation of the two proteins
with the inositole-trisphosphate receptor and ankyrin B [68]. In ankyrin B knock-out
mice, dysfunction of Na+-K+-ATPase leads to increased reverse Na+-Ca2+-exchanger
mode. The result is a higher Ca2+-inward current that increases the likelihood of
ventricular tachycardias [70].

K+-currents. Although the t-tubular diffusion has been most extensively studied
for K+ (see 1.2.1), few studies are concerned with the distribution of K+-currents.
A major methodological problem is the great variety of K+-currents. More than 80
K+-channel related genes have been identified so far; in the heart both voltage-gated
K+-cuurents as the as the rapidly activating and inactivating transient outward cur-
rent (Ito1), the ultrarapid (IKur), rapid (IKr) and slow (IKs) components of the delayed
rectifier current and the inward rectifier current (IK1) and ligand-gated currents, in-
cluding the adenosine triphosphate-sensitive (IK,ATP ) and the acetylcholine-activated
(IK,ACh) currents are each functionally highly important [106].
Immunohistochemically KV 4.2, a subunit underlying the transient outward rectifier
current Ito, was located predominantly in t-tubules [105]. The distribution of a va-
riety of currents was investigated in rat ventricular cardiomyocytes before and after
detubulation. As current densities did not change, the transient outward rectifier
Ito, the delayed rectifier IK , and the inward rectifier IK1 were considered as being
uniformly distributed while the steady-state potassium current ISS and – as a control
for detubulation – the calcium ICa were predominantly located in the t-tubules [56].

Stretch-activated currents. Mechanosensitive channels – discovered in the early
80’s first in skeletal muscle [43] and later in the myocardium [114] – are a mainstay
in the feedback regulation of excitation-contraction coupling [55]. Stretch-activated
channels – a subentity of mechanosensitive channels – respond within a milliseconds
to changes of cell length. Most stretch-activated channels are cation-nonselective.
Detubulation can abrogate the activation of stretch-activated currents. [34]. This
raises the question as to how exactly the spatial organisation of the t-tubular system
is altered by whole-cell stretch as explored by electron microscopy [54] and more
recently by confocal microscopy [66]. In the reported data, t-tubule length decreases
≈ 10% and volume ≈ 12% at 15% stretch. Thus, the t-tubular membrane could play
an important role in mediating stretch responses.
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Hormonal modulation of ICa. Hormonal modulation of heart function is an im-
portant principle of physiological adaptation. While cardiac output has to be in-
creased during physical and emotional stress, it can be reduced while the body is
resting. This is – in a very simplified conceptualisation – achieved by changing the
chronotropy (rate of impulse generation), dromotropy (velocity of cardiac conduc-
tion), inotropy (amount of force generated) and lusitropy (velocity of relaxation).
Catecholamines, e. g. adrenaline, noradrenaline, dopamine, dobutamine, in general
have a positive effect on these parameters. Inotropy is regulated, amongst others, by
α1-adrenoceptor-mediated phosphorylation of protein kinase A which leads by mod-
ulation of the L-type Ca2+-channel to an increase of ICa. Thus, the α1-adrenoceptor
predominantly in the t-tubular membrane. Although this aspect has not been inves-
tigated in great detail, this hypothesis can be supported by at least a single study
[73].

Coupling between the surface and the t-tubular membrane. The synchronous
electrical activation of the t-tubular system requires an adaequate coupling between
the surface and the t-tubular membrane. As the coupling between both membranes
cannot be directly measured, assertions can be made that require the assumption of
good coupling as a necessary condition. First, the synchronous activation leads to a
synchronous Ca2+-induced Ca2+-release throughout the cell. This is well documented
and supported by the observation that a disrupted or missing t-tubular system leads
to asynchronicity [18, 47, 95, 113, 63, 97]. Secondly, the action potential is uniform
in both membrane systems. If the coupling would be impaired, the differential distri-
bution of ionic currents would lead to a longer action potential in the t-tubules. This
is suggested by the finding that formamide-treatment shortens the action potential in
tubulated [21, 84], but not in non-tubulated cells [18] and is coherent with simulations
based on a biophysical model incorporating a t-tubular compartment [74, 77]. Direct
experimental evidence that this is indeed the case comes from the observation that
repolarisation throughout the the cell is uniform [23]. Third, it can be expected that
decay of subthreshold voltage clamp steps would be monoexponential [85]. If cou-
pling between the surface and the t-tubular membrane was impaired, a biexponential
would have to be expected with a first component resulting from the surface and a
second resulting from the t-tubular membrane.
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1.3 Heterogeneity of cardiomyocyte repolarisation

1.3.1 Is there a connection between t-tubular architecture and
repolarisation?

The connection between the topic of the former section – the specialisation of the
t-tubular membrane – and the following is not obvious and requires the anticipa-
tion of one of the hypotheses: variability of the distribution of t-tubular membrane
between ventricular cardiomyocytes could be sufficient to alter electrophysiological
function and repolarisation in particular. If this variability exists, the distribution
of the predominantly t-tubular currents might be altered as well. Thus, this section
introduces the concept of dispersion of repolarisation before the complete hypotheses
are formulated.

1.3.2 Role of repolarisation dispersion in the heart

Differences in the electrophysiological function of cardiomyocytes within a specific
compartment, e. g. the left ventricle, have long been recognised as a normal fea-
ture of the heart. These differences, however, can contribute to disturbances of heart
rhythm. Heterogeneity can be found with nearly every aspect of electrophysiological
function, yet differences in repolarisation patterns have a distinct role in the theory
of the electrocardiogram and heart rhythm disorders.
Repolarisation can be defined as the return of the excited cardiomyocyte to its rest-
ing membrane potential. Differences in the duration of the repolarisation have long
been recognised [45], however the concept of transmural dispersion of repolarisation
has greatly stimulated research, although its significance in human physiology is still
highly debated [72]. Although heterogeneity in the heart is recognised in many di-
mensionalities of the heart, e. g. apex to base, we illustrate the principle of electro-
physiological heterogeneity by the concept of dispersion of repolarisation in order to
keep conciseness. Its basic assumption is that repolarisation behaviour changes across
the ventricular wall from the outside – the epicardium – to the inside of the heart –
the endocardium. Within the wall – transmurally – there are different populations of
cells. While the epi- and endocardial cells repolarise relatively fast, a third population
– the so called M cell – stands out by its long action potential duration [91]. It has
been suggested that M cells, although they depolarise before epicardial cells, they are
the latest to repolarise because of their long action potential duration. The hallmark
feature of M cells is, however, that they prolong their action potential duration un-
proportionately compared to epi- and endocardial cells in response to slowing of the
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heart rate, pharmacological agents and ion channel mutations that prolong the action
potential duration.
The concept of transmural dispersion of repolarisation elegantly explains repolari-
sation waveform in the electrocardiogram – the T wave – [111, 5] as well as the
pathophysiology of a variety of rhythm disorders that are characterised by alterations
of the T wave [6]. Among those are inherited cardiac rhythm disorders like the long
QT syndrome [87], the short QT syndrome [44], the Brugada syndrome [22] as well
as pharmacologically induced changes of the electrocardiogram waveform[7].
At the peak of the T wave, the M cells are still depolarised while the epi- and en-
docardial cells are fully repolarised. The T wave reaches its end when the M cells
finish repolarisation. While the existence of M cells and transmural dispersion of re-
polarisation is excellently documented in the canine heart [8], there are considerable
doubts that these phenomena occur in other species. Although positive reports exist
for guinea pig [93], humans [59, 41] and pig [99], others could not find evidence for
the existence of M cells in the very same species [82]. In addition, there is consider-
able doubt that, even if M cells existed, they would play a role in the intact heart
[103, 102].

1.3.3 Differential ion channel distribution is a basis of eelctro-
physiological heterogeneity in the heart

While the rapid depolarisation is carried by an inward movement of Na+-ions via
voltage-activated sodium current, the repolarisation is determined by a complex in-
terplay of K+-, Na+- and Ca+-currents. In the canine heart, differences in the cell
membrane’s permeability for all three ions account for the transmural dispersion of
repolarisation as the Na+-Ca2+-exchanger, [116], the late Na+-current [115] and the
slow component of the delayed rectifier IKs [62] are differently regulated.
In addition, a variety of other currents are involved in different diseases that are pre-
sumably associated with an increased dispersion of repolarisation: a gain-of-function
of the L-type Ca2+-current [98, 94] and of the late Na+-current as well as a loss-of-
function of the rapid component of the delayed rectifier and the inward rectifier.

1.4 Aims

Firstly, this thesis presents methods to reconstruct three-dimensional structure of the
t-tubular system based on light and electron microscopy. Secondly, based on the
specialised membrane properties of the t-tubular system, it can be hypothesised that
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variations in the structure might contribute to electrophysiological heterogeneity. We
quantified variation of the density of the t-tubular within and between ventricular
cardiomyocytes with confocal microscopy and, using a computational model of a ven-
tricular cardiomyocyte incorporating a t-tubular compartment, we explored potential
impacts of t-tubular variation on repolarisation.

15



Chapter 2

Materials and Methods

2.1 Experimental procedures

2.1.1 Solutions

Solution compounds were obtained from Sigma-Aldrich, St. Louis, MO, USA (www.
sigma-aldrich.com).
Phosphate buffered solution: NaCl 137 mmol

L
, KCl 2.7 mmol

L
, Na2HPO4 10 mmol

L
,

KH2PO4 1.76 mmol
L

, pH 7.4
Tyrode’s solution: NaCl 140.0 mmol

L
, KCl 5.4 mmol

L
, CaCl2 mmol

l.8
, if not otherwise stated,

MgCl2 1.0 mmol
L

, HEPES 5 mmol
L

, glucose 11 mmol
L

, pH 7.4
Modified Tyrode’s solution: NaCl 128.0 mmol

L
, KCl 2.6 mmol

L
, CaCl2 mmol

L
, MgSO4 1.18

mmol
L

, KH2PO4 1.18 mmol
L

, HEPES 10 mmol
L

, taurine 20 mmol
L

, glucose 11 mmol
L

, pH 7.0

2.1.2 Cell isolation

For confocal microscopy, ventricular cardiomycytes were kindly provided by Philipp
Cobden, Department of Physiology, Anatomy and Genetics and for electron tomog-
raphy by Andy Edwards, Cardiac Physiology Laboratory, University of Colorado at
Boulder. Sprague-Dawley rats were killed by cervical dislocation in accordance with
Schedule 1 of the UK Home Office Animals (Scientific Procedures) Act of 1987. The
heart was excised, transferred into Tyrode’s solution containing heparin and Lan-
gendorff perfusion was initated. For this, a cannula was inserted retrogradely into
the ascending aorta and kept in position by a sutured banding. The cannula was
connected to a pump to maintain perfusion controlled by constant flow. Initially,
the hearts were perfused with modified Tyrode’s solution supplemented with 5,000 U

L

heparin and subsequently with modified Tyrode’s solution with 20.0 mmol
L

K+ in ex-
change for Na+ to induce cardioplegic arrest. Upon induction of arrest, the perfusate
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was changed for 12 min to enzyme-containing solution (high K+ modified Tyrode’s
solution supplemented with 0.24 mg

mL
BlendZymes III, Roche). The predigested ven-

tricular tissue was then harvested to mince it using a sharp pair of scissors in 10 mL of
the enzymatic solution. This solution was collected every 5 min (5 repeats), filtered,
and centrifuged for 1 min at 18 g (Precision Durafuge 100). The supernatant was
discarded, and the cell pellet was resuspended.
For a single experimental day, rabbit instead of rat ventricular cardiomyocytes were
obtained from Philipp Cobden, Department of Physiology, Anatomy and Genetics.

2.1.3 Confocal microscopy

Staining

After isolation, cardiomoyocytes were diluted in Ca2+-free Tyrode’s solution in order
to achieve a cell density of less than 10 cells at 100 times magnification after attach-
ment on coverslips. Coverslips were incubated with a drop of 0.5% poly-L-lysine for
30 min to improve attachment of cardiomyocytes. Coverslips were washed 3x5 min
with Tyrode’s solution before 200 µl of cardiomyocyte solution was distributed in
the lysin-coated area. Cardiomyocytes were allowed to settle for 15-30 min result-
ing in microscopically controlled firm attachment controlled by gentle movement of
coverslips. Depending on the dye, different staining protocols were used.

Wheat germ agglutinin-Alexa 555. Before cardiomyocytes were placed on the
coverslips, wheat germ agglutinin-Alexa 555 (WGA-Alexa 555, Molecular Probes, 5
µg
L
, stock solution 5 mg

mL
dissolved in phosphate buffered solution) was added to the

cardiomyocyte solution. Cardiomyocytes were transferred with the dye-containing
solution onto the coverslips resulting in simultaneous attachment and staining. After
30 min of incubation with the dye, the solution was replaced with dye-free, Ca2+-free
Tyrode’s solution.

Dextran-conjugated dyes. Three different dextran-conjugated dyes were tested
differing in mean molecular weight of the conjugated dextran, electrical charge and
conjugated dye: 70 kDa with fluorescein (negative net charge), 10 kDa with flu-
orescein (negative net charge) and 3 kDa with TexasRed (neutral net charge), all
purchased from Molecular Probes, each at 0.5, 1, 1.5 and 2 mmol

L
). Cardiomyocytes

were incubated with dextran-conjugated dyes with varying incubation times to ob-
serve the distribution of the dyes in the t-tubules at different time points. Different
concentrations were tested for each dye.
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Image acquisition

Cardiomyocytes were imaged using a Leica TCS NT confocal microscope with a
100x objective, numerical aperture 1.4 with the company’s software. For later three-
dimensional modelling, z-stacks were acquired starting directly above the coverslip
and ending ≈ 10 µm. The number of optical sections was calculated with the Leica
software.
In addition, fluorescent beads with diameters of 100 nm were imaged to determine
the point spread function of the microscope. They were diluted in heated Tyrode’s
solution with 2% agarose. The solution was transferred onto coverslips and cooled
down to avoid Brownian movement of the fluorescent beads during imaging. ≈ 10
z-stackes were acquired of 20 fluorescent beads.

2.1.4 Electron tomography

Fixation

Cardiomyocytes were fixed either using conventional chemical fixation or high-pressure
freezing and subsequent freeze substitution. Both procedures were kindly demon-
strated by Mary Morphew, Department of Molecular, Cellular and Developmental
Biology, University of Colorado at Boulder. For conventional chemical fixation, cells
were fixed in phosphate buffered solution containing 2% glutaraldehyde for 40 min
and postfixed in 1% OsO4 for 10 min, After dehydration in acetone and embedding
in Epon-Araldite resin (Electron Microscopy Sciences, Hatfield, PA, USA), speci-
mens were sectioned with an ultramicrotome (Leica EM UC, Wetzlar, Germany) at a
thickness of 250 nm and then transferred onto grids. Gold particles (British Biocell,
Cardiff, UK; diameter 15 nm) were added to both surfaces serving as fiducial markers
in the following tomogram reconstruction. For high-pressure freezing and subsequent
freeze substitution, cardiomyocytes were seeded onto sapphire disks that were coated
with poly-D-lysine. After 30 min, cells were washed and incubated with a medium
containing 30% dextran (20 kDa, Sigma-Aldrich). Introduced into a specimen carrier,
the sapphire disks were transferred into a high-pressure freezer (BAL-TEC HPM 010,
BAL-TEC AG, Liechtenstein, now Leica Microsystems). Sapphire disks were kept in
liquid nitrogen after freezing and transferred into a freeze substitution system (Leica
AFS2, Leica Microsystems). The substitute was composed of anhydrous acetone con-
taining 0.1% dehydrated glutaraldehyde, 0.25% uranyl acetate, and 0.01% osmium
tetroxide. Substitution was initiated at -90◦C. After 36 hours, temperature was in-
creased to -45◦C at a rate of 10◦C/h. At -45◦C, the specimen was infiltrated with

18



plastic, UV polymerisation was started. After 45 hours, temperature was increased
to room temperature under continuous UV illumination at a rate of 10◦C per hour.
After freeze substitution and embedding, semithick sections were cut serially using
a Leica Ultracut UCT microtome (Leica Microsystems). Sections were collected on
Formvar-coated, palladium-copper slot grids and post- stained with 2% UA in 70%
methanol, followed by Reynolds lead citrate.

Image acquisition

Slot grids were transferred into a motorised specimen holder which was inserted into
a Tecnai TF30 microscope operating at 300 kV (FEI company, Eindhoven, Nether-
lands).
Image acquisition was controlled with SerialEM (http://bio3d.colorado.edu/SerialEM).
Projections were acquired starting at -60◦ up to +60◦ with 1◦ increments. After 121
projections were acquired, specimens were turned by 90◦ in the x-y-plane and a second
series of 121 projections was taken.

2.2 Generation of three-dimensional models

2.2.1 Confocal microscopy

Preprocessing. The model generation was based on two different algorithms for
image preprocessing. The first algorithm was designed to optimise the images for
later segmentation while retaining as much of the structural information as possible.
The second algorithm lead to an additional image stack with the aim to get a first
rough segmentation associated with a loss of structural information. The resulting
image stack was used as a basis of the latter segmentation to reduce user interaction
and computational time.
First of all, images were deconvolved using an iterative Lucy-Richardson algorithm
based on the point spread function that was already implemented in Matlab, Image
Processing Toolbox. After deconvolution, histogram equalisation was used. For the
presegmentated image stack, a global threshold was calculated for each individual
image using Otsu’s method and, based on the threshold, was converted to a binary
image. This was done sequentially for each image of a stack.

Segmentation. Image stacks were loaded into Seg3D (http://www.sci.utah.edu/
download/seg3d/ and – with the information on voxel sizes – exported in the nrrd
format. The volumes with preserved structural information were then imported into
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ITK-SNAP (http://www.itksnap.org) to use the segmentation algorithm based on
region growing. The respective presegmented volume was then used to define starting
points of the segmentation. The region growing was reiterated until the segmented
volume did not change by optical inspection. Now seeds were placed into t-tubules
that were missed by the presegmentation and the algorithm was restarted again until
detailed optical inspection revealed a good match between segmentation and the raw
volume data.

2.2.2 Electron tomography

Generation of tomograms. Tomograms were generated using eTomo, part of the
IMOD package (http://bio3d.colorado.edu/IMOD). Before a model of the fiducial
markers was generated, projections were coarsely aligned by cross-correlation. Then,
in a single projections, about twenty to forty fiducial markers were selected. Starting
with those seed fiducial positions, eTomo tracked the selected fiducial markers in
all projections. If fiducial markers could not be automatically tracked in adjacent
projections, they were manually selected. After the set of fiducial coordinates was
complete, fiducial coordinates with a high residual error were visually inspected and
manually corrected until a mean residual error of less than 0.25 was achieved. With
the model of fiducial markers, the projection data was transformed and three small
reconstructions were calculated. The borders in the z-axis were drawn by hand in
the three reconstructions. With the fiducial marker model and the border model, the
final tomogram was calculated.

Segmentation. Sarcoplasmic reticular, t-tubular and mitochondrial membranes
were manually traced using IMOD (http://bio3d.colorado.edu/IMOD). To ease seg-
mentation, tracing was started in a x-y-slice. With the tracking tool, shapes were
transferred into an adjacent section and corrected using the sculpt function.

2.3 Analysis of variability

As a first approximation of variability, the fraction of the t-tubular system was calcu-
lated in two-dimensional images acquired with confocal microscopy of cardiomyocytes
stained with WGA-Alexa 555. As this conjugate binds to the glycocalix of the cell
membrane, the signal was regarded as representing the t-tubular content. For the
comparison of intercell-variability of the t-tubular system, images at 4-6 µm inside
of the cell (measured as distance to coverslip) were loaded into MATLAB 7.11.0
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(http://www.mathworks.com). A region of interest outside of the perinuclear region
of approximately 128x128 pixels was selected. Regions of interest were preprocessed
in Matlab using deconvolution and adapted histogram equalisation. After threshold-
ing at 30% intensity as previously done by [31] and removal of groups of less than
20 pixels, pixels above the threshold were considered to belong to the t-tubular sys-
tem. The sum of positive pixels was divided by the sum of total pixels to obtain
the t-tubular fraction. To test for the intracellular variability, the same procedure
was done in at least 5 consecutive images of the same cardiomyocyte with a distance
of 10 optical sections between each. The t-tubular fractions were compared using
MATLAB.

2.4 Functional modelling

To test the impact of t-tubular variability on the electrophysiological function of car-
diomyocytes, a model of the guinea-pig ventricular cardiomyocyte by Pásek et al.
[77] was obtained from the CellML model repository (http://models.cellml.org/
exposure/635e4736ed9c650fb8c8746e9cc229c3). The unique characteristic of this
model is the incorporation of a t-tubular compartment that is separated from the
bulk extracellular space by restricted diffusion. According to the differential distri-
bution between cell surface and t-tubular membrane (see Introduction), ionic current
densities of the whole cell are expressed as the sum of the t-tubular and cell surface
membrane current density. The t-tubular and the surface membranes are parallel
connected. The interface between SR and t-tubular membrane – the subspace – is
separated from the bulk intracellular space by restricted diffusion. The detailed math-
ematical formulation of the model can be found in [77].
Simulations were done in OpenCell V 0.8 (http://www.cellml.org/tools/opencell)
built from source and run with Ubuntu 10.10. Maximum step size was set to 1 ms and
point densitymax to 105. The t-tubular volume was varied according to the minimum,
25% percentile, 75% percentile and maximum of the distribution of t-tubular fractions
(FT,min, FT,p25, FT,p75 and FT,max, given in percent). This was achieved by changing
the parameter ρm describing the density of t-tubules in the surface membrane and
is proportional to the surface of the t-tubular membrane Sm,t = 4π2rtLtrcLcρt (rt:
mean radius of t-tubules, Lt mean length of t-tubules, rc radius of the cell, Lc: length
of cell). Data were analysed using MATLAB 7.11.0 ((http://www.mathworks.com)
and R 2.12 (http://www.r-project.org/).
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Figure 2.1: Scheme of the model by Pásek et al. [77] (CellML model repository).
The sarcolemma is represented as a blue bilipid layer, ionic currents as one-arrowed
yellow transmembrane symbols, pumps as two-arrowed yellow symbols, exchangers
as blue circles, buffers as green squares. The sarcoplasmic reticulum is divided into a
junctional (JSR) and a network (NSR) sarcoplasmic reticulum. Rate limited transfer
of Ca2+ between different intracellular space and subspace is indicated by yellow
circles.
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Chapter 3

Results

3.1 Two-dimensional representations of the t-tubular
system

Staining of the t-tubular system in rat ventricular cardiomyocytes was attempted
based on WGA-Alexa 555, a conjugate that binds to the glycocalix of at the outer
cell membrane and thus remains inside the t-tubular lumen, and dextran-conjugates
with different molecular weights.
While incubation with WGA-Alexa 555 reliably resulted in a t-tubular pattern, the
negatively charged dextran-fluorescein conjugate at 70 kDa could be detected in an
isolated case and the negatively charged dextran-fluorescein conjugate at 10 kDa could
not be detected inside the t-tubular lumen at all. Observation times were increased
up to two hours with varying observation intervals. Bath fluorescence was bright in
all cases. Observation times were increased up to two hours with varying observation
intervals. Experiments with dextran-fluorescein 70 kDa without stimulation were
performed at 10 different days with 6 ± 2.1 runs per day. The time course was
observed in a single cell. After observation time was completed, dextran diffusion
was assessed in at least 10 other cells. Observation times were 15 min in 31 cases,
30 min in 11 cases, 1 hour in 4 cases and 2 hours in 4 cases. For dextran-fluorescein
10 kDa, a mean of 3.2± 1.7 runs at 13 experimental days were performed and here,
observation times were 15 min in 26 cases, 30 min in 6 cases, 1 hour in 6 cases and 2
hours in 4 cases (see table 3.1).
A facilitation of diffusion by deformation of the t-tubular system has previously been
proposed [66, 86]. With the hypothesis that active contraction of the cardiomyocytes
could increase uptake of dextran conjugates into the t-tubular system, cardiomyocytes
incubated in a Tyrode’s solution with Ca2+ (0.9 mmol

L
) were stimulated at different
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Dye n not stimulated n stimulated
Dextran fluorescein 70 kDa 60 (1) 5 (0)
Dextran fluorescein 10 kDa 42 (0) 4 (0)

Table 3.1: T-tubular prenetration of dextran-conjugates: number of experiments. In
brackets: number of experiments with dye detected within the t-tubular system.

frequencies (1-4 Hz) for up to 30 min. This was tried 5 times with dextran-fluorescein
70 kDa and 4 times with dextran-fluorescein 10 kDa. None of the attempts resulted
in the detection of dextran-conjugates inside of the t-tubular system.
Therefore, confocal microscopy for three-dimensional modelling and analysis of t-
tubular variability were based on WGA-Alexa 555 stainings.

3.2 Three-dimensional representations of the t-tubular
system

3.2.1 Confocal microscopy

Image stacks were converted to a volume after deconvolution and adapted histogram
equalisation. The region growing algorithm implemented in ITK-SNAP was used for
segmentation. Although all parts of the t-tubular system are interconnected via the
surface membrane, extensive selection of so called seed points within the surface and
t-tubular membrane – small cubic or sphaerical volumes wherefrom the segmentation
algorithm initiates – was required especially in volumes generated from rat cardiomy-
ocytes, but less so in rabbit cardiomyocytes. This resulted partially from the thinner
and more complicated t-tubular system in the rat, but also from an incomplete inter-
connectivity of the imaged t-tubular system.
To avoid the time-consuming selection of seed points, a presegmented binary image
stack was used as a seeding matrix. The preprocessed image stack was further thresh-
olded using Otsu thresholding (see Fig 3.1). Here, a single threshold intensity level is
automatically determined and a binary image is generated with zeroes at intensities
below and ones at intensities above the threshold intensity. The combined approach
reduced user interaction substantially. A representative three-dimensional model is
shown in fig. 3.2).
The achieved voxel resolution is anisotropic and was calculated as 0.156µm·0.156µm·
0.22 µm (It has to be kept in mind that optical resolution is lower as given in section
2.1.3).
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Figure 3.1: Segmentation in confocal volumes (representative slice of a volume)
A: Slice after pre-processing, B: Pre-segmentation, white areas represent the pre-
segmented membrane, C: Pre-segmentation projected onto slice (green). The pre-
segmentation coordinates were used as seed points for region-growing segmentation,
D: Region growing after 500 iterations.

3.2.2 Electron tomography

Five datasets were obtained from rat cardiomyocytes; three after chemical fixation
and two after high pressure freezing and freeze substitution. Four of the datasets had
a mean volume of 2470 · 2470 · 173 ± 15nm3 with an isotropic pixel spacing of 12.05
Å. The remaining dataset was a 2 · 1 montage of two adjacent datasets with a total
volume of 4703 · 2470 · 205nm3.
For the segmentation, mitochondrial, t-tubular and sarcoplasmic reticular membranes
were considered. The membrane configuration was remarkably different after the dif-
ferent fixation protocols. After chemical fixation, especially the outer mitochondrial
membrane, but other membranes as well were corrugated (Fig 3.3, B). In addititon,
membrane discontinuities could be found after chemical fixation (Fig 3.3, D).
SR membranes could only be detected after chemical fixation (Fig 3.3, B,C), but not
after freeze substitution (Fig 3.3, A). The inner mitochondrial membrane was weakly
contrasted after freeze substitution; therefore, cristae could only be found after chem-
ical fixation (Fig 3.3, B).
In summary, several ultrastructural details (inner mitochondrial membrane, sarcoplas-
mic reticulum) were contrasted after chemical fixation, but not after freeze substi-
tution. However, membrane corrugation and discontinuities of membranes were not
found after freeze substitution, but not after chemical fixation.
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Figure 3.2: Representative three-dimensional model derived from confocal microscopy
of a rabbit ventricular cardiomyocyte (Background: blue, sarcolemma: grey, X-axis:
red, Y-axis: yellow, Z-axis: green) : A) View at the lateral surface membrane, B)
Oblique view into the cell, C) View from top into the cell, D) View at t-tubular
mouths of the surface membrane
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Figure 3.3: Electron tomography of rat ventricular cardiomyocytes. A: After freeze
substitution. White asterisks: Mitochondria, black +: t-tubules. Christae within
mitochondria are weakly contrasted; a sarcoplasmic reticulum could not be detected.
Scale bar: 250 nm. B: After chemical fixation. White asterisks: Mitochondria, black
+: t-tubules, black arrowheads: sarcoplasmic reticulum. Scale bar: 250 nm. C:
Three-dimensional model projected into a single tomographical slice after chemical
fixation. Dark blue: t-tubule, light blue: outer mitochondrial membrane, green:
sarcoplasmic reticulum. Scale bar 250 nm. D: Electron tomogram after chemical fix-
ation. Red asterisk: Disconuity in a sarcoplasmic reticulum membrane after chemical
fixation
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3.3 Structural variability of the t-tubular system

3.3.1 Inter- and intracellular variability

Based on confocal microscopy of cardiomyocytes stained with WGA-Alexa 555, the
t-tubular fraction was determined in N = 54 different cells as 31.78±10.78% ranging
from 10.53% to 54.13%. 25th, 50th, and 75th percentiles were 26.07%, 32.06% and
38.27%, respectively. To estimate the ratio between between inter- and intracellular
variability, the coefficient of variation was calculated as cv = σ

µ
with σ as the standard

deviation and µ as the mean of the respective sample population. The variation
coefficient for the N = 54 different cells was 35.24%. To estimate the intracellular
variability, the variation coefficient was calculated in 5 image stacks of 5 different
cells based on a mean of 11.8 images (distance 5 optical sections). The coefficient of
variation for this population was calculated as 7.91± 2.72%, 95% confidence interval
4.09% - 10.26%. The intercellular variability is therefore about between 3.4x to 8.6x
higher than the intracellular variability.

Figure 3.4: Intercellular variability of the t-tubular surface in rat ventricular car-
diomyocytes: A) Boxplot, B) Histogram

3.3.2 Modelling of the effects of t-tubular variability on elec-
trophysiology

As variability of the t-tubular density between different cardiomyocytes could be ob-
served (and was higher between cells than within cells), the question whether t-tubular
variability has a relevance for cellular electrophysiology was adressed. In the model
by Pásek et al. [77], the t-tubular system is represented as a cylindric compartment
with a surface Sm,t = 4π2rtLtrcLcρt (rt: mean radius of t-tubules, Lt mean length
of t-tubules, rc radius of the cell, Lc: length of cell, ρt: density of t-tubular ostiae
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at the cell surface). ρt was multiplied by the minimum, 25th percentile, mean, 75th

and maximum individually divided by the mean resulting in 5 models at the range of
t-tubular densities.

All data were obtained within a cycle of 30 s simulated time after the model was
run for 1800 s to achieve steady state.

Effect of t-tubular variability on electrophysiological function under stan-
dard conditions

Action potential. Action potential morphology was primarily evaluated by visual
inspection (Fig. 3.5, A) and was judged as minimal. Differences were quantified
by trapezoidal numerical integration of 30 action potentials at 1 Hz stimulation rate
after correcting the offset. FMean deviated minimally (0.04%) from the mean of the
integrals. FP25 and FP75 deviated 0.62% and -0.74%, respectively. Fmin was 2.1%
greater, Fmax reduced by 3.26%.

L-type Ca2+-current. The density of t-tubules in the surface membrane positively
correlates with the the t-tubular ICaL (Fig. 3.5 C) and, consequently, with the whole
cell ICaL (Fig. 3.5) which is the sum of the t-tubular and the surface membrane
ICaL (ICaL,c = ICaL,t + ICaL,c). Under steady-state conditions, an isolated reduction
or increase of ICa,c leads to an abbreviation or prolongation of the action potential.
As depicted in Fig. 3.5 A, the t-tubular density does however not correspond to the
action potential duration.
While the t-tubular surface decreases by 33.13% and the whole membrane surface by
31.69% in minimally compared to normally tubulated cardiomyocytes, whole cell ICaL
decreases by 35.26%. In maximally tubulated cardiomyocytes the t-tubular surface
is 70.33% and the whole membrane surface is 37% larger. Whole-cell ICaL increases
by 32.58%.

Ca2+-extrusion. ICa,P , the current of the sarcolemmal Ca2+-ATPase is a pure out-
ward current. Thus the integral corresponds with the amount of Ca2+-ions extruded
by the sarcolemmal Ca2+-ATPase. Changes of ICa,P corresponded with the changes
of t-tubular density. At the minimal t-tubular density the whole cell ICa,P integral
was reduced by 36.4%, at the 25th percentile by 10.1%. At the 75th percentile an
increase by 10.3%, at the maximum by 36.8% could be found. The minimal whole
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Figure 3.5: Modelling of the action potential duration, whole cell ICaL, t-tubular
ICaL, whole cell INCX and whole cell ICaP at different t-tubular surface densities.
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Concentrations Minimum P25 Mean P75 Maximum
[Ca2+]SS [µmol

L
] 0.295 0.326 0.342 0.342 0.374

[Ca2+]i [µmol
L
] 0.127 0.13 0.131 0.117 0.113

Ratioi/SS 0.43 0.40 0.38 0.34 0.30
[Ca2+]t [mmol

L
] 1.74 1.76 1.77 1.77 1.77

[K+]t [mmol
L

] 5.53 5.48 5.48 5.47 5.46
[Na+]t [mmol

L
] 139.97 139.99 139.99 139.99 139.99

Table 3.2: Ion concentrations depending at different t-tubular densities: [Ca2+]SS
is the Ca2+-concentration in the subspace, [Ca2+]i is the Ca2+-concentration in the
intracellular space, [Ca2+]t is the Ca2+-concentration in the tubular space, [K+]t and
[Na+]t are the tubular Na+- and K+-concentrations, respectively. P25 and P75 are
the 25th and 75th percentile, respectively. All concentrations are given as means in a
cycle of 30 stimulated beats at a frequency of 1 Hz.

cell ICa,P which corresponds to the diastolic activity as well as the peak whole cell
ICa,P showed a similar behaviour.

Ion concentrations. The altered ion channel behaviour may lead to and may also
be partially explained by changes in ion concentrations. Table 3.2 summarises the
changes depending on the t-tubular densities at the minimum, 25th percentile, mean,
75th percentile and maximum of the empirically determined distribution. While the t-
tubular Na+-concentration changed minimally (0.01% change between minimum and
maximum), a small change of the t-tubular K+(-1.3%) and Ca2+concentration (1.7%)
was calculated. The intracellular Ca2+-concentration, however increased with a lower
t-tubular density (12.3%), while the Ca2+-concentration in the subspace increased
(26.8%). This lead to a decrease in the ratioi/SS = [Ca2+]i

[Ca2+]SS
(see table 3.2)

Effects of t-tubular density on intracellular Ca2+-cycling. The t-tubular den-
sity lead to an opposite behaviour of intracellular and subspace Ca2+-concentrations
(Table 3.2). Consequently, a change of the transport of Ca2+ between intracellular
space, subspace, Ca2+-network and junctional sarcoplasmic reticulum was assumed.
The relevant variables are the Ca2+-uptake from the subspace into the Ca2+-network
(Jup), the transfer between the Ca2+-network and the junctional sarcoplasmic retic-
ulum (Jtr), the release from the junctional sarcoplasmic reticulum into the subspace
(Jrel), the transfer between subspace and intracellular space (Jxfer) and finally the
Ca2+-leak from the sarcoplasmic reticulum into the intracellular space, which – under
steady state conditions – is the difference between Jrel and Jup. The integrals for
an average beat during 30 s stimulation at 1 Hz were calculated using trapezoidal
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Variables Minimum P25 Mean P75 Maximum
Jtr x10

−7mmol
s

1.23 1.33 1.36 1.40 1.51
Jrel x10

−7mmol
s

1.25 1.36 1.45 1.38 1.52
Jup x10

−7mmol
s

3.72 3.96 4.02 4.10 4.29
Jxfer x10

−7mmol
s

1.66 1.93 2.08 2.08 2.37

Table 3.3: Intracellular Ca2+-cycling: Jtr: Transfer between junctional sarcoplas-
mic reticulum and Ca2+-network, Jrel: Ca2+-release from the junctional sarcoplasmic
reticulum into the subspace, Jup: Ca2+-uptake from the intracellular space into the
Ca2+-network, Jxfer: transfer between subspace and intracellular space.

numerical integration and are given in table 3.3.
Any of the variables were increased with a higher t-tubular density; this – in addi-
tion to higher ICaL – explained the higher mean Ca2+-concentration in the subspace
(Table 3.2) despite an equal action potential duration.

Effects of t-tubular density on K+-currents. Being equally distributed be-
tween surface and t-tubular membrane, whole cell (Fig. 3.6 A) and t-tubular (Fig.
3.6 B) IKr increased with higher t-tubular density and decreased with lower t-tubular
density. Whole-cell IKr increased by 28.38% in maximally and decreased by 34.86%
in minimally tubulated cardiomyocytes compared to normally tubulated cardiomy-
ocytes. IK1 increases by 36.62% in maximally and decreases by 37.14% in minimally
tubulated cardiomyocytes. An 31.6% increase and a 34.86% decrease for IKs was ob-
served. Relative to the whole membrane surface, the decrease in minimally tubulated
cardiomyocytes was higher than the increase in maximally tubulated cardiomyocytes.

Contribution of t-tubular variability under non-standard conditions

Na+-K+-ATPase inhibition. Inhibition of the Na+-K+-ATPase was simulated by
reduction of the maximal current of the Na+-K+-ATPase, INKA, from 1.5 µA

cm2 to 0.5
µA
cm2 . The action potential was shortened in any of the cases; however shortening
was more pronounced in maximally and less pronounced in minimally tubulated car-
diomyocytes (Fig. 3.7 A). This could partially be attributed to a steeper reduction
of ICaL in maximally tubulated cardiomyocytes during the late repolarisation as in-
dicated by a stronger left-shift of ICaL in fig. 3.7 D than in normally (Fig. 3.7 C)
and minimally (Fig. 3.7 B) tubulated cardiomyocytes. Thus, in the case of Na+-K+-
ATPase inhibition, variability in the degree of tubulation could induce a considerable
dispersion of repolarisation.
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Figure 3.6: Whole cell (A) and t-tubular (B) IKr during the action potential.

Changes in the extracellular K+-concentration. The extracellular and t-tubular
K+-concentrations were equally set to 3.5, 5.4 and 7 mmol

L
. These values correspond to

the lower limit of reference values in humans (3.5 mmol
L

), the standard model condition
which is close to the upper limit of the reference values in humans (5.4 mmol

L
), and

a value that corresponds to an elevated plasma concentration (7 mmol
L

), to so called
hyperkaliaemia. Fig. 3.8 shows the action potential traces for the maximal, the mean
and the minimal t-tubular density. An elevation of the extracellular K+-concentration
lead to a shortening of the action potential, a reduction to a prolongation. While at
the standard and the elevated K+-concentration differences in action potential dura-
tion were minimal, a reduction to the lower physiological limit lead to a shortening
of the action potential at maximal t-tubular density and a prolongation at minimal
t-tubular density. Thus, a low normal K+-concentration could induce a slight disper-
sion like the isolated inhibition of the Na+-K+-ATPase albeit it prolonged the action
potential.

Inhibition of K+-currents. Among the repolarisation reserve-related currents,
IKr, IKs, and IK1 were considered. Ito-conductance is set to 0 in the default model
conditions and Ito was therefore not included. Action potential waveform was uniform
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Figure 3.7: Inhibition of the Na+-K+-ATPase: A: Shortening of the action poten-
tial was less pronounced in minimally tubulated and more pronounced in maximally
tubulated cells. B,C,D: Relative reduction of ICaL was highest in maximally tubu-
lated cardiomyocytes (D) and lowest in minimally tubulated cardiomyocytes (B).
Mean tubulation fell in between (C). This contributes to the differential shortening
of the action potential.
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Figure 3.8: Effects of extracellular K+-concentration on action potential shape at
different t-tubular densities
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Figure 3.9: Inhibition of K+-currents. A: uniform action potential waveform with
intact K+-currents, B: uniformly prolonged action potential waveform with complete
IKr-inhibition, C: earlier repolarisation in maximally tubulated cardiomyocytes with
complete IKs-inhibition (gKs = 0) and IKr-reduction (gKr − 25%)

with intact currents (Fig. 3.9 A). With complete IKr-inhibition which was simulated
by setting gkr to 0, the action potential was prolonged uniformly in minimally, nor-
mally and maximally tubulated cardiomyocytes (Fig. 3.9 B). Complete IKs-inhibition
(gKs = 0) combined with IKr-reduction (gKr − 25% prolonged the action potential
uniformly in minimally and normally tubulated cardiomyocytes and slightly less in
maximally tubulated cardiomyocytes (Fig. 3.9 C).
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Chapter 4

Discussion

4.1 Generation of three-dimensional models of the
t-tubular structure

In this study, three-dimensional models of the t-tubular architecture could be gener-
ated based on optical signals. This has been achieved before using multiphoton [96]
and confocal microscopy [86, 66]. However, an optical approach to structural mod-
elling of the t-tubular system is problematic as diameters of t-tubules are partially
below the resolution of light. Details that contribute to the surface of the t-tubular
membrane, e. g. foldings, are not to be resolved by light microscopy. Besides this
general consideration, a magnitude of problems may arise at different steps in the
experimental and computational workflow starting with the cell isolation. In the fol-
lowing section, these problems will be discussed in greater detail.
T-tubules undergo extensive remodelling after cell isolation [78]. Changes of the t-
tubular structure may arise from differences in the cell isolation protocols as well as
from the substances as batch-dependent differences in enzyme composition are a well
known issue to the experimentalist.
An interrelated problem is the dependence of the reconstruction on the dye used
for imaging. While Savio-Galimberti et al. [86] found a good correlation of WGA-
Alexa 555 and dextran-fluorescein (molecular mass 10 kDa) in rabbit cardiomyocytes
and Soeller et al. [96] could reconstruct the t-tubular structure based on a dextran-
fluorescein at 70 kDa in rat cardiomyocytes which have t-tubules with smaller diame-
ters, dextran-fluorescein (70 and 10 kDa) could not be dectected inside the t-tubular
system at all in our study. Besides the size of the molecules, the electrical interaction
between the negatively charged dextran-conjugates and the glycocalix might influ-
ence the diffusion as well as the molecular size. The enzymatic dissociation as well as
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species differences might alter the composition of the t-tubular glycocalix and thus
may determine failure or success of negatively charged dyes. It is, however, impossible
to conclude on the relevant causes that lead to the failure of dextran-conjugates in
our experiments as the composition of t-tubular matrix as well as the influence of cell
isolation on the t-tubular structure are unknown. With the aforesaid, it cannot be
ruled out in addition that different parts of the t-tubular system are not amenable to
extracellular dyes while others are depending on their specific diameters and glyco-
calix composition.
Further complications arise from the imaging approach. As already mentioned, a
considerable fraction of the t-tubular system has diameters too small to be resolved
with optical methods. With the Rayleigh criterion d = 1.22·λ

2·NA
where λ is light wave-

length and NA the numerical aperture, in our approach (λ = 565nm and NA = 1.4),
a maximal resolution of 0.24 µm can be achieved. T-tubular diameters range from
40 to 450 nm with more than 50% between 180 and 280 nm [19]. Thus, assuming
a normal distribution, half of the t-tubules are missed. The deconvolution approach
compensates partially for this problem, it is however clear that even if dye penetration
was perfect, a considerable fraction of the t-tubular system would be missed.
Image processing and segmentation further influences the structural modelling. The
threshold-based segmentation that, in our study was used to generate a presgmen-
tation matrix, hinges on the selection of an appropriate threshold. While it was our
aim to undersegment the t-tubular system in order to use it as a seeding matrix for
further region growing, selection of a threshold that is appropriate for the actual seg-
mentation is highly arbitrary. The region growing algorithm on the other hand is
dependent on parameter selection as well.
In contrast, electron tomography resolves subcellular details at – in our case – ≈ 4
nm resolution in three dimenensions. The detectable surface structure is, however,
dependent on the fixation protocol. After chemical fixation, membranes were corru-
gated and showed small leaks. Besides the structural inaccuracy, corrugation as well
as leaks interfere with manual segmentation as accurate tracing is not possible. Auto-
matic segmentation might as well be hindered. Region-growth based algorithms could
fail to stay within the membrane borders because of membrane leaks. Corrugation
might interfere with adaequate edge detection. Both corrugation and leaks were not
observed after high pressure freezing and subsequent high pressure freezing. Although
the t-tubular structure was resolved excellently, the inner mitochondrial membrane
was weakly contrasted and a sarcoplasmic reticulum could not be detected at all. To
give account on these details, further protocol optimisation will be required.
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The major limitation of electron tomography is the small size of the acquired volumes.
This can be overcome by volume combination techniques. Here, a 2 · 1 montage was
generated by combination of two volumes. In theory, montaging can be extended to
the level of a whole cell. This is, however, currently mainly limited by the high time
requirements.
A second limitation is the requirement of fixed preparations. While with confocal mi-
croscopy, t-tubular structure can be investigated in living cells, changes of t-tubular
structure can be investigated as a function of time in one and the same preparation
at a single region of interest.

4.2 Estimation of the heterogeneity of the t-tubular
system based on confocal microscopy

While species differences in the size of the t-tubular system have been extensively
quantified [12], differences within the ventricular wall are not well studied. However,
quantification of the t-tubular system was mainly based on electron microscopy (see
1.1.3). Using confocal microsopy, regions of interest outside of the nuclear and perin-
uclear region were analysed. A considerable variability of t-tubular density was found
between cells, while within individual cells the variability was relatively small.
Unlike the three-dimensional reconstruction, the quantification of the t-tubular vari-
ability relied on a threshold-based segmentation of small regions of interest. The
underlying regions of interest, however, were small and very homogeneous with re-
gard to fluorescence intensity. In addition, most of the data were taken from the
center of cardiomyocytes where the incidence of non-specific fluorescence sources was
low compared to regions adjacent to the sarcolemma.
The data do not allow any conclusion on the source of the variability as cardiomy-
ocytes were isolated ’in bulk’ from the entire ventricular tissue without any control of
source localisation. As t-tubular variability could enhance repolarisation dispersion
under pharmacological modulation, this could contribute to established gradients of
electrophysiological function, e. g. transmural dispersion of repolarisation and thus
tubulation patterns could be distributed accordingly. The regionalisation of t-tubular
variability remains to be established.
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4.3 Modelling the effects of t-tubular heterogeneity
on electrophysiological function

A t-tubular compartment has recently been introduced into a functional model of a
rabbit ventricular cardiomyocyte [77]. While the effects of changes of coupling be-
tween the surface and the t-tubular membrane and of the ion concentration in the
t-tubular lumen have been investigated in great detail, the effects of changes of t-
tubular dimenstions are unknown. As we observed a variability of t-tubular density
within ventricular cardiomyocytes and the ion channel composition differ between
t-tubular and surface membrane, we hypothesised that changes in the t-tubular den-
sity might lead to changes of the electrophysiological behaviour and might therefore
contribute to heterogeneity of repolarisation. With regard to the hypothesis that
there might be a connection between architecture of the t-tubular system and repo-
larisation, the identification of a caveolin-3 mutation as a cause of long QT syndrome
is particularly interesting [108]. Caveolin-3 is involved in the formation [75] and
disruption [28] of t-tubular structure. The caveolin-3-mutation underlying long QT
syndrome leads primarily to a gain-of-function of the Na+-Ca2+-exchanger [108]. It
is however unclear whether the t-tubular membrane structure, the distribution of the
Na+-Ca2+-exchanger or the interaction between Na+-Ca2+-exchanger and caveolin-3
or the combination is the cause of the gain-of-function.
The effect of t-tubular density was simulated in the model by Pásek et al. [77] by
changing the parameter ρM that describes the density of t-tubular openings in the
surface membrane and correlates with the surface area of the t-tubular system accord-
ing to the 25th, 75th percentile, the minimum and the maximum of the empirically
determined t-tubular fraction.

T-tubular variability does not affect the action potential waveform under
standard model conditions, but ion concentration, Ca2+-cycling and ionic
currents. As the t-tubular system concentrates the L-type calcium current (see
1.2.2), the inward current ICa,L decreased as expected with a smaller and increased
with a larger t-tubular fraction. If this would occur isolated, a prolongation of the
action potential would have to be expected with a higher t-tubular density. This
effect is counteracted by the increase in K+-currents. As those were – in the model
underlying the simulations – equally distributed between surface and t-tubular mem-
brane, the current density did not change with an altered t-tubular density. The
L-type Ca2+-current had a 1.6x higher density in the t-tubular membrane, thus the
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current density increased with the t-tubular surface area and thus with the t-tubular
density ρM . While complete detubulation lead to a shortening of the action potential
[77], the empirically determined distribution of t-tubular density did not substantial
effect on the action potential duration.
Intracellular ion concentrations and Ca2+-cycling between the sarcoplasmic reticulum
and the intracellular space were however substantially affected by changes of the t-
tubular density. The ratio between the cytosolic and subspace Ca2+-concentration
decreased with a higher t-tubular density. This relationship could be interpreted
to reflect the experimental finding that a loss of t-tubuli leads a diffuse Ca2+-release
[47, 17]. The model however assumes that ion concentrations are homogeneous within
the intracellular space and do not show a gradient as experimentally oberved. Thus,
under standard model conditions, changes of ionic currents, ion concentrations, Ca2+-
handling are – within the physiological range of t-tubular variability – balanced with
regard to action potential duration.

Simulated Na+-K+-ATPase inhibition, low K+-concentration and inhibi-
tion of repolarisation reserve unmask electrophysiological differences de-
pending on t-tubular density. We next tried to stress this balance by inhibition
of the Na+-K+-ATPase and K+-currents. Na+-K+-ATPase inhibition is one of the
many actions of digitalis glycosides and endogenous digitalis-like hormones on the
heart. The electrophysiological effects of the main action of digitalis – inhibition of
the Na+-K+-ATPase – were extensively studied in the 70ś and 80ś. The interest
into the complex action decreased before the concept of transmural dispersion of re-
polarisation was introduced. Taking additionally into account that digitalis lost its
role as the protagonist of heart failure therapy, it is not suprising that the effect of
digitalis on transmural dispersion of repolarisation is not understood. Nevertheless,
digitalis has a substantial pro-arrhythmic potential and can give rise to a variety
ventricular (and non-ventricular) arrhythmias. Already at a therapeutic dose, it af-
fects the repolarisation in the electrocardiogram by shortening of the QT-interval and
downslope ST-segment depression. Normally, the ST-segment in the electrocardio-
gram is isoelectric. However, a repolarisation gradient can change the level and the
shape of the ST-segment. At the cellular level, shortening of the action potential
corresponds to the shorter QT-interval. Although it is not known whether it differ-
entially affects action potential duration in epicardial, endocardial and M cells, the
ST-segment depression is highly suggestive of a gradient during the plateau phase
that requires a dispersion of repolarisation. Further indication towards a differential
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effect on repolarisation is the observation that the digitalis glycoside strophantidin
induces afterdepolarisation mainly in M cells [92] and a transmural gradient of Na+-
K+-activity [40]. It is therefore justified to ask wheter digitalis – albeit shortening
the action potential – may enhance dispersion of repolarisation.
The modelling approach presented here was based on the reduction of the maximal
INKA only and lead to a shortening of the action potential. While differences in the
tubular density did not affect action potential duration with intact INKA, the short-
ening of the action potential was further accentuated at a higher and less pronounced
at a lower tubular density. This seems to indicate that INKA-inhibtion abolishes a
compensatory behaviour of the model that – despite differences in Ca+-handling, ionic
currents and ion concentration at different tubular densities – maintains the action
potential duration.
A similar observation was made when the extracellular and tubular K+-concentration
was modified. Only the decrease of the K+-concentration lead to differences of ac-
tion potential duration depending on the tubular density. A partial explanation of
this phaenomenon is that the activity of INKA is impeded by low extracellular K+-
concentration. In contrast to the isolated INKA-inhibition, the dispersion could also
be induced at a prolonged action potential.
While the direct contribution of the Na+-K+-ATPase to repolarisation is small under
normal intracellular Na+-concentrations, we hypothesised that direct inhibition of re-
polarising currents might lead to a differential behaviour depending on the t-tubular
density. The rapid component of the delayed recitfier is a major contributor to the
late phase of repolarisation in ventricular cells and its inhibition was modelled by
a 25% reduction of the current’s conductance gKr. As exprected, a prolongation of
the action potential was observed, however there were no differences depending on
t-tubular density. The combination of IKr-block with complete inhibition of the slow
component of the delayed rectifier, IKs, further prolonged the action potential and
with a stronger prolongation in less tubulated cell, a differential behaviour was ob-
served. Prima facie the block of multiple repolarising currents does not seem to be
of high relevance. However, exactly this is reflected in the concept of repolarisation
reserve [80]. Repolarisation reserve can be vaguely defined as ”the idea is that the
complexity of repolarization includes some redundancy” [81], however as it is still ”a
moving target” [81] it withstands a precise mechanistic defintion. Based on the obser-
vation that a loss-of-function mutation of a single repolarising current, e.g. IKr, elicits
a marked QT-prolongation in some individuals while in others with the same muta-
tion a normal QT-interval is found, it was argued that other repolarising currents can
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compensate for the loss of this single currents. An example is the contribution of IKs
to repolarisation which under normal conditions is small in many species. IKs-block
does neither lead to a significant action potential prolongation nor to a substantial
increase in other repolarising currents. If, however, IKr is inhibited, IKs increases
substantially. A further IKs-block leads to a massive prolongation of the action po-
tential. It can thus be argued that IKs is redundant under normal conditions, yet it
can compensate for the loss of currents that contribute to repolarisation [107]. Repo-
larisation reserve is indeed reflected in other models of the ventricular cardiomyocyte
as investigated by Fink et al. [36]. With the idea that a repolarisation reserve-like
mechanism can attenuate a different reponse to inhibition of K+-currents depending
on t-tubular density, the effects of a combined current reduction were investigated.

Limitations of the modelling approach. Care has to be taken when conclusions
are drawn from this approach. The assumption that channel distribution varies inde-
pendently from variations in the t-tubular system is not based on any studies. To the
contrary, in diseases that are associated with t-tubular remodelling, a redistribution
of ionic channels was observed. Whether the distribution of ionic channels varies with
the surface area of t-tubules is not known. Furthermore, although the work by Pásek
et al. is pioneering by integrating t-tubules into a ventricular cardiomyocyte model,
the variability of t-tubules within the cell is not taken into account. However, it is
likely that the complexity of the three-dimensional structure of the t-tubular system
(see 1.1.3 and 3.2) – if implemented into a model – might reveal yet more complex
behaviour of patho-physiological relevance. It can be hypothesised that redundancy
of the t-tubular system exist within in cells that extends beyond density of the t-
tubular membrane. This might be used to reduce complexity of anatomical models
in order to ease implementation of functional parameters.

4.4 Conclusion and outlook

The computational modelling data support the notion that alterations and variability
of the t-tubular structure may lead to altered electrophysiological behaviour without
requiring a redistribution of ion channels. The representation of the t-tubular system
in electrophysiological models of cardiomyocytes is, however, still greatly simplified as
it is based on a lumped ’pseudo-two-dimensional’ representation, instead of a three-
dimensional model. Three-dimensional reconstructions of the t-tubular system are
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possible using light microscopy and might approximate the t-tubular structure bet-
ter than a cylindric compartment. This, as a major fraction of the t-tubular cannot
be resolved by conventional confocal microscopy, remains however to be verified by
higher-resolution techniques. Electron tomography could provide an adequate res-
olution in three dimensions. Although imaging of living cells is not possible, high
pressure freezing and subsequent freeze substitution could provide a better structural
preservation than chemical fixation. The second major disadvantage, the relatively
small volumes of single tomograms, could be overcome by volume combination tech-
niques. An alternative approach could be based on block-face imaging of the cell
surfaces cut by focussed ion beam approaches, which will give mesoscopic data for
entire cells with image voxel dimensions of 110-120 nm.
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