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ARTICLE INFO ABSTRACT

Excitation-contraction coupling (E-C coupling) is thought to be based on elementary calcium release units
(CRUSs) in which clusters of ryanodine receptors (RyRs) localized on the sarcoplasmic reticulum (SR) are in close
apposition to L-type Ca®* channels (LCCs) on the transverse tubules (TTs). However, a fraction of LCC-RyR
structure may be uncoupled due to the remodelling of TTs, which would tend to destroy the E-C coupling in the
failing heart. Here we proposed a multiscale model of the ventricular myocyte to investigate the relationship
between LCC-RyR structure and cardiac electro-mechanical function. The mathematical model consisted of a
two-dimensional (2D) subcellular Ca®* reaction-diffusion sub-model, a cellular electrophysiological sub-model
and a cardiomyocyte contraction sub-model. The simulation results showed that the remodelling of CRU mi-
crostructure would disturb Ca?* homeostasis, leading to a dyssynchronous Ca®* transient, and postpone the
generation of isometric force. Our study suggests that structural remodelling is an important mechanism for
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dysfunction of Ca®>* handling, cellular electrophysiology and contractility in failing heart.

1. Introduction

During an action potential (AP), transmembrane Ca?* entry via
depolarization-activated Ca®>* channels will trigger a much larger Ca®*
release flux from sarcoplasmic reticulum (SR), called Ca?*-induced-
Ca?*-release (CICR), which leads to a global steep rise of Ca%* con-
centration, i.e. [Ca%™]; transient. Efficient CICR and tight excitation-
contraction coupling (E-C coupling) are enabled by special subcellular
structures named calcium release units (CRUs). CRUs contain two
proteins, dihydropyridine receptors (DHPRs), L-type Ca?* channels
(LCCs) on the transverse tubules (TTs), and ryanodine receptors (RyRs)
localized on the sarcoplasmic reticulum (SR). Tens of RyRs in a CRU are
resembled as a cluster [1,2], activation of which will increase a local
Ca®* signal that is widely accepted as Ca®* spark [3]. The junctional
gap between SR and TTs is about 12nm [4] and the nanometer-sized
structure referred to functional grouping of LCCs and RyRs has also
been called “couplon” [5].

Heart failure (HF) has become a leading cause of death with a poor
prognosis, whose five-year mortality rate is about 50% [6]. Failing
heart muscle cells are characterized by reduced contractility, impaired
Ca®* dynamics and arrhythmias. As reported, the important factors
affecting Ca®* cycling are alterations of ion channels and Ca®* buffer
proteins in the development of HF, including increased expression and/
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or activity of Na* /Ca®>* exchange (NCX) [7], decreased SR Ca®** pump
activity and expression level [8,9], elevated SR CaZ* leak [10], re-
duction in inward rectifier potassium current (Ix;) [11], mitochondrial
Ca®* overload [12], and altered glycosylation and phosphorylation of
calsequestrin [13,14]. Alternatively, other work suggested that un-
clustered or rogue RyRs, probably due to subcellular structural re-
modelling, could be a candidate factor affecting Ca®>* cycling and
triggering arrhythmia in failing heart [15-17]. Moreover, structural
remodelling of TTs was found in ventricular myocytes from hyperten-
sive failing heart [18]. During the remodelling process a portion of
LCCs left their original locations, just like ‘stray LCCs’, but the RyRs
remained in situ, which suggests that the tight coupling structure of
couplons was destroyed. The increased spatial dispersion of TTs and
uncoupled LCCs might be responsible for Ca?* instability.

However, it is still unclear how the abnormal Ca®?* cycling, ion
channel and structural remodelling affect the electro-mechanical
properties of failing myocytes. In this study, we developed a multiscale
mathematical model and simulated the subcellular Ca®™* release events,
the cellular Ca®* cycling and the electrophysiology and mechanics of a
whole cell. The proposed model was applied to study impaired Ca®*
cycling, electrophysiology and contraction in heart failure, especially,
to evaluate the effects of the uncoupling of LCC-RyR structure on
electro-mechanical dynamics of the ventricular cells.
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2. Methods

A multiscale mathematical model of human ventricular myocyte is
developed by integrating our previous coupled model [16] and the
contraction model proposed by Gentaro Iribe et al. [19]. The model
consists of three parts: a two-dimensional (2D) spatial subcellular Ca?*
reaction-diffusion model, an electrophysiological model and a force
computation model of the ventricular myocyte.

2.1. Subcellular Ca®* reaction-diffusion model

In our model, a ventricular myocyte is represented by a circular
cylinder with 100 um in length and 20 um in diameter. In each sarco-
mere with the length of 2 um (I,), CRUs are located regularly on the Z-
line at intervals of 1 um (l,), as shown in Fig. 1(A). In a CRU, L-type
channel and RyRs cluster are localized face to face and are separated by
very narrow cleft. Because of the quasi-isotropic diffusion of Ca®>* on
the transverse section [20], the 3-D model is simplified to a 2-D model
in which x axis denotes the cell's longitudinal direction and y axis is
along the Z-line. Fig. 1(B) shows the 2-D model of CRUs network in the
healthy heart cell, where LCCs and RyRs are colocalized as a couplon in
the same grid. In Fig. 1(C), due to the remodelling of TTs system in
heart failing cells, some LCCs are redistributed and the corresponding
RyRs are left behind. In our model, those uncoupled LCCs are randomly
selected and moved away from their original sites with random dis-
tances and directions. To describe the uncoupling degree of LCCs and
RyR clusters, we define a variable Un;cc% as the ratio of uncoupling
LCCs with RyRs to total LCCs. The Unycc% is varied from 10% to 60%
to evaluate the effect of uncoupling of LCC-RyR on E-C coupling.

In the spatiotemporal 2D model, local [Ca®™ ]; is elevated rapidly by
Ca?" influx (Jice) via an LCC and Ca?™ release flux (Jryr) via a RyR
cluster. The free Ca®* diffuses according to the Fick's second Law, and
is buffered by fluorescent indicator dye, troponin and calmodulin, and
is withdrawn by SR Ca®*-ATPase (Jyump) to SR and by Na™/Ca** ex-
change (Jncx) to extracellular matrix. The change of spatiotemporal
free Ca®™ concentration ([Ca“]i(x,y)) in the cytosol is given by equa-
tion (1):
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where Dy = 0.30 pm®/ms and Dy = 0.15 um?/ms, which are diffusion
coefficients along x and y axes, respectively. Jgyr and Jycc are the molar
fluxes from RyR cluster and L-type channel. § is the Dirac function,
(Xm,Yn) is the location of L-type Ca?* channel and (x3Y;) is that of RyR
cluster, and m and n (i and j) are row and column indexes of a certain
LCC (RyR). Jiear is a Ca®™ leak from SR to balance Jpump at the resting
[Ca®* ;. Jpump is the pump flux by SR Ca®* ATPase, and Jycx is Na™-
Ca®>* changer flux. [Ca®" Irrpn, [Ca®¥lcman and [Ca®T 14y are cyto-
plasmic Ca®* concentrations buffered by troponin, calmodulin and
exogenous fluorescent dye, respectively, which are described as fol-
lowing differential equations [19]:

dlCa?t n
w = —UTrpn [Trpn]mr - | Ca** [Ca2+]i
dt Trpn
1 + 2(1 — Forcepom) 2+
+ ﬁTrpn f c
Trpn (2)
2
M = —OCCmdn([Cmdn]mL - [Ca“]Cmdn)[CaZJr]i + ﬁCdel [Ca2+]
— ICmdn
3
d[Ca“] e
Tdy = —adye([dye]mz - [Ca2+]dye)[ca2+]i * 6dye cot
dye 4

where the definition and value of buffer parameters are given in
Table 1, and Forcenomm is the normalized force and is described in
section 2.3. Detailed equations and model parameters can be found in
the APPENDIX.

During a twitch, activation of RyRs is described as stochastic process
and simulated by Monte Carlo method. The opening probability of RyR
cluster per unit time is dependent on local cytosolic Ca*>* concentration

7~ 7 7 Fig. 1. Geometry of sub-cellular Ca®* re-
A p \ Z-line\ Vi } ) CRU action-diffusion model. (A) Structural re-
2 ()\ / ) / i \:.A/ presentation of a normal ventricular myo-
0 © ) cyte. Red dots are LCCs, and black rings are
L0 ©\ [ ___© O\ __ ©o o\ d d CC d black ring
PR )] ‘j'\’ © © ,0/\ o0 o) /,' RyR clusters. Ix = 2.0 um, and ly = 1.0 um.
o0 ‘l © 0,9’ © Lo 600 0© ‘ 7 1(1B) ti—D hgeor?etr}l; of Cﬁlclés net:;voll;klin the
0 NS © © ‘0 © ’d eathy heart, where s and RyRs are
o ‘l o/g © | 9 'g © ' /’ overlapped in the same CRUs. (C) Irregular
_________ L\/_o cp---==1 l/o,_ i distribution of LCCs in heart failure, ~20%
of LCCs are randomly rearranged here. (For
\o 00 fLCC domly ged here. (
= / \ / \Y / interpretation of the references to colour in
/ \ 7 \ / this figure legend, the reader is referred to
-~ ~ . the Web version of this article.)
1 1
— [ —>
1 i 1
i
A S
Al
o ot
i
it




L. Lu, et al.

Table 1

Ca®* buffer Parameters.
Parameters Definition Value
[Trpn]ior Total cytosolic troponin centration 0.123mM
OTrpn Binding rate of Ca®* to troponin 100.0mM ~'ms~!
Brrpn Disassociation rate of Ca>* to troponin 0.1ms™!
[Cmdn]o Total cytosolic calmodulin centration 0.05 mM
cmdn Binding rate of Ca®* to calmodulin 100.0mM ~'ms™?
Bemdn Disassociation rate of Ca?™ to calmodulin 0.5ms™ !
[dyelior Total cytosolic fluorescent dye centration 0.05 mM
Odye Binding rate of Ca®* to fluorescent dye 80.0mM ™~ 'ms!
Baye Disassociation rate of Ca>* to fluorescent dye 0.09ms™?

([Ca®*]; (xy) and luminal Ca®>* concentration ([Ca®*]sg). It can be
written as [16]:

Pma.x kmax

1+ (Kn/[Ca?*ixp))"
1 + | Dsr/[Ca**]sg

PryR (ciyy) R

(5)

where Py,x = 0.303/RyR cluster/ms, kpax = 2.0, the Hill coefficient
ngg = 4.5, n = 1.6, Ky, is the cytoplasmic Ca®™" sensitivity parameter of
RyR cluster, and Dg, is the luminal Ca®* sensitivity parameter of Ca®*
release events. As reported, in HF, RyRs became unstable and over-
sensitive to cytoplasmic Ca®* as well as SR luminal Ca®>* concentration
[21-23]. In the simulation, the value of K,,, was reduced from 15 puM in
normal ventricular cell to 7.5uM in failing myocyte, Dsg was 3.25 mM
for normal heart and 2.75 mM for failing heart [16].

2.2. Electrophysiological model

Every AP at the frequency of 1Hz is initiated by an external sti-
mulus current Iy, with the duration of 1 ms and an amplitude of
—38 pA/pF. The change of membrane voltage (V,,,) can be described
with the following differential equation:

dav; 1
d_tm = _C_(INa + Icc + Ip + Iy + Ixs + Ix1 + Inak + Incx + Ipca
m

+ IpK + IbCa + IbNa + Istim) (6)

where C, is the cell membrane capacitance per unit surface area, Iy, is
Na* current, I ¢ is the L-type Ca®* current, I, is the transient outward
current, Iy, is the rapid delayed rectifier current, I, is the slow delayed
rectifier current, Ix; is the inward rectifier K* current, Inx is the Na®/
K* pump current, Iycx is the Na*/Ca®* exchanger current, Ic, and Lx
are plateau Ca®** and K* currents, and I c, and Ipx are background
Ca?™ and K™ currents (see APPENDIX for details). The ionic currents
across the sarcolemma are based on the model by ten Tusscher et al.
[24]. Changes of some ionic currents and Ca?* related proteins have
been observed in failing heart [25-28]. Modified parameters used in
our HF model are shown in Table 2.

Ca®”" cycling system plays a key role in connecting the 2-D Ca®*
reaction-diffusion system and the cellular contraction. The L-type Ca®™*
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subsarcolemmal subspace where LCCs and RyRs are colocalized, and
then the free Ca®>* ions are transferred to the bulk cytoplasm via dif-
fusive Ca%" current L,. Those cytoplasmic Ca®* ions are pumped back
to SR via I,;, and transferred out of the cell via Iycx. Subspace free Ca®*
concentration ([Ca®*],,), global free Ca®>* concentration ([Ca®*];), and
total Ca®* concentration in the SR ([Ca? ™ lgpora) are formulated as
follows:

d[Ca“]ss - [& _1 & _ ILCC d[ca2+]ssbuf
dt Ve Ve 2 F dt @
d[C8_2+]i IbCa + IpCa - 2INCX VSR d [Ca2+]Trpn
—_— = -+ ek — Lp) + ——
dt xfer ZVCF V; ( leak up) dt
i d[Ca®*eman i d[Ca**]aye
dt dt C))
d[Ca**|sgeotal
TM = Iup = leak — el 9)
[Ca**]sg X Bu
[Ca*|sppy = %JFSR
[Ca®*]sr + Kpufsr 1o
Lyer = Vaer([Ca**]  — [Ca?*]) a1
Lra = Vrelo([caz-'—]SR - [Ca2+]m) (12)

where O is the proportion of opening RyR clusters to all RyR clusters in
the 2-D subcellular model. [Ca®* spy¢ is the buffered subspace Ca®™*
concentration, and [Ca2™ Jsgpyr is the buffered SR Ca?™ concentration.
[Ca®t]sr is the free Ca?™ in the SR, and [Ca®™Ilsreotal
= [Ca®* Jgppur+ [Ca®* Jgr. Detailed equations and parameters are
shown in APPENDIX.

2.3. Contraction model

We incorporate the force computation equations in the model by
Rice et al. [33] and Iribe et al. [19] into our model as follows:

Force = ¢Force 13)

norm

¢ (P1 + N1 + 2P2 + 3P3)
Forcepg,

Forcenorm = 14)
where ¢ = 0.1 N/m? is the conversion factor for normalization to phy-
siological force. ®g; is the sarcomere overlap ratio, which equals to 1.0
when sarcomere length is 2.0 um. P1, P2, P3 and N1 are referred to
fractions of functional units in the respective force-generating states. In
detail, Pi(i = 1,2,3) denotes the state of permissive tropomyosin with i
cross bridges, N1 is the state of non-permissive tropomyosin with 1
cross bridge. Force,x is the maximum force caused by an entire acti-
vation of tropomyosin. A detailed list of all equations and parameters
can be found in the APPENDIX.

2.4. Numerical methods

current I;cc and SR release current I first flow into the The ordinary differential equations and partial differential
Table 2
Parameters in nonfailing and failing myocyte models.
Parameters Definition Nonfailing Failing References
Vinax Maximal SR Ca?™* pumping rate 0.006375 mM/ms 0.004144 mM/ms [25]
Gs Maximal Ix conductance 0.392nS/pF 0.196 nS/pF [27]
Gk Maximal Ig, conductance 5.405 nS/pF 4.324 nS/pF [26,29]
Gyo Maximal I, conductance 0.294 nS/pF 0.185nS/pF [30]
Gna Maximal Iy, conductance 14.84nS/pF 8.902 nS/pF [28]
Prak Maximal Inax 2.724 pA/pF 1.57 pA/pF [31]
Gpca Maximal I,c, conductance 0.000592 nS/pF 0.0009054 nS/pF [16]
knex Maximal Incx 1000 pA/pF 1500 pA/pF [7,32]
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Fig. 2. Simulation results of Ca%™ dynamics, electrophysiology and contraction in nonfailing heart (NonF) vs. heart failure (HF). (A) and (B) Line-scan images along
longitudinal direction of the cell in nonfailing and failing heart, respectively. (C) Curves of membrane potential (V,), cytoplasmic Ca®>* concentration ([Ca®*];), SR
luminal Ca?* concentration ([Ca®*]gr) and isometric force (Force) from failing heart (black solid lines) and nonfailing heart (blue dash lines). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

equations of diffusion are approximated by the finite difference method
(FDM). The forward difference formula is used for the derivative with
respect to t with a time-step At = 0.01 ms, and central difference for-
mula for that with respect to x and y with mesh size of 0.1 um. All
averaged data is presented as mean = SEM (n = 12). One-way analysis
of variance (ANOVA) is used for comparison and P < 0.05 is accepted
as statistical significance.

3. Results
3.1. Simulation results with intact coupling of LCC-RyRs

As shown in Fig. 2, spatiotemporal Ca®* reaction-diffusion process
and electrical-mechanical activities were simultaneously traced by our
multiscale model in nonfailing and failing myocytes. In HF simulation,
changes of some ionic currents and Ca®* related proteins are shown in
Table 2 without redistribution of LCCs. While the longitudinal line-scan
image at y = 10 um exhibits a bright [Ca®*]; transient in nonfailing
ventricular cell (Fig. 2(A)), the line-scan image at the same plane in

failing myocyte shows a darker but slower decaying transient
(Fig. 2(B)). Due to the unbroken coupling of LCC-RyRs, once a cell is
stimulated, almost all the sparks are triggered synchronously by the
depolarization-activated I; ¢ in both line-scan images.

In Fig. 2(C), black solid curves obtained under heart failure condi-
tions are different from the blue dash curves under nonfailing condi-
tions, resulting from impaired Ca2* handling and modified ion chan-
nels. Compared with that in nonfailing cells, action potential from HF
shows a lower depolarization amplitude (88% of NonF amplitude), a
higher resting potential (increment of 2-3mV), and a larger and
broader plateau that causing an increase in AP duration (APDyg in HF is
27% longer). Due to upregulation of Iycx and reduced pumping rate of
SR Ca2™ ATPase in HF, more Ca2" ions are extruded from SR Ca®™"
store to extracellular matrix, so that [Ca®*]gz is unloaded by about
20%. Furthermore, both global intracellular [Ca?*]; and isometric force
in HF exhibit significant decrease in amplitude and slowed decay. Those
curves in both normal and HF cells show a beat to beat fluctuation that
results from stochastic property of activation of RyR release channels.
For 12 repeated twitches, the amplitude of [Ca®*]; is reduced by
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Figure 3. (A) line-scan images along longitudinal direction of the failing cell during a Ca>* transient with uncoupled LCCs from 0% to 60%. (B) The counts of Ca®*
sparks in the activated state in a Ca®* transient for different Un;cc% from 0% to 60%.

31.2 + 0.4%, from 0.890 + 0.002uM in nonfailing cell to
0.612 = 0.002 pM in HF. The peak of force decreases by 50.5 *+ 1.9%,
from 0.0147 + 0.0002 N/m? in nonfailing cell to 0.0073 + 0.0002 N/
m? in failing myocyte. The decay time of [Ca®"]; from the peak to 90%
reduction (Tcago) is 351.2 + 1.0 ms in normal heart, while Tc,q0 is
prolonged by 45%-508.1 = 0.7 ms in HF. The decay time of force
(Tgoo) is also increased by 37%, from 260.3 + 0.2ms in healthy heart
to 355.6 * 1.5ms in failing heart.

3.2. Uncoupling of LCC-RyR leads to defective EC coupling

To investigate the relationship between remodelling of CRU mi-
crostructure and Ca®* dynamics, a percentage of LCCs were rearranged
randomly within the sarcomere. Fig. 3(A) shows line-scan images along
x direction at y = 10 pm for one twitch when Unycc% is 0%,20%, 40%,
and 60%, respectively. The firings of Ca®>* sparks become more and
more dyssynchronous along with more uncoupled LCCs. In Fig. 3(B) the
numbers of RyR clusters in the activated state (as the form of sparks)
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are counted per time (ms) for different Unycc% ranging from 0% to
60%. Those curves show that a number of sparks are intensively acti-
vated in the first 20 ms, which are initiated directly by inward Ca®*
current via LCCs colocalized in the same CRUs. It is worth noting that as
the percentage of uncoupled LCCs increases, the peak number of sparks
decreases, but more sparks were fired in the following 80-90 ms. These
results suggest the positive relationship between dyssynchrony of Ca®*
sparks and the uncoupled LCCs.

Furthermore, 12 APs were simulated and averaged for each value of
Un;cc% to get statistical results in consideration of the stochastic
properties of rearrangement of uncoupled LCCs and activation of RyR
channels. Fig. 4(A) shows that as the percentage of uncoupled LCCs
increases from 0% to 60%, while the initial peak of [CaZ*]; is decayed
gradually, a prominent peak appears later, which may be caused by the
dyssynchronously firing of Ca®* sparks in Fig. 3. In Fig. 4(B), the peaks
of force curves are delayed but the shapes are similar. The times needed
to reach the peak of [Ca®™]; (Tcapeax) Were recorded and averaged
(n = 12) with different Un;cc% in Fig. 4(C). The times taken to reach
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Fig. 4. Effects of uncoupled LCC-RyR on Ca®* handling and contraction. (A) Seven curves of averaged intracellular [Ca®*]; in failing ventricular myocyte when

Ungcc% = 0%-60%. (B) Corresponding curves of isometric contractile force. (C) and (D) The dependence of Tcapeak and Trpeax 0N the fraction of rearranged LCCs.

Tcapeak is the time from the starting of external stimulus to the peak of global [Ca

the maximum value of forces (Tgpeax) Were shown in Fig. 4(D). When
Unycc% is upregulated from 20% to 60% by a step of 10%, Tcapeak is
increased gradually from 64.8 + 1.7 ms to 100.2 + 1.6 ms by a step
of approximately 10ms (p < 0.05), and Tgpeax is extended from
154.2 = 0.4ms to 184.3 + 1.0ms by an augment of 6-8ms
(p < 0.05). These findings imply that the uncoupling of LCC-RyR may
play a role in remodelling the heartbeats, causing a moderate decel-
eration of systolic process.

3.3. The importance of the uncoupling degree

Although the remodelling of TTs was found in heat failure [18], we
further investigated the effect of the redistribution of LCCs in normal
cells by using the proposed model. Similar to the results in HF condi-
tions, delays of the time to peak of both calcium transients and con-
traction forces were also observed by uncoupling the LCC-RyRs cou-
plons with different Un;cc% (see Appendix, Fig. S2). These findings
imply the importance of LCC-RyR coupling in both normal and HF cells.

There are two sources of randomness, randomness in the timing
course of CRU release events and randomness in the distribution of the
LCCs, in our model. The firing of CRU release events is a stochastic
process that is implemented by using Monte Carlo method as many
other researchers did [20,34]. The effect of randomness of LCCs re-
distribution was studied by comparing simulations with fixed and
random LCCs redistributions as shown in Fig. 5. Comparing with the
cases of fixed LCCs redistribution, the statistical results of the random
LCC redistribution show insignificant differences (p > 0.05) (Fig. 5). It
suggests that the uncoupling degree (the variable Un;cc% in our work)
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2
T

and Trpeaxk is the time to the peak value of force.

but not the randomness of LCC redistribution plays an important role in
disordered Ca®* handling and contractile force in HF.

4, Discussion

In our simulation, failing ventricular myocyte is characterized by
prolonged AP duration, unloaded SR Ca®* store, decreased Ca®*
transient, and impaired contractile force. Uncoupling of LCC-RyRs
would further perturb Ca®* handling. Experimental observations have
showed that the dyssynchronous Ca®* release and reorganization or the
regional loss of TTs should be one of the major causes of heart failure
[18,35,36]. Our simulation demonstrates that stray LCCs decoupled
with RyRs in the CRUs are largely responsible for the dyssynchronous
Ca®* sparks. With more LCCs leaving their original locations, more
RyRs are spatially isolated and unable to be triggered when initial Ca®*
enters via depolarization-activated LCCs. Those Ca®* release channels
would, however, be activated with a delay when the local Ca%* con-
centration is elevated by diffusive Ca®>* wave propagating from pre-
ceding activated Ca®* sparks nearby. Therefore, the amount of calcium
release is almost the same yet shows a delay correlating to the per-
centage of uncoupling. The force is calculated from the global calcium
concentration after diffusing and buffering of calcium release events
and the curves show insignificant changes in amplitude yet a delay to
reach the peaks.

Compared with failing cells with intact coupling of LCC-RyRs, the
simulation of the failing myocytes with uncoupling of LCC-RyRs has not
only shown the dyssynchronous Ca®** sparks but also worse Ca®*
transient and delayed isomeric force. With the same cytoplasmic
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buffering system and contraction model, the values of isomeric force
peaks are affected slightly by the dyssynchrony due to the almost un-
altered total amount of Ca®™ release. However, the time to reach the
force peak (Tppeal) is prolonged gradually with larger fraction of re-
positioned LCCs. For example, when 20% of LCCs were rearranged
randomly, ATppeax is about 16 ms, and for 30% of rearranged LCCs,
ATppear is about 23 ms. It seems that a moderate uniform remodelling of
TTs over the ventricle might not have severe effect on the cardiac
contractility under the HF conditions. However, with the occurrence of
progressive remodelling of TTs, ATgpeax is near 50 ms for 60% of un-
coupled LCC-RyRs, which may practically alter the systolic process.
Furthermore, it was reported that spatial heterogeneity of cardiac
electrophysiology might be an important mechanism for ventricular
arrhythmias [37]. Similarly, if inhomogeneous remodelling occurs
within ventricular tissue, systolic synchrony and pumping efficiency of
whole ventricle is likely to be impaired due to various latencies of
myocyte force.

Besides progressive pump failure, a lethal arrhythmia is thought to
be a major cause to sudden cardiac death in patients with severe HF
[26,38]. Our further work would focus on the underlying relationship
between remodelling of Ca?* relevant proteins or structures and ar-
rhythmias.

5. Summary

Our study has demonstrated that a subcellular structural alteration
would probably impair the efficiency of E-C coupling and physiological
function of a failing heart. This attempt proposes a better understanding
of the Ca®* handling and electro-mechanical properties in failing heart,
and would be beneficial for therapeutic treatments against heart failure.
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