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Transverse tubular network structures in the genesis of
intracellular calcium alternans and triggered activity in cardiac
cells

Zhen Song!”, Michael B. Liul, and Zhilin Qul-2~
1Department of Medicine, David Geffen School of Medicine, University of California, Los Angeles,
California 90095, USA

2Department of Biomathematics, David Geffen School of Medicine, University of California, Los
Angeles, California 90095, USA

Abstract

Rationale—The major role of a transverse-tubular (TT) network in a cardiac cell is to facilitate
effective excitation-contraction coupling and signaling. The TT network structures are
heterogeneous within a single cell, and vary between different types of cells and species. They are
also remodeled in cardiac diseases. However, how different TT network structures predispose
cardiac cells to arrhythmogenesis remains to be revealed.

Objective—To systematically investigate the roles of TT network structure and the underlying
mechanisms in the genesis of intracellular calcium (Ca2*) alternans and triggered activity (TA).

Methods and Results—Based on recent experimental observations, different TT network
structures, including uniformly and non- uniformly random TT distributions, were modeled in a
cardiac cell model consisting of a three-dimensional network of Ca2* release units (CRUs). Our
simulations showed that both Ca2* alternans and Ca?* wave-mediated TA were promoted when
the fraction of orphaned CRUs was in an intermediate range, but suppressed in cells exhibiting
either well-organized TT networks or low TT densities. CaZ* alternans and TA could be promoted
by low TT densities when the cells were small or the CRU coupling was strong. Both alternans
and TA occurred more easily in uniformly random TT networks than in non-uniformly random TT
networks. Subcellular spatially discordant Ca2* alternans was promoted by nonuniformly random
TT networks but suppressed by increasing CRU coupling strength. These mechanistic insights
provide a holistic understanding of the effects of TT network structure on the susceptibility to
arrhythmogenesis.
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Conclusions—The TT network plays important roles in promoting Ca2* alternans and TA, and
different TT network structures may predispose cardiac cells differently to arrhythmogenesis.

Keywords

T-tubules; cell size; calcium cycling; alternans; triggered activity

Introduction

Transverse tubules (TTs) are sarcolemma membrane invaginations of skeletal and cardiac
muscle cells. The TTs also branch into axial tubules (ATs), forming a TT network inside the
cell [1-3]. The major role of a TT network in a cardiac myocyte is to facilitate effective
excitation-contraction (E-C) coupling and signal transduction [4-6]. The TT network
structure is very heterogeneous within a cardiac cell and also varies across different types of
the heart cells [4, 7, 8], which may undergo remodeling in diseases, such as ischemia and
heart failure [2, 9-16]. For example, a normal ventricular myocyte (VM) consists of a well-
structured high-density TT network (Fig. 1A) [1, 2], which are remodeled in hypertension
and heart failure to have a reduced TT density due to TT disruption [2, 10-15]. The
remodeled TT networks become more heterogeneous, which include patchy (Fig. 1B) [2, 11]
and sheet-like (Fig. 1C) [15] structures. Unlike those in VMs, the TT networks in atrial
myocytes (AMs) are usually much less dense than those in VMs (Fig. 1D) [3]. Studies also
have shown that the TT networks in AMs are very heterogeneous between regions in the
same heart [17-20] and between species [21]. Some AMs exhibit well-organized TT
structures, similar to those in VMs, while other AMs exhibit sparse TT networks such as the
one shown in Fig. 1D, and some AMs even completely lack TTs. Purkinje cells (P-cells) are
largely free of TTs [7, 22, 23]. TTs are also largely absent in myocytes in early development,
in cultured myocytes, and in stem-cell derived cardiac myocytes [4, 24-27].

Under normal conditions, different types of cardiac cells exhibit different types of TT
network structures, which may reflect their fitness for E-C coupling and signaling in the
heart. For example, the main role of a P-cell is to facilitate fast conduction, and thus lacking
a TT network is an advantage since a smaller membrane capacitance or surface-to-volume
ratio results in a faster conduction. On the other hand, the main role of a VM is to facilitate
robust contraction, and a dense TT network is needed for synchronous calcium (Ca?*)
release. If the TT network is uniformly dense, the efficacy of E-C coupling and signaling
does not depend on cell size since the Ca2*-dependent ion channels, such as L-type Ca2*
channels (LCCs) and Na*-Ca2* exchange (NCX), are distributed everywhere inside cells.
However, when the TT network becomes sparse and heterogeneous, the efficacy will depend
on cell size. For example, in the absence of a TT network, a smaller cell can have a better E-
C coupling efficacy since it is easier for the LCCs on the sarcolemmal membrane to trigger a
more synchronous whole-cell Ca2* release. The TT network structure may also correlate
with RyR cluster density (or spacing) in a cell since ryanodine receptor (RyR) clusters tend
to colocalize with LCC clusters. For example, the average RyR cluster distance in normal
VMs is larger than in AMs [28], and much larger than in sino-atrial nodal (SAN) cells [29].
A closer RyR cluster spacing promotes Ca2* waves and Ca2* oscillations [29-32], which
facilitates Ca2* clocks for normal SAN function but is arrhythmogenic in VMs. While
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different TT network structures may be optimized for their needs in normal cardiac
functions, these differences may also predispose the cardiac cells differently to
arrhythmogenesis under cardiac diseases. Moreover, remodeling of the TT network in
cardiac diseases may further potentiate arrhythmogenesis, such as TT disruption in heart
failure promoting intracellular Ca2* alternans [33]. However, the roles of TT network
structures and the underlying arrhythmogenic mechanisms remain to be elucidated [34].

In this study, we investigate the roles of TT network structures in the genesis of intracellular
Ca?* alternans and Ca2*-wave mediated triggered activity (TA) using computational
modeling. A three-dimensional (3D) cell model consisting of a network of Ca2* release units
(CRUs) was used [35-37]. Different TT network structures were simulated, including
uniformly random structures (Fig. 1E), patchy structures (Fig. 1F), hollow structures (Fig.
4B and Fig. S3), and sheet- like structures (Fig. 1G). We showed that both Ca?* alternans
and Ca?* wave- mediated TA were promoted when the fraction of orphaned CRUs (OCRUS)
was in an intermediate range, but suppressed in cells with well-organized TT networks (low
OCRU ratios) or low TT densities (high OCRU ratios). Ca?* alternans and TA could be
promoted by low TT densities when the cells are small or the CRU coupling is strong. Both
alternans and TA occurred more easily in uniformly random than in non-uniformly random
TT networks under the same OCRU ratio. Subcellular spatially discordant Ca2* alternans
was promoted by non-uniform TT networks but suppressed by increasing CRU coupling
strength. These mechanistic insights provide a holistic understanding of how TT networks
affect the susceptibility to arrhythmogenesis.

The cell model consisted of an action potential (AP) model with detailed spatiotemporal
Ca?* cycling described by a 3D network of CRUs, which was detailed in our previous
studies [35-37] and briefly described in Supplemental Information. The parameter changes
used to induce Ca?* alternans and TA were shown in Tables S1 and S2, respectively. The
control size of the cell was LyxLyxL,=64x32x16 CRUs. We used Ly=64 CRUs and Ly=32
CRUs hut varied L, to study the effects of cell size. The LCC cluster size, i.e., the number of
LCCs (m_cc) in each CRU, was 6, but was varied to investigate the effects of LCC cluster
size on alternans and TA.

TT network model

The main role of the TT network in a cardiac cell is to allow ion channels to distribute
spatially inside the cell volume. Since our focus in this study was Ca2* cycling dynamics,
we distributed the LCC clusters and NCX (or LCC-NCX clusters) spatially according to the
TT network structure. That is, whenever a CRU is associated with a sarcolemmal or tubular
membrane, it has a LCC-NCX cluster. A CRU without a LCC-NCX cluster is called an
OCRU [2]. The CRUs in the outermost layer which are proximal to the sarcolemmal
membrane were always coupled to LCC-NCX clusters (see Fig. S1). We assumed that the
Ca?*-independent ion currents were uniformly distributed in the CRUs and thus the
corresponding current densities were independent of TT network structures.
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We simulated different characteristic TT network structures, and the algorithms generating
these structures are described in detail in online Supplemental Information. Here we
describe them briefly. Random TT networks (e.g., Fig. 1E): This type of TT network
structures was generated by a uniformly random spatial distribution of the LCC-NCX
clusters on the CRUs inside the cell. Patchy and hollow TT networks. These TT network
structures were generated using random walks starting from random locations on cell
membrane. We can generate various non-uniformly random TT structures with different AT-
to-TT ratios and densities by varying the probabilities for the six walking directions, the
total number of random walks, and the length of each walk. When the walk length is long,
the random walks can cover the whole cell volume, resulting in patchy TT networks (e.g.,
Fig. 1F). When the walk length is short, the random walks only cover the space proximal to
the cell membrane with the majority of CRUs in the center region being OCRUSs, which
results in hollow TT networks (see Fig. 4B and Fig. S3). Random T-sheet structures (e.g.,
Fig. 1G): T-sheets were generated by randomly growing from the two sides (y-direction) of
the outermost layer to form sheet- like TT structures, which exhibit irregular lengths and
shapes.

In a higher TT density network, the percentage of OCRUSs is lower, and vice versa. One can
define an OCRU ratio in a cell as the number of OCRUs against the total CRUs, i.e.,

p ~ Numberof OCRUs
total— Lz LyLz (1)

However, this ratio depends on cell size since none of the CRUs in outermost layer are
OCRUs. To define a size-independent OCRU ratio ¢, we exclude the CRUs in the outermost
layer, i.e.,

Number of OCRUs
(Ly—2) x (Ly—2) x (L,—2) )

o=

Therefore, ¢ ranges between 0 and 1 (or 0 and 100%), independent of cell size. ¢=1
indicates that all CRUs inside the cell except those in the outermost layer are OCRUs, i.e.,
TTs are absent in the cell. We used ;) Dasa parameter describing CRU coupling strength
determined by CRU spacing (d) and Ca2* diffusion constant (D). A smaller 7 corresponds to
a weaker CRU coupling.

Pacing protocol

For the simulations of Ca2* alternans, the cell was paced by a clamped AP (see Fig. S5) to
avoid the effects of Ca2* and voltage coupling on Ca2* alternans. For the simulations of TA,
the cell was paced by a current pulse of 2 ms with an amplitude of =50 pA/pF (current-
clamp mode). We paced 40 beats at a pacing cycle length (PCL) of 300 ms for the cell to
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reach steady state, and then stopped pacing to allow delayed afterdepolarizations (DADS)
and TA to occur.

We carried out simulations with uniformly and non-uniformly random TT networks to
investigate their effects on the genesis of Ca2* alternans and TA. We first used the uniformly
random TT network to investigate the effects of TT density, cell thickness, and CRU
coupling on the genesis of whole-cell Ca?* alternans as well as subcellular spatially
discordant Ca2* alternans. We then explored how different non- uniformly random TT
network structures, including patchy, hollow and T-sheet structures, affect the alternans
dynamics. Next, we performed simulations to investigate the genesis of TA with different TT
network structures. Finally, since both LCC and NCX strengths play important roles in Ca2*
cycling dynamics, we also varied the LCC cluster size and NCX magnitude to investigate
the roles of their interactions with the TT network structures in the genesis of CaZ* alternans
and TA. The underlying mechanisms linking the subcellular structures to the cellular
dynamics are discussed in detail in the Discussion.

Dependence of Ca2* alternans on TT density and cell thickness

Ca?* alternans was induced by fast pacing with control RyR open probability and SERCA
activity (Table S1). We first used uniformly random TT network distributions to investigate
the effects of TT density by scanning ¢ from 0 to 100% (e.g., from no OCRUs to 100%
OCRUs inside the cell). Agreeing with experimental observations, reducing the TT density
resulted in a decrease in Ca2* transient but a small or almost no increase in SR Ca2* load
depending on the leakiness of RyRs (Fig. S6). Ca%* alternans occurred as PCL became
shorter and when ¢ was in an intermediate range, and was suppressed when ¢ was either low
or high (Figs. 2A and B). Increasing ¢ also caused alternans to occur at slower pacing rates
(Fig. 2C). For example, for the case in Fig. 2C, increasing ¢ from 30% to 50% shifted the
onset of alternans from PCL=380 ms to 440 ms. Increasing CRU coupling strength (by
increasing 77) promoted alternans by increasing both the amplitude of alternans and the range
of ¢ values exhibiting alternans (Fig. 2B).

The occurrence of alternans is also cell size dependent. In Fig. 2D, we show the occurrence
of Ca2* alternans (gray boxes) versus cell thickness (L) and ¢. When the cell is thick, the
alternans regime is insensitive to thickness. However, once the cell is relatively thin, the
alternans regime moves toward a higher range of ¢ as the cell becomes thinner.

To avoid the confluent effect of voltage on Ca?* alternans, we used a clamped AP waveform
to pace the cell. However, when we used the current clamp mode (i.e., free running AP), the
same Ca2* alternans behavior still held (see Fig. S7A). In our simulations, although the Ca2*
alternans amplitude can be very large, the AP alternans is small. This is because a larger
Ca?* transient causes a larger Iycx but a smaller Ica,L due to a stronger Ca?*-dependent
inactivation (see Fig. S7B), and thus a large change in Ca2* transient only results in a small
change in AP. Similar recordings have been shown in experiments [38].
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Spatially discordant Ca2* alternans

Both spatially concordant (Fig. 3A) and discordant (Fig. 3B) alternans were observed in our
simulations. Since we used the same initial condition for all simulations but a different
random TT network for each simulation, the discordant alternans patterns were random (see
examples in Fig. 3B). Therefore, the TT network structure plays an important role in the
formation of discordant alternans.

The occurrence of discordant alternans depends on TT density, CRU coupling, and cell size.
For the control CRU coupling strength (7=1.43) and when ¢=30% (Fig. 3C), we did not
observe discordant alternans but only concordant alternans. When ¢=50%, about 40% of the
simulations gave rise to discordant alternans. When ¢=70%, the instances of discordant
alternans reduced to 20%. Increasing the CRU coupling strength (7=2, Fig. 3D) reduced the
likelihood of discordant alternans. This is because a stronger CRU coupling enhances CRU
synchronization, which promotes concordant alternans. As cell thickness was reduced, the
likelihood of discordant alternans first increased and then decreased (Fig. 3E).

Effects of heterogeneous TT network structures on Ca2* alternans

To investigate the effects of TT network heterogeneities on Ca2* alternans, we used three
characteristic non-uniform TT network structures (see Methods): patchy (Fig. 4A), hollow
(Fig. 4B), and sheet- like (Fig. 4C) TT network structures. The left panel in Fig. 4A isa
patchy TT network pattern, where ¢g=~50%. We also used an AT-to-TT ratio of 3, which is
similar to what was observed in atrial myocytes in experiments [3]. When the control CRU
coupling strength (7=1.43) was used, no alternans was observed for any ¢ value. This is in
contrast to the uniformly random TT networks in which alternans was observed at control
CRU coupling strength. When 7 was increased to enhance CRU coupling, alternans
occurred in intermediate ranges of ¢ (middle panel in Fig. 4A). Increasing the AT-to-TT
ratio while keeping ¢ constant tended to suppress alternans (right panel in Fig. 4A). This is
consistent with the fact that more ATs in the cell results in lower densities of TTs in the
center of the cell (see Fig. S3 in Supplemental Information). For the hollow TT networks
(Fig. 4B), the occurrence of alternans required an even larger 7 (alternans occurred in
7=3.33 not in 7=2, middle panel in Fig. 4B). Similarly, increasing the AT-to-TT ratio also
suppressed alternans (right panel in Fig. 4B). For the T-sheet structures (Fig. 4C), alternans
also tended to occur in an intermediate range of ¢ but required a larger n (right panel in Fig.
4C) than in the uniformly random TT networks.

We then compared the effects of different TT network structures on the formation of
discordant alternans (Fig. 4D). For a fair comparison, we kept the OCRU ratio roughly the
same (¢=~50%) for each TT network structure. n=2 and 3.33 were used since no alternans
occurred for the non-uniform TT networks for the control 7 (=1.43). When 7=2, all
alternans observed were concordant for uniformly random TT networks, but both concorant
and discordant alternans were observed for patchy and sheet-like TT network structures. No
alternans occurred for the hollow structures when 7=2. When 7=3.33, only concordant
alternans was observed for all structures, agreeing with the fact that stronger CRU coupling
promotes synchronization of CRU firing. Therefore, discordant alternans tends to be
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promoted by non-uniform TT networks. However, the effect is mixed as the requirement of a
larger 7 for alternans to occur in these networks also suppresses discordant alternans.

Effects of TT network structure on Ca2* waves and triggered activity

To induce Ca2* waves and TA in the cell, we increased the RyR leakiness, /1 cc, NCX
strength, and doubled the SERCA activity (Table S2) from their control values in all
simulations. We first simulated uniformly random TT network structures. Fig. 5A shows
voltage, line scans of local cytosolic CaZ* concentration, [Ca2*];, and [Ca2*]sg Vversus time
when ¢=0 (no OCRUs). After the pacing was stopped, one DAD occurred whose magnitude
was too small to elicit an AP. When ¢=50%, three spontaneous APs occurred followed by
one DAD (Fig. 5B). When ¢=100%, there was only one spontaneous AP (Fig. 5C).
However, in this case, Ca2* waves continued to occur after the TA was terminated but
became less synchronous, propagating from the cell borders to the center. Due to less
synchronous Ca2* releases, the resulting DADs were too small to elicit APs. Note that the
SR Ca?* load immediately before a triggered AP was lower for larger ¢ (red dashed line),
indicating that the triggered APs did not simply result from SR load elevation in these
simulations, but rather was promoted by the structural changes of the TT network itself.

The genesis of TA depends not only on ¢ but also on cell thickness. Fig. 5D shows the
average number of triggered APs (<Af ap>) versus ¢ and cell thickness. In general, there
were more triggered APs in thicker cells except for very large ¢ (>80%). The range in which
triggered APs occurred shifted toward larger ¢ for thinner cells. For very large ¢ (e.g.,
100%), more triggered APs occurred in thinner cells. In addition, increasing CRU coupling
strength resulted in an increased <A4 ap> (Fig. 5E) since a stronger CRU coupling
potentiates Ca2* waves [29-32].

We then investigated the effects of non- uniform TT network structures on the genesis of TA.
Fig. 5F shows <M ap> for four types of TT network structures. For comparison, we kept
the ¢ roughly the same (~50%). The uniformly random TT network gave rise to the largest
number of triggered APs (mean 3.8, standard deviation 0.4), while the non-uniform TT
structures each only ever exhibited one triggered AP.

Effects of LCC cluster size and NCX strength on alternans and triggered activity

Although we showed in Figs. 2 and 4 that alternans tends to occur at intermediate or low ¢
values, alternans can still occur when ¢=0 by reducing the LCC cluster size or conductance.
For the control LCC conductance used in this study, alternans only occurred in a small range
of LCC cluster size 7 _cc (from 2 to 4 in Fig. 6A). Alternans was suppressed when 7 cc>4
(note: our control 7 cc=6). When the LCC conductance was reduced by 50% (thus the total
Ca2* current density of the cell was reduced by 50%), alternans occurred in a much wider
range of 7 cc (from 2 to 14), but was still suppressed when 7 cc>14. The underlying
mechanism has been described in our previous studies [39, 40], and reiterated in Discussion
of this study. No discordant alternans were observed for either the control or the reduced
LCC conductance (Fig. 6B).

When ¢=50%, the total Ca2* current was reduced by ~40%. In contrast to the case of ¢=0
shown in Fig. 6A, increasing m_cc always promoted alternans in this case. As shown in Fig.
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6C, as M_cc was increased from 3 to even as high as 35, the magnitude of alternans became
continuously larger. In addition, discordant alternans was observed (Fig. 6D). The
percentage of discordant alternans first increased and then decreased against A cc.

We then investigated the effects of LCC cluster size and NCX strength on the genesis of TA.
Fig. 7A shows <A ap> versus 1 cc for three ¢ values. When ¢=0 (no OCRUSs), no TA was
observed in the entire range of /7 cc simulated. When ¢=50%, <A ap> increased with 7 cc
and the SR load remained roughly unchanged (Fig. 7B). When ¢=100%, TA was observed
between 7 cc=6 and 11, and only one triggered AP occurred after the pacing stopped in
each case. We also simulated the effects of 7 c¢ for a thin cell (Fig. 7C). In this case,

<Nr ap> for ¢=100% (green circles) was larger than that for ¢g=50% (red circles), until 74 cc
became very large (M_cc >14). Note that when ¢=100%, <A ap> was larger in the thin cell
than in the thick cell, but when ¢=50%, <A4 ap> was much smaller in the thin cell.

To study the effects of NCX on TA, we scanned the NCX magnitude (Wycx) and 7 cc for
occurrence of TA and spontaneous Ca2* transients. When ¢=0 (Fig. 7D), the average number
of spontaneous Ca2* transients (</NscaT >) decreased from 7 to 1 as vycx increased from
0.2 to 1 (upper panel). However, we only observed TA for 7 cc>10 and in a narrow range of
Wcx (lower panel). No TA occurred for either small or large vicx. When ¢=50% (Fig. 7E),
<N gcaT > decreased from 13 to 1 as wycyx increased from 0.2 to 1.8 (upper panel), and
many more triggered APs occurred in a much wider range of vycx (lower panel). Therefore,
NCX plays a dual competing role in generating TA: increasing NCX potentiates
depolarization but suppresses spontaneous Ca2* release, and TA only occurs in an optimal
NCX range.

Discussion

In this study, we investigated the effects of TT network structure on the genesis of CaZ*
alternans and Ca2* wave-mediated TA. We found that when the cell was thick, both
alternans and TA were promoted in an intermediate range of OCRU densities, but were
suppressed by either low or high OCRU densities. When the cell was thin, alternans and TA
could still occur at high OCRU densities. Both alternans and TA occurred more easily in
uniformly random TT networks than in non-uniform TT networks. Spatially discordant
alternans was promoted by nonuniform TT networks, but supressed by strong CRU
coupling. In the sections below, we discuss the role of TT network structure in the genesis of
Ca?* alternans and Ca?*-mediated TA, and their susceptibility to arrhythmogenesis in
different types of cardiac cells and remodeling of cardiac diseases.

TT network structures and mechanisms of Ca2* alternans

Basic theory of Ca2* alternans—Theories that mechnistically link individual CRU
firings to the whole-cell Ca2* alternans have been developed previously [33, 39, 40] and a
more complete theory has also been recently proposed [41]. These theories show that two
parameters are key to the genesis of alternans: 1) the probability (a) of a primary spark ratio,
which is the portion of CRU firings triggered by LCC openings; and 2) the probability () of
a primary spark recruiting a neighboring CRU to fire, which is mainly determined by Ca2*
level in the cytosol, Ca2* diffusion rate, and the spacing between CRUs. Alternans occurs
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when -y is high and a is in the intermediate range (gray region in Fig. 8A). Here we discuss
how TT network structure, CRU coupling, and LCC clustering affect Ca2* alternans based
on this general picture.

OCRU ratio—Our simulation results in Figs. 2 and 4 show that increasing the OCRU ratio
first promotes and then suppresses alternans. Increasing the OCRU ratio in a cell means that
there are more CRUs lacking LCC clusters and thus less CRUs are available for primary
sparks, which is equivalent to decreasing in a. In other words, a larger ¢ corresponds to a
smaller a. Therefore, starting from a cell with no OCRUSs (see the red arrow in Fig. 8A),
since a is large, no alternans occurs. As the OCRU ratio increases, a decreases, which
moves the cell into the alternans regime (gray zone in Fig. 8A), promoting alternans. As the
OCRU ratio increases further, a may become too small, which moves the cell out of the
alternans regime, suppressing alternans. This explains why alternans tends to occur in the
intermediate range of the OCRU ratio ¢.

Cell thickness—As shown in Fig. 2D, reducing the cell thickness causes a rightward shift
(toward a higher ¢) of the alternans regime. This is because a smaller cell exhibits a smaller
total OCRU ratio given the same ¢ value (see Eq.1), resulting in an effectively larger a
(Note that a smaller OCRU ratio corresponds to a larger a since more CRUs have their LCC
clusters to fire as primary sparks). For example, for the case of ¢=80%, a 64x32x16-CRU
cell has a gota=64%, a 64x32x8-CRU cell has a ¢yoa1=54%, and a 64x32x4-CRU cell has a
#rota=36%. Therefore, changing the cell thickness is equivalent to changing the total OCRU
ratio, which affects alternans via changing a as indicated by the red arrow in Fig. 8A.
Specifically, for a cell with a low ¢ (e.g., for 30%<¢<50% in Fig. 2D), a is in the range for
alternans when the cell is thick, and reducing cell thickness moves the cell out of the
alternans regime since a becomes too large. For a cell with a high ¢ (e.g., for $>80% in Fig.
2D), a is too small for alternans when the cell is thick, and reducing cell thickness moves
the cell into the alternans regime by increasing a.

TT structure heterogeneity—As shown in our simulations, it is more difficult for
alternans to occur in the non- uniform TT networks for the same OCRU ratio ¢ (compare the
cases for 7=2 in Fig. 4 and Fig. 2). In the uniformly random TT networks, the LCC clusters
are uniformly distributed, but are patchier in the non-uniform TT networks. An extreme case
is a cell with only TT sheets, which effectively partition the cell into smaller cells, each with
#=100%. Therefore, changing the TT network from a homogeneous OCRU distribution to a
heterogeneous OCRU distribution is equivalent to moving the cell into a higher ¢ regime. To
directly show that the non-uniform TT networks are less susceptible to Ca2* alternans than
the uniformly random TT network, we carried out simulations in which the same number of
LCC-NCX clusters were randomly distributed either only in the boundary CRUs or
throughout the cell. Ca2* alternans occurred in the cell with uniformly distributed LCC-
NCX clusters but not in the non- uniform one (Fig. S8).

CRU coupling—CRU coupling strength depends on many factors, such as cytosolic and
SR Ca?* level, CRU distance, RyR sensitivity to Ca2*, and Ca2* diffusion. Increasing CRU
coupling strength increases ¥, which potentiates Ca2* alternans (green arrow in Fig. 8A). In
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both uniform and non-uniform TT networks, increasing CRU coupling strength by
increasing 7 promotes alternans (see Figs. 2 and 4). This indicates that a shorter CRU
distance (such as in failing VMs and in AMs) promotes alternans.

LCC cluster size and conductance—An interesting observation in Fig. 6 was that
when ¢=50%, increasing 71 cc always promoted alternans (see Fig. 6C), contrary to the case
of no OCRUs in which increasing 71 cc eventually suppressed alternans (see Fig. 6A). Since
the primary spark rate is determined by the coupling between the LCC cluster and the RyR
cluster in a CRU, and thus a increases when the LCC conductance or the number (1 _cc) of
LCCs in a CRU increases. In the case of no OCRUSs (¢=0, the cyan arrow in Fig. 8A), when
ncc is small, a is small and so no alternans occurs. Increasing 7 cc increases a, and also
elevates the cytosolic Ca2* level, which increases the probability () of recruitment. The two
effects are combined to promote alternans. However, increasing 7 cc further eventually
causes all the CRUs to fire as primary sparks (a=1), which in turn moves the cell out of the
alternans regime, suppressing alternans. In the case of ¢=50% (the blue arrow in Fig. 8A),
increasing /_cc has the same effect on a and y as for the case of ¢=0. However, the
difference is that increasing 7 cc can only increase a to around 0.5 since only 50% of the
CRUEs have their associated LCC clusters and can fire as primary sparks. Therefore, in this
case, increasing 71_cc increases y but can only increase a to ~0.5, which keeps the cell
always in the alternans regime.

Mechanisms of subcellular spatially discordant alternans

Subcellular spatially discordant Ca2* alternans have been observed in many experiments in
both AMs [38, 42] and VMs [43-46]. One mechanism that has been proposed requires
negative Ca?*-to-voltage coupling [44, 47]. However, in our simulations the AP was
clamped, which prohibited Ca2*-to-voltage coupling. Therefore, the mechanism of negative
Ca%*-to-voltage coupling induced discordant alternans cannot apply to our case. As shown

in our simulations, when there were no OCRUSs, no spatially discordant alternans were
observed although concordant Ca2* alternans could occur in a certain range of IcaL (Fig.
6C). Spatially discordant alternans was potentiated by increasing the OCRU ratio (Figs. 3
and 6D) or by nonuniform TT networks (Fig. 4D). Not surprisingly, discordant alternans was
suppressed by stronger CRU coupling (Figs. 3D and 4D) since stronger coupling promotes
synchronous CRU firing. In experiments by Diaz et al. [43], spatially discordant Ca2*
alternans was observed under voltage clamp, and thus the mechanism of discordant alternans
seen in this study may be applicable to the experimental observations.

TT network structures and mechanisms of triggered activity

The genesis of TA requires a large spontaneous Ca?* transient and a large enough NCX
current density to depolarize voltage to the threshold [48-50]. As shown in Fig. 7, a low
NCX current density promotes spontaneous Ca2* release but cannot depolarize the voltage
to the threshold for TA. A high NCX current density supresses spontaneous Ca?* release,
and thus also prevents TA. However, in our simulations, although changing the OCRU ratio
alters the whole-cell total L-type Ca2* current and NCX current, it does not alter the current
densities (see Egs. S1 and S2, and Fig. S2) since the cell membrane capacitance was
changed in proportional to the OCRU ratio. Therefore, changing the OCRU ratio or the TT
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network structure has negligible direct effects on voltage depolarization. Moreover, altering
the OCRUS ratio only has a minimal effect on SR Ca?* load (see Fig. S6). Thus, the role of
TT network structure in the genesis of TA is mainly via its effects on spontaneous Ca2*
release caused by the spatial distribution of the LCC-NCX clusters, as detailed below.

As shown in Fig. 8B, there is a competition between LCCs and NCX for the genesis of TA.
A stronger NCX weakens CRU coupling, which suppresses the transition from sparks to
spontaneous Ca2* waves and synchronous Ca2* release. A stronger Ica,L promotes
synchronous CRU firing in the paced AP and thus the recovery of the CRUs, which
potentiates spontaneous Ca2* release and a positive feedback between spontaneous Ca2*
release and voltage depolarization to promote TA as shown in our recent study [37]. When
the OCRU ratio is low (e.g., Fig. 5A), the LCC-NCX clusters are densely and uniformly
distributed throughout the cell. A densely distributed NCX effectively extrudes Ca2*,
making spontaneous Ca?* release more difficult. Therefore, a low OCRU ratio makes TA
less likely to occur. On the other hand, when the OCRU ratio is high (e.g., Fig. 5C), the
LCC-NCX clusters are sparsely distributed in space, thus spontaneous Ca2* release can
occur more easily. However, a sparse LCC cluster distribution causes less synchronous CRU
firing during the paced AP, resulting in less synchronous CRU recovery. Therefore, the
amplitudes of the spontaneous Ca?™ transients are not high enough to elicit APs (Fig. 5C),
which reduces the likelihood of TA. When the OCRU ratio is in the intermediate range, the
LCC clusters and NCX are properly matched so that the CRUs can be sufficiently
synchronized by the LCC clusters and spontaneous Ca?* releases are not suppressed by
NCX, potentiating TA.

For a thinner cell, the CRUs are more easily synchronized by the LCC clusters due to a
smaller g1, and therefore more triggered APs can occur at high OCRU ratios as shown in
Figs. 5 and 7. In non-uniform TT structures, OCRUs exhibit patchy distributions which
causes less effective CRU synchronization than in uniformly random TT structures, and
therefore fewer triggered APs were observed (Fig. 5F). A larger i cc enhances synchronous
CRU firing to potentiate TA (Fig. 7).

Implications for arrhythmogenesis in different types of cardiac cells and remodeling in

diseases

Different types of cardiac cells exhibit different characteristic TT network structures, RyR
cluster spacing [28, 29], and cell sizes. Since the TT network structure and cell size play
important roles in the genesis of Ca2* alternans and TA, this may be responsible, at least
partially, for different susceptibilities to arrhythmias of different types of cardiac cells and in
remodeling. We illustrate this in Fig. 8C based on the modeling insights from this study and
discuss the roles of TT network structure and cell thickness in the genesis of CaZ* alternans
and TA in detail below.

Normal ventricular myocytes—A normal VM exhibits a well-organized and dense TT
network structure [1, 2]. As shown in our study, a well-organized and dense TT network
structure is protective for both Ca2* alternans and TA, and thus normal VMs are less
susceptible to Ca2* alternans and TA (Fig. 8C). However, Ca2* alternans and TA can still
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occur in normal VMs as have been widely shown in experiments since: 1) there are still
OCRUSs even in normal healthy VMs [2]; 2) Ca?* alternans can be induced by blocking
LCCs even in the absence of OCRUSs [39]; and 3) Ca?* waves and TA can occur due to Ca2*
overload [36].

Failing ventricular myocytes—Besides many other remodeling changes, the TTs in
failing VMs are disrupted, which reduces the TT density and increases the heterogeneity of
the TT network 2 19-15. As shown in this study (Figs.2D and 5D), reducing TT density alone
can cause the failing VMs to be more susceptible to Ca2* alternans and waves (Fig. 8C).
Moreover, the RyR cluster distance becomes shorter in failing VMs [51], which also
potentiates alternans and TA by enhancing C RU coupling as shown in our simulations
(Figs.2,4, and 5). Note that as shown in many experimental studies, remodeled TT networks
in failing VMs also become more heterogeneous, which may reduce the likelihood of
alternans and TA based on our simulations. However, the shorter CRU spacing and lower TT
density, as well as increased RyR leakiness, are all factors promoting alternans and TA,
making failing VMs more susceptible to these arrhythmogenic dynamics.

Purkinje cells—P-cells are fairly large cells and lack TT networks. Based on our results,
this makes it difficult to exhibit Ca2* alternans (Fig. 8C). This may agree with the
observation in a recent experimental study by Lee et al [52], in which no Ca2* alternans but
only irregular beat-to-beat Ca2* transients were observed in the P-cells. On the other hand,
lacking TTs may make Ca2* waves occur more easily (see Figs.5 and 7), consistent with the
observations that Ca2* waves without TA have been shown in P-cells [53, 54].

Atrial myocytes—The TT networks in normal AMs are usually much more sparse than in
normal VMs (Fig. 1D) [3], and are very heterogeneous across the atria in the same heart
[17-20] and among species [21]. AMs are generally smaller than VMs and P-cells. As
shown in an experimental study by Frisk et al [19], the TT networks are denser in larger
AMs (as illustrated by the 3 representative AMs in Fig. 8C). Their less dense TT networks
and size dependence make AMs more susceptible to Ca2* alternans and TA than normal
VMs, as illustrated in Fig. 8C. Note that although our results show that cells lacking TTs are
less susceptible to alternans when the cell size is large, such as the P-cells, when the cell size
is small, cells lacking TTs are still highly susceptible to alternans (left- lower quadrant of
Fig. 8C), which is potentiated by enhanced CRU coupling (compare the two cases of 7=3.33
and 7=2 in Fig. 4 for ¢=100%). Lacking TTs may also potentiate Ca2* waves to result in
Ca?* alternans as shown in simulation by Li et al [55]. Therefore, AMs that exhibit sparse
TT networks or lack TTs are highly susceptible to Ca2* alternans, consistent with
experimental findings that both concordant and discordant Ca2* alternans have been widely
observed in AMs [38, 42, 56-59]. However, the TT networks in AMs are also
heterogeneous, which can also affect the susceptibility of AMs to alternans and TA.

Other cell types—Our current study has implications to other cell types as well. For
example, in SAN cells, LCCs have been detected inside the cell volume [60], indicating that
SAN cells may also exhibit a certain TT network structure. Our conclusion that an
intermediate TT density promotes TA by enhancing the positive feedback between Ca2*
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release synchronization and AP excitation may also be applicable to SAN cells for
potentiating oscillations and ensuring the robustness of pacemaking. Cultured or stem-cell
derived cardiac myocytes lack TTs. Therefore, implications of Ca?* alternans and Ca%*-
mediated TA observed in such experiments to arrhythmogenesis may need to be carefully
interpreted.

Note that the placement of different type of cells in Fig. 8C is under the assumption that
other conditions are the same. In the real heart, other differences among different types of
cells exist, which may also play important roles in the genesis of Ca2* alternans and TA. For
example, Ik is lower in AMs and P-cells than in VMs, and thus TA can occur at lower Ca2*
transient thresholds in AMs and P-cells than in VMs. The CRU spacing is shorter in AMs
and failing VMs than in normal VMs, which also promotes Ca2* alternans and TA. Fig. 8C
only provides a schematic view of the roles of TT density and cell thickness in the
susceptibility of different type of cardiac cells to Ca2* alternans and TA. However, other
differences still need to be considered when assessing the susceptibility of cardiac cells to
these arrhythmogenic dynamics.

Limitations

We did not directly simulate the physical membrane structures of TT networks [61, 62] but
represented them by a corresponding spatial distribution of the LCC-NCX clusters. We also
did not consider other subcellular heterogeneities, such as RyR cluster size and
heterogeneities [63]. We used uniform distributions of ion channels in both the sarcolemmal
and TT membranes, which are non-uniform in the real cardiac cells. Since ion channel
distribution are non- uniform, altering the TT network structure will also alter the whole-cell
averaged current densities [64], and thus the action potentials, which can directly affect the
AP dynamics, such as early afterdepolarizations in failing VMs [65]. Therefore, the effects
of TT on susceptibility to arrhythmogenesis need to be considered under specific conditions.
Another limitation is that it is not clear how to validate our theoretical predictions in vitro or
in vivo experiments since techniques to provide systematic changes of TT density and
structures are not readily available. Nevertheless, our study provides novel insights into the
roles of TT network structure in the genesis of CaZ* alternans and Ca%*-mediated TA, which
needs to be tested in future experiments.

Conclusions

Our simulations show that TT network structures play important roles in promoting Ca?*-
mediated arrhythmogenic dynamics, which may be responsible for the differential
arrhythmia susceptibility in different types of cardiac cells and remodeling in cardiac
diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. T-tubular density and structure are heterogeneous among different types of
cardiac cells.

. T-tubular networks in failing ventricular myocytes are disrupted and become
more heterogeneous.

. Ca?* alternans and triggered activity are promoted by intermediate T-tubular
density.

. Susceptibility to alternans and triggered activity depends on the T-tubular
network heterogeneity.

. The T-tubular difference in different cell types may contribute to their

difference in susceptibility to alternans and triggered activity.
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Figure 1. TT network structures observed in VMs and AMs and computer generated TT
network structures

A. TT network structure in a normal rat VM (Song et al. [2]). B. TT network in a failing rat
VM (Song et al. [2]). C. Sheet-like TT structure in a failing human VM (Seidel et al. [15]).
D. TT network in a normal mouse AM (Brandenburg et al. [3]). E. A computer generated
uniformly random TT network. F. A computer generated non-uniformly random TT network
(AT-to-TT ratio=~3). G. A computer generated sheet-like TT structure.
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Figure 2. Effect of OCRU ratio and cell size on Ca?* alternans
A. [Ca2*]; versus time for ¢=0, 50%, and 100%. PCL=360 ms. L,=16 CRUs. B. Peak

[Ca?*]; versus ¢ for 7=2 (open circle) and 1.43 (filled circle). PCL=360 ms. £,=16 CRUs.
C. Peak [Ca2*]; versus PCL for ¢=30% (filled circle) and 50% (open circle). L,=16 CRUs.
Arrows indicate the onset of Ca2* alternans. D. Occurrence of Ca2* alternans (gray boxes)
versus cell thickness and ¢.
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Figure 3. Spatially discordant Ca2* alternans
A. Line scan and [Ca2*]; from a simulation showing spatially concordant alternans. B. Line

scans and [Ca2*]; from simulations of 4 different TT network structures showing spatially
discordant alternans. C. Percentage of discordant alternans for three ¢ values with £,=28
CRUs and 7=1.43. D. Percentage of discordant alternans for three ¢ values with £,=28
CRUs and 7=2. E. Percentage of discordant alternans for different cell thickness with
#=50% and 7=1.43. For each bar in C-E, 20 simulations were performed with different
randomly generated TT network structures.
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Figure 4. Effects of different non-uniform TT network structures on Ca?* alternans
A. Patchy TT networks (random walk length was 360 steps). Left: A 2D slice from a

generated 3D TT network. The slice is normal to the Z- line and is the 71" layer in a total of
16 layers along the Z- line. Middle: Peak [Ca]; versus ¢ for AT/TT=3. Right: Peak [Ca2*];
versus AT/TT ratio for ¢~50%. PCL=360 ms. Since ¢ is not a preset parameter, we
generated random TT networks with ¢ between 48% and 52%. B. Hollow TT networks
(random walk length was 72 steps). Plots are the same as in A. C. T-sheet structures. Left:
An example of sheet- like TT structure. Right: peak [Ca?*]; versus ¢ for 7=2 and 3.33. D.
Percentage of discordant alternans for different types of TT network structures and 7 values
as indicated. In all cases, g=50%+2%. For each case, we performed 20 simulations with
different randomly generated TT network structures.
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Figure 5. Effects of OCRU ratio on Ca?* waves and TA
Time traces of membrane potential, [Ca2*];, and [Ca%*]sg, with line-scan images of

cytosolic Ca2* concentration for uniformly random TT network structures with A. ¢=0, B.
#=50%, and C. ¢=100%. The line-scans are taken from the center axis along the
longitudinal direction. D. Dependence of <Af ap> on cell thickness and ¢. E. Dependence
of <Mr ap> on cell thickness and 1. ¢=50%. The simulation protocol was the same as in D.
F. <N ap> for different types of TT network structures: uniform, patchy, hollow, and T-
sheet. The value of <Ay ap> in the above panels was obtained from 10 independent
simulations, each with a randomly generated TT network structure.
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Figure 6. Effects of LCC cluster size on Ca2™ alternans
A. Bifurcation diagrams of peak [Ca2*]; (top) and SR Ca%* load (bottom) versus LCC

cluster size (r_cc) for control g, cc (open circle) and 50% g cc block (filled circle) with
¢=0. B. Bifurcation diagrams of peak [Ca2*]; (top) and SR Ca2* load (bottom) versus LCC
cluster size with control g cc and ¢=50%. C. Percentage of concordant and discordant
alternans for . cc=3, 6, 10, and 14 with ¢=0. D. Same as in C, but with ¢=50%. Cell

thickness was £,=32 CRUs. PCL=300 ms. For each _cc, 20 simulations were performed,

3 6 10 14
Nice

each with a randomly generated uniform TT network structure.
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Figure 7. Effects of LCC cluster size and NCX strength on TA
A. <Ng ap> versus 1 cc for ¢=0 (black), 50% (red) and 100% (green). L,=32 CRUSs. Error

bars indicate the standard deviation over 10 simulations. B. Time traces of membrane

potential (top), [Ca2*];, (middle), and [Ca?*]sg (bottom) for 74 cc=4, 8 and 12 with ¢=50%

as in A. Arrows indicate paced beats. Triggered APs are marked by *. C. Same as in A, but
=8 CRUs. D. Spontaneous Ca2* release and TA for ¢=0. For each parameter set (/1_cc

and Wycx), <Nscat > and <Aq ap> were obtained by performing 20 simulations, each with a

randomly generated uniform TT network structure. Upper: <N gcat > Versus 7 cc and

Wicx- Lower: <Ay ap> versus /1 cc and Wyex. E. Same as D but for ¢g=50%.
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Figure 8. Schematic diagrams. A. TT network structure and mechanism of Ca2* alternans
The gray region is the region of alternans in the a-y parameter space predicted by the

theory. Red arrow indicates increasing ¢yota1 Which depends on g and L,. For a cell with ¢>0,
decreasing L, decreases gyt according to Egs. 1 and 2. Green arrows indicates increasing
CRU coupling. Blue arrow indicates increasing /_cc When ¢=50%. Cyan arrow indicates
increasing 71 cc when ¢=0. B. TT network structure and mechanism of Ca2*-wave
mediated TA. Increasing the OCRU ratio (¢otar) reduces both NCX density and LCC
density. Reducing spatial density of NCX enhances CRU coupling, potentiating the spark-to-
wave transition and synchronized whole-cell spontaneous Ca?* release and thus TA.
Reducing the spatial density of the LCC clusters weakens CRU synchronization and the
positive feedback between spontaneous Ca2* release, suppressing TA. Therefore, changing
the OCRU ratio promotes a competition process which causes TA to occur in the
intermediate range of OCRU ratio. C. Susceptibilities of different type of cardiac cells to
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Ca?* alternans and TA based on their TT network and size characteristics. The gray
zone indicates the high incidence regime of Ca2* alternans and TA based on simulation
results shown in Fig. 2D and Fig. 5D. Each cell type is placed in a representative location
based on their typically observed TT-network densities and cell sizes. The images of normal
and failing VMs with TT structures were modified from Chen et al [9]; the images of P-cell
was from Cordeiro et al [66]; and the images of AMs with TT structures were from Frisk et
al [19]. Based on the experimental observations of Frisk et al, the TT networks are denser in
larger AMs as represented by the 3 AM images.

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 January 01.



	Abstract
	Introduction
	Methods
	Cell model
	TT network model
	Pacing protocol

	Results
	Dependence of Ca2+ alternans on TT density and cell thickness
	Spatially discordant Ca2+ alternans
	Effects of heterogeneous TT network structures on Ca2+ alternans
	Effects of TT network structure on Ca2+ waves and triggered activity
	Effects of LCC cluster size and NCX strength on alternans and triggered activity

	Discussion
	TT network structures and mechanisms of Ca2+ alternans
	Basic theory of Ca2+ alternans
	OCRU ratio
	Cell thickness
	TT structure heterogeneity
	CRU coupling
	LCC cluster size and conductance

	Mechanisms of subcellular spatially discordant alternans
	TT network structures and mechanisms of triggered activity
	Implications for arrhythmogenesis in different types of cardiac cells and remodeling in diseases
	Normal ventricular myocytes
	Failing ventricular myocytes
	Purkinje cells
	Atrial myocytes
	Other cell types


	Limitations
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8



