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ABSTRACT Cardiac alternans is a dynamical phenomenon in cardiomyocytes, which is linked to the genesis
of cardiac mechanical dysfunction and lethal arrhythmias. The beat-to-beat alteration may occur in the
amplitude of Ca2T transients (CaT) or the action potential duration (APD). Typically, APD alternans is a
secondary consequence of the CaT alternans and the generation of CaT alternans is relevant to the imbalance
of the sarcoplasmic reticulum (SR) Ca’* release and uptake. However, the effect of cell-cell coupling and
B-adrenergic receptor (8-AdR) stimulation on the initiation and inhibition of CaT alternans is not fully
understood. Here, we used a biophysically detailed mathematical model of the mouse atrial myocyte to study
the mechanism underlying alternans and the effects of 8-AdR stimulation. The cell exhibited obvious CaT
alternans under fast pacing due to sarcolemmal Ca®>* flux imbalance leaded SR Ca®™ flux imbalance, while
no noticeable APD alternans was seen. The B-AdR agonist isoproterenol (ISO) inhibited CaT alternans by
its regulatory role on amplifying the L-type Ca>* current. On a one-dimensional strand, cell-cell coupling
indirectly alleviated CaT alternans by affecting the overshoot and APD, reducing the triggered SR Ca>*
release. Variation in the cell-cell coupling did not change the pattern of CaT alternans or interfere with
the alternans inhibitory effect of 8-AdR stimulation. Taken together, our results imply a potentially anti-
arrhythmic effect of 8-AdR stimulation and shed new light on the mechanisms behind the cardiac alternans.

INDEX TERMS Alternans, Calcium, gap junction, 8-adrenergic receptor stimulation.

I. INTRODUCTION

Cardiac alternans is defined as a beat-to-beat alternation
in Ca?" transient (CaT) amplitude and/or action potential
duration (APD) at the cellular level. At the organ level,
cardiac alternans represented as T-wave alternans (TWA),
which is an important marker for the risk assessment of
ventricular arrhythmia or atrial fibrillation [1]-[3]. Usually,
CaT alternans and APD alternans (or repolarization alter-
nans) occur together and interact with each other [4], [5],
but CaT alternans can also occur alone [6], [7]. Experiments
have shown that Ca?T alternans can happen in the subcel-
lular level [8], [9], as well as cellular [10] and multicellular
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level [11], [12]. This cardiac Ca>* cycling dysfunction gener-
ates the potentially lethal combination of a vulnerable tissue
substrate together with a high incidence of arrhythmia trig-
gers [13], [14].

Cellular mechanisms of CaT alternans have been inves-
tigated extensively in both experimental and computational
studies [4], [15]-[17]. The formation of CaT alternans
involves several major participants including the L-type Ca’*
channel (LTCC), Nat/Ca?* exchanger (NCX), sarcoplasmic
reticulum (SR) Ca’* release by type 2 ryanodine receptor
(RyR), and SR Ca>t uptake by SR Ca?T-ATPase type 2
(SERCA) [18]. An immediate cause of the CaT alternans is
the imbalance of the SR Ca?* release and uptake [19]. Once
the balance is lost, the SR Ca2t concentration ([Ca?t]g)
will start to fluctuate, giving rise to CaT alternans. On the
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other hand, CaT alternans may still take place with a sta-
ble [Ca*t]y when the next stimulus encroaches on RyR
refractoriness or availability [20]. Recent studies have also
pointed out that the randomness of the Ca>* release units may
also be a trigger of CaT alternans [21]. According to recent
experiments, B-adrenergic receptor (8-AdR) stimulation and
cell-cell coupling may also affect the generation of CaT
alternans [11], [22].

The B-AdR agonist isoproterenol (ISO) exerts multiple
effects on the Ca>* cycling. On one hand, ISO amplifies the
L-type Ca?*t current (Icar) [23] and accelerate the SR Ca®*
release [24] through its downstream actuator protein kinase
A (PKA), leading to inotropic effects. On the other hand,
SERCA can be phosphorylated [25] by ISO, thus accelerates
SR Ca** uptake and cell relaxation. Experiments have shown
that 8-AdR simulation can alleviate cardiac alternans, either
totally abolish the alternans [11], [26] or lower the pacing
frequency threshold to induce alternans [22]. However, it is
unclear by what mechanism ISO abolishes the alternans,
especially in mice whose action potentials (APs) are narrow
and triangular-shaped.

Gap junctions (GJs) electrotonically couple neighboring
cardiac myocytes to form a whole functional syncytium,
allowing the propagation of excitation waves [27] and syn-
chronized contraction of the myocardium. Altered function
of GJ may affect not only the conduction velocity of electrical
signals for the simultaneous excitation of the heart, but also
the synchronization of neighboring cells, leading to enhanced
spatial gradients [28], [29]. Experiments have shown that
partially inhibiting the gap junctions increases the occur-
rence and intensity of Ca®* alternans, indicating a crucial
relationship between the GJ function and the formation of
Ca?t alternans [11]. However, since experiments have shown
that the sympathetic nerve or 8-AdR stimulation may have
different effects on the CaT alternans in the intact heart with
normal conduction [11], [22], the synergistic effect of partial
GJ uncoupling and S-AdR stimulation is still unclear.

In this study, we intended to investigate the mechanism
underlying the formation of cardiac alternans at both single
cell and tissue level, using a detailed mathematical mouse
model describing the atrial AP, Ca>* cycling, and B-AdR sig-
naling pathway [30]. Taking advantage of the perfect control
over all parameters provided by the computational modeling
technique, we sought to address the following issues:

a) The downstream target of the B-AdR signaling path-
way which contributed most to the inhibitory effect on
fast-pacing induced alternans.

b) The effect of varied cell-cell coupling on cardiac alter-
nans at the tissue level and how the influence of S-AdR
stimulation in the single cell would translate to the
tissue.

Il. METHODS

A. DETAILS OF THE SINGLE CELL MODEL

We used the mouse atrial cell model developed by Shen [30]
(model structure in Fig. 1), including six downstream targets

VOLUME 8, 2020

of the B-AdR signaling pathway, which are the LTCC, phos-
pholamban (PLB), RyR, troponin I (Tnl), Na*-K*-ATPase
(NKA), and ultra-rapid KT current (Igy,). Arbitrary concen-
tration of ISO can be applied on the model to activate the PKA
which phosphorylates the end targets. The phosphorylation
level of targets changes dynamically with time.

The intracellular space of the model is separated into
4 parts, which are the bulk cytosol, the sub-sarcolemmal
area (SL), the dyadic cleft (or junctional area), and the SR.
RyRs on the SR release Ca®>* from SR to the junctional area.
SERCA is responsible to uptake Ca’T to SR from the bulk
cytosol. Ca* ions generally diffuse from the junctional area
to the sub-sarcolemmal area then the bulk cytosol. 90% of the
LTCCs are located in the junctional area as in other models
[31], [32], which can quickly increase the Ca®t concentration
in the junctional area and induce the SR Ca>™ release.

B. CALCULATION OF THE ALTERNANS RATIO

The APDgy and APD3y was defined as the duration from
the time when maximum upstroke velocity occurred to the
90% or 30% repolarization, respectively. The CaT ampli-
tude was calculated as the concentration difference between
the peak and diastolic Ca>* concentration during one CaT.
The alternans ratio (AR) of APD or CaT amplitude was
defined as [11]:

Alternans Ratio = 1 — Small/Large

where the Small and Large reflecting the small and large
APDg or CaT amplitude values of last two successive beats,
respectively. The alternans ratio ranges from O to 1. An alter-
nans ratio smaller than 0.05 will be treated as no alternans.

C. CONFIGURATIONS FOR THE SINGLE CELL SIMULATION
In all single cell simulations, the cell was paced at 2 Hz
until its steady state was reached. The model was deemed
to be steady when relative differences of intracellular ion
concentrations between beats were lower than one hundred
thousandth of the diastolic level. Then a fast pacing proto-
col ranged from 2.5 to 12 Hz was applied to induce repo-
larization and CaT alternans. The stimulus current was a
1-ms-long pulse with an amplitude of -30 pA/pF and K™ as
the carrier. When comparing the fluxes through sarcolemma,
ionic currents were integrated with respect to time to assess
their contribution to the variation of ion concentrations. The
integration was done by iteratively adding the product of the
amplitude of the flux and the time step from the beginning to
the end of a single beat. For the SR Ca>* release and uptake,
since the density of release was denoted as mmol/(L. SR)/ms,
a volume adjustment factor of 1/44.8 was applied to rescale
the unit of density to mmol/(L cytosol)/ms, which was the
same as the uptake.

In the sensitivity analysis of the role of downstream targets
of B-AdR stimulation in alternans, a target was disabled by
setting the phosphorylation level by PKA of that target to O.
The phosphorylation level is a value ranging from O to 1,
where 0 means that no effect will be conducted to the target.

84807



IEEE Access

S. Zhang et al.: Alternans in Mouse Atrial Cardiomyocytes

4

000666

Ikt lcica

o5

FIGURE 1. A schematic diagram of the mouse atrial cell model. (A) All of the ionic currents, fluxes, signalling pathways and physical
compartments of the model. Cleft: the dyadic cleft. SL: the sub-sarcolemma area. Iy, fast sodium current. Iy, : late sodium current.
Ito: transient outward K* current. Iy, : ultra-rapidly activating delayed rectifier K* current. Iy,: rapid delayed rectifier K* current. Iss:
non-inactivating steady-state voltage-activated K* current. Iy : time-independent inwardly rectifying Kt current. I¢jc,: Ca2t-activated
I~ current. Iy,p: background Nat current. Ic,p,: background Ca2* current. Iy, : background K* current. I¢yp,: background €I~ current.
CaMKII: Ca2*/CaM-dependent protein kinase Il. PKA: protein kinase A. The blue and red circle with “P” in it indicates the

phosphorylation of the target by PKA or CaMKIl, respectively.

Since in our model, PKA is the only effective protein of the
B-AdR signaling pathway, this approach has no other side
effects.

D. CONFIGURATIONS FOR THE ONE-DIMENSIONAL
SIMULATION

The framework for one-dimensional (1-D) simulation in this
study is generally the same with our previous work [33].
In detail, a 1-D strand with 100 coupling cells has been
constructed with a spatial step of 0.2 mm, thus the length
of the whole strand is 20 mm. The diffusion coefficient
was carefully calibrated according to the normal conduction
velocity (CV) of 4448 cm/s in mouse atria reported by
Nygren et al. [34] to achieve 3 different conduction velocities
on the strand, which are the slow conduction with a CV
of 30 cm/s, the normal conduction with a CV of 50 cm/s,
and the fast conduction with a CV of 65 cm/s. If not stated
otherwise, the AR of the 1-D strand is defined as the AR of
the myocyte on the middle of strand.
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The pacing protocol on the 1-D strand is similar with
that at the single cell level. The cells in the strand was first
initialized with the 2-Hz steady states acquired in the single
cell simulation. Then a 10-s simulation at a rate of 2 Hz was
done on the strand, the final states of this 10-s simulation were
used as the initial states for all 1-D simulations. A 1-ms-long
stimulus of -40 pA/pF was applied on the first 6 cells in the
strand. The amplitude used here is a little bit larger than that
at the single cell level for ensuring a successful propagation
in all cases.

E. MODEL IMPLEMENTATION AND

NUMERICAL METHODS

The single cell model and the 1-D simulation framework were
all written in the C+4 programming language. A forward
Euler solver with a time step of 0.002 ms was used in the
single cell simulation. The partial differential equation in
the 1-D simulation was solved by an implicit method
named the Crank-Nicolson method [35] with a time step
of 0.002 ms. The boundary condition was the Neumann
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boundary condition with zero flux. The 1-D simulation
was paralleled using OpenMP provided by the GNU C++
compiler.

IIl. RESULTS
A. SINGLE MYOCYTE B-AdR STIMULATION
ABOLISHES CaT ALTERNANS
Single myocyte experiments in mammals have shown that
B-AdR stimulation has inhibitory effects on the occurrence
and intensity of CaT alternans (cat atrium [26]; mouse ventri-
cle [11]). In our simulation, this phenomenon has been repli-
cated by the model, and we further showed the relationship
between the CaT AR and ISO. The inhibitory effect of ISO at
two representative frequency is shown in Fig. 2Ai & Aii and
Fig. 2Bi & Bii. As shown in Fig. 2Ai & Aii, ISO restrained
the CaT AR of about 0.9 in control condition to a neglectable
level at a pacing rate of 6 Hz without much disturbance on the
AP morphology. Similar results were shown in Fig. 2Bi & Bii
for a pacing rate of 8 Hz. These results were in agreements
with mammalian atrial or ventricular experiments [4], [11].
We simulated the APD and CaT rate dependence from
2.5 to 12 Hz with and without 8-AdR stimulation (0.1 uM
ISO; Fig. 2C-F). The APD rate dependence curve was nearly
flat in both cases (Fig. 2C) and the APD alternans was not
recognizable (AR < 0.05) at all frequencies (Fig. 2D). In the
control case, CaT amplitude bifurcated obviously in a partic-
ular range of pacing frequency (4.5-11 Hz in Fig. 2E), where
the AR was high (& 0.9) (Fig. 2F), indicating that the CaT
alternans is not caused by APD alternans or steep rate depen-
dence curve of APD. The CaT amplitude exhibited a closed
bifurcation or eye-type shape (Fig. 2E), which was also seen
in experiments [36]. With application of ISO, the APD curve
was slightly elevated by about 2-3 ms but APD alternans
was still hardly observed. Whereas the CaT alternans was
significantly reduced by ISO leaving a quite small AR (<0.2)
in a narrow range of pacing frequency (7.5-11 Hz, Fig. 2F).

B. MECHANISMS UNDERLYING CaT ALTERNANS AND
THE EFFECT OF B-AdR STIMULATION

To investigate the mechanism underlying the alternans
inhibitory effect of B-AdR stimulation, we first tested the
individual effect of ISO on its targets. As shown in Fig. 3,
ISO increased the LTCC availability (56% higher maximum
amplitude) and prolonged its opening time, resulting in nearly
50% more Ca* influx during a beat. Similar effect was found
for Ixyr, ISO increased the maximum current density of Igy,
by about 45%. The sensitivity of NKA to intracellular Na™
was enhanced through the phosphorylation of phospholem-
man (PLM) by PKA, leading to a more than 2-fold increase in
the current amplitude of NKA. 8-AdR stimulation also mod-
erately increases the SR Ca?t uptake and release, through
the phosphorylation of PLB (leading to a decrease in SERCA
forward mode Ca®* affinity), and the phosphorylation of RyR
(increasing transition rates to opening state), respectively.
The effect of ISO on the Tnl can be indirectly seen on
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the changes in [Ca?T];, phosphorylation of Tnl increases its
off-rate for Ca>* binding, leading to less Ca>* binding, and
thus slightly increased [Ca2t];.

To discern which downstream target of 5-AdR stimulation
is responsible for the elimination of CaT alternans, we sim-
ulate 64 cases (2°) calculated as the Cartesian product of
either enabled or disabled phosphorylation for the 6 targets.
The cell was paced at 6 Hz for 10 s from a steady state
acquired at 2 Hz. The increase in pacing frequency induced
CaT alternans, which was analyzed and the alternans ratios of
all cases are listed in Fig. 4. The strongest alternans inhibitory
effect was achieved with the phosphorylated LTCC, eliminat-
ing CaT alternans in all 32 cases with it as the downstream
target (AR < 0.02). The phosphorylation of LTCC had clearly
the most pronounced anti-alternans effect compared to other
targets. Without the LTCC as the target, the CaT ARs were
all above 0.9.

To investigate the mechanism of CaT alternans formation
under fast pacing, and the role of phosphorylated LTCC
in this process, the cytosolic Ca?t concentration ([Ca2+]i)
and [Ca®t]; during the whole pacing protocol are shown
in Fig. SAi & Aii. In the no target (NT) case, the amplitude of
CaT quickly reduced during the first several beats of fast pac-
ing because of the significantly increased diastolic [Ca**];
but decreased systolic [Ca?t]);. In the following seconds, both
the diastolic and systolic [Ca?*]; increased (from 1.5t0o 3 s
in Fig. 5Ai), but then started to decrease (from 3 to 7.5 s
in Fig. 5Ai1) until the occurrence of CaT alternans. On the
contrary, with the phosphorylation of LTCC, the systolic and
diastolic [Ca®*]; kept relatively flat from 3 to 7 s then gradu-
ally increased. In both cases, the [Ca?t],; declined during the
whole protocol, but the [Ca®* ], with the phosphorylation of
LTCC was smaller than that of the NT case, indicating that
the [Ca2™t ] depletion itself did not cause CaT alternans. The
[Ca2"’]sr alternans occurred at about 7.5 s in the NT, which
was at the same time of the occurrence of CaT alternans
(Fig. 5Aii).

Due to stronger Ca>*t extrusion by NCX and Ca’** pump
with higher average [CaZt]; (defined as the average level of
[Ca®*]; in each beat) during fast pacing, we were interested in
how the sarcolemmal Ca®* influx and efflux responded to the
changing [Ca®*]; (Fig. 5Bi & Bii). In the NT case (Fig. 5Bi),
the total Ca?* influx decreased with time and started to be
smaller than the Ca%t efflux from about 37" beat (or 3.7 s),
indicating a long-term depletion of the cell Ca’>* content.
The Ca* efflux in NT exhibited large and small alternation
at the nearly same time (from 60" beat or 6 s in Fig. 5Bi)
of the occurrence of CaT alternans. On the other hand, with
the phosphorylation of LTCC, the total Ca>* influx through
sarcolemma increased during the whole simulation, reflecting
a gradual phosphorylation of LTCC (red curve in Fig. 5Bii).
The total Ca®* efflux also increased but smaller than the
influx at the end of the pacing protocol (Fig. 5Bii). For SR
Ca”*t balance shown in Fig. 5Ci & Cii, SR Ca’t uptake
through SERCA (Jup) was always smaller than Jiejease plus
SR Ca’T leak (Jieax) in the NT case, leading to SR Ca>*
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FIGURE 2. The effect of ISO in a single myocyte under fast pacing. (A) APs and CaTs at 6 Hz, (B) APs and CaTs at 8 Hz. Consecutive beats in
the control condition are overlaid to make the alternans clear (mainly CaT alternans). The simulation lasted 20 s + 5 beats and the last
several beats were shown. (C) and (D) The rate dependence of APDg, and APD alternans ratio for control and +1SO configurations.

(E) and (F) The rate dependence of CaT amplitude and CaT alternans ratio for control and +1SO configurations.

depletion until the SR Ca®* release could not maintain steady
and started to alternate between beats (from 60" beat or
6 s in Fig. 5Ci). In the +LTCC case, by contrast, the SR
Ca?* uptake had nearly the same amplitude with total release,
and after a short unstable period (60-90™ beat or 6-9 s in
Fig. 5Cii), SR Ca* release and uptake re-balanced because
of the increasing Jyp (due to higher [Ca2+]i).

84810

Since the only difference in the two cases shown
in Fig. 5 was the phosphorylated LTCC, which supported
that, in our model, the cause of CaT alternans under fast
pacing was the sarcolemmal Ca®>* flux imbalance leaded SR
Ca’" flux imbalance. In detail, fast pacing led to more SR
Ca* release in unit time (each release was smaller but more
releases in a given time) and elevated average [Ca?t]; in
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FIGURE 3. Effects of 8-AdR stimulation (0.1-xM ISO) on its six downstream targets. Each target was simulated individually to exclude the
influence by other targets. The pacing rate was 2 Hz. The last beat of 10-second simulation (30-second simulation for +NKA and +RyR
due to longer time needed to be stable) was shown. (A) The L-type Calcium current (Ic,,)- (B) The ultra-rapid potassium current (li,)-

(C) The current of NKA (lyak)- (D) The SR Ca?* uptake (Jup). (E) SR Ca?* release through RyRs (Jejease)- (F) Cytosolic Ca2+ concentration
([Ca%*];). No target: all downstream targets of 8-AdR stimulation were disabled. +LTCC: only the LTCC was enabled. +Iy,,: only the Iy,
was enabled. +NKA: only the NKA was enabled. +SERCA: only the SERCA was enabled. +RyR: only the RyR was enabled. +Tnl: only the

Tnl was enabled.

the short term, then larger Ca?™t efflux through sarcolemma.
If the influx of Ca®* did not increase accordingly, the total
Ca®t content of the myocyte would decrease, which would
be reflected in a decreased average [Ca?t]; in the long term.
Finally, Jup declined because of the low average [Ca?*]; and
the balance of SR Ca®* release and uptake was broken, which
was the immediate cause of CaT alternans.

C. CaT ALTERNANS IN A ONE-DIMENSIONAL STRAND

To analyze the effects of cell-cell coupling between myocytes
on the generation of CaT alternans, we investigated alternans
incidence and its modulation by S-AdR stimulation in a
1-D strand. The CaTs under different conduction velocities,
pacing frequencies, and with or without the application of
ISO are shown in Fig. 6A. All the six cases without ISO
exhibited prominent concordant CaT alternans. But after the
application of ISO, the CaT alternans in all cases disap-
peared, while it is also obvious that ISO enhanced both the
diastolic and systolic [Ca®*]; compared with corresponding
cases without ISO. This [Ca2T]; elevating effect was more
pronounced under 8-Hz than under 5-Hz pacing (the diastolic
Ca”* concentrations with the CV of 50 cm/s and application
of ISO were 0.16 uM and 0.22 uM at 5-Hz and 8-Hz pac-
ing rate, respectively). Fig. 6Bi & Bii shows the CaT AR
of all the six conditions at pacing frequencies varied from
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2.5 to 12 Hz. We can see that, analogous with the simulation
results at the single cell level (Fig. 2F), the 1-D strand showed
CaT alternans in a quite big range of pacing frequencies
(4 to 10 Hz) without the 8-AdR stimulation, whereas CaT AR
on the 1-D strand was lower, indicating a suppressing effect
of cell-cell coupling on the CaT alternans. The pattern of the
CaT alternans did not change with different CVs and the CaT
alternans was totally diminished by the application of ISO
no matter the CV was normal, slow or fast, implying that the
mechanism underlying the alternans inhibitory effects of ISO
were the same at the tissue and single cell level.

D. FREQUENCY DEPENDENCE OF THE CaT ALTERNANS
IN THE SINGLE CELL AND 1-D SIMULATION

To further reveal the alternans inhibitory mechanisms of
B-AdR stimulation in single cell and tissue levels, we demon-
strated systolic [Ca®*];, [Ca**], and several main partic-
ipants of the formation of CaTs in Fig. 7. We can see
that without ISO, simulations of the single cell and 1-D
strand had similar frequency-dependent [Ca?*]; and [Ca2"’]Sr
(Fig. 7A & B). There was also no marked difference in the
fluxes through sarcolemma and SR Ca®* release and uptake
(Fig. 7C-F). CaT alternans occurred between 5 to 10 Hz.
On the other hand, after the application of ISO, the inte-
gral Ca’* influx (mainly through LTCC, see Fig. 7C) was
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Target

CaT AR

FIGURE 4. Sensitivity analysis of the role of six downstream targets of 1SO in alternans. The
grey block indicates the corresponding target was enabled to be phosphorylated by PKA,
whereas the white block indicates otherwise. The cell model was paced at 6 Hz for 10 s
from an initialized cycle length of 500 ms. Last 2 successive beats were used to calculate

the AR.

significantly enhanced both in the single cell and tissue,
then suppressed the CaT alternans via the route concluded
in section III-B. It can also be seen in Fig. 7E & F, with a
higher [Ca®*];, Jup was big enough to support a high level of
SR Ca2* release which was comparable to the bigger release
during CaT alternans in the control condition. It is also worth
noting that the Ca>* influx in tissue was lower than that in the
single myocyte (Fig. 7C), indicating a downregulated effect
on the Ca”* influx by cell-cell coupling.

84812

E. THE EFFECT OF CELL-CELL COUPLING ON LTCC

As we showed before, the integral Ca?" influx in the 1-D
simulation was smaller than that at the single cell level.
To further explore the role of electrical coupling in this
difference, we compared the stimulus or diffusion current,
APs and Ic,p in the single cell and three 1-D simulation
with different CVs (TC, Tissue control; TS, Tissue slow; TF,
Tissue fast) as shown in Fig. 8. In single cell simulation, a
cell model is driven by a stimulus current, but in tissue, the
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FIGURE 5. Sarcolemmal Ca2* influx-efflux balance and SR Ca2™ rel uptake balance. The model was paced at 2 Hz until steady then pacing at

10 Hz to induce CaT alternans. Simulated traces during the whole pacing protocol plus 2 beats before the fast pacing are shown. (Ai) Cytosolic and
(Aii) SR Ca2t concentration during the pacing. (B) Integral Ca2* influx and efflux through sarcolemma at the end of each beats with no targets
(Bi) or phosphorylated LTCC (Bii). The Ca2* influx is composed of I, , background Ca2* current, and the current through NCX in backward mode.
The Ca2t efflux is composed of the sarcolemmal Ca2* pump, and the current through NCX in forward mode. (C) Total SR Ca2t release and uptake
at the end of each beat with no targets (Ci) or phosphorylated LTCC (Cii). The SR Ca%* uptake is only from SERCA (Jup) and the SR Ca2t release
contains RyR release (J;ejease) and SR Ca2* leak (Jjoak)- Insets in Bi and Ci enlarge the last several beats with prominent alternans.

cell model acts as both an electric load and source through
a diffusion current (Ipjsr) connecting with its neighbors. As a
result, the different morphology of the stimulus current (Istim)
and Ipjr will activate slightly different APs. As shown in
Fig. 8A & B, Isim was a square current with an amplitude
of 30 pA/pF and a duration of 1 ms, and the Ipig was first
an inward current being driven by the previous cell then
an outward current driving the next cell (Fig. 8Ai & Bi).
The difference was reflected in the lowered OS of AP and
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smaller amplitude of Iy, in tissue (Fig. 8Aii & Aiii). Further-
more, the smaller Icyr, induced a weaker Jiejease (Fig. 8Aiv).
The B-AdR stimulation had little effect on the Ipjg or APs
(Fig. 8Bi & Bii), but dramatically enhanced Ic,r, and Jiejease
(Fig. 8Biii & Biv).

The OS, APD3g and integral Icy, calculated from
Fig. 8A & B are shown in Fig. 8C. The OS of the TC was
significantly lower (Fig. 8Ci) and the APD3y of TC was
longer (Fig. 8Cii) than that of the single cell. Since generally
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the Icar will be bigger with higher OS and longer APD3y),
the effects on OS and APD3g of cell-cell coupling cancelled
with each other, leading to almost no or only a little effect on
the integral Ic,r, (Fig. 8Ciii). However, the Jrelease in tissue
was smaller than that in the single cell (Fig. 8Aiv), which
alleviated the SR Ca?* flux imbalance, thus could explain
why the CaT AR in the 1-D strand was lower than that in the
single cell. Moreover, it’s interesting that both the TS and TF
had a higher OS and shorter APD3( than the TC, implying
the influence of cell-cell coupling on the AP was not linear.
On the other hand, the cancelling effect also took place with
the variation of CVs, making the synergy of ISO and CV
neglectable. This could explain no matter how slow or fast the
CV was, the alternans inhibitory effect by 5-AdR stimulation
was not much affected (as shown in Fig. 6B).

IV. DISCUSSION

Using a mathematical model of the mouse atrial myocyte,
we found the cell exhibited obvious eye-type CaT alternans
under fast pacing, but almost no repolarization alternans.
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The sarcolemmal Ca®* flux imbalance leaded SR Ca®* flux
imbalance was a cause of CaT alternans. Among the six
downstream targets of B-AdR stimulation, it was mainly the
enhanced Iy, that abolished CaT alternans. The mechanism
underlying the inhibitory effect of B-AdR stimulation on
fast pacing induced CaT alternans was by increasing the
sarcolemmal Ca®* influx and cytosolic Ca>* concentration,
leading to a stronger SR Ca?* uptake to re-balance the SR
Ca’* release and uptake.

We saw similar ratio of CaT alternans in the three cases
with different CVs on a 1-D strand. The differences in
CVs did not change the frequency range in which the CaT
alternans was induced. We analyzed the influence of cell-cell
coupling on the APs and Icy1, and found that the changes in
cell-cell coupling would increase the OS of APs and shorten
the APD3(. These two effects cancelled with each other, lead-
ing to nearly no effects of cell-cell coupling on the Ic,r, thus
no disturbance on the intracellular Ca>* cycling. Based on
the similar mechanism of the application of ISO at the single
cell level, application of 0.1 ©M ISO in the 1-D strand could
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totally abolish the CaT alternans. Moreover, only concordant
CaT alternans was seen on the 1-D strand.

A. THE MECHANISM UNDERLYING CaT ALTERNANS

Although it is still controversy whether APD or CaT alter-
nans is the primary mechanism for cardiac alternans, recent
studies tend to believe that APD alternans may be the sec-
ondary consequence of CaT alternans [4], [13]. However,
the leading mechanism for the formation of CaT alternans
is still unclear. The bidirectional coupling existing between
membrane potential and CaTs interfere with the investigation
on CaT alternans. Compared with previous modeling studies
on other species [36], one advantage of this work is that the
AP of the mouse atrial cell model exhibits a quite short APD
and no plateau phase (see Fig. 2Ai & C), which limits the
influence by repolarization alternans on the Ca®** cycling.

VOLUME 8, 2020

The repolarization alternans of our model is neglectable with
a CaT AR more than 0.9, demonstrating a good separation of
the repolarization process and CaT alternans.

In our mouse atrial cell model, we have found that the
loss of the sarcolemmal Ca®t balance is the cause of SR
Ca?t release-uptake mismatch, resulting in CaT alternans.
In detail, along with the increase in pacing frequency,
the average [Ca®*]; increases in short term. This elevated
average [Ca2+]i, on one hand, promotes the forward mode
of NCX and sarcolemmal Ca2" pump, leading to more Ca>*
extrusion, and on the other hand, suppresses the LTCC and
the total Ca?t influx. Then in the long term, the re-balanced
average [Ca®*]; will be not much bigger or even smaller than
that before fast pacing (Fig. 5Ai), resulting in a relatively less
active SERCA (i.e. slower SR CaZt uptake) (Fig. 5Ci). The
slower SR Ca”* uptake itself may not cause CaT alternans,
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the generation of CaT alternans also depends on the state
of the Ca2* release unit, which includes LTCCs and RyRs
located closely in the dyadic cleft. If a large SR Ca®* release
can be induced by a large enough Ic,r, and fully recovered
RyRs, then the SR Ca’* content will decrease too much, lead-
ing to a slower RyR recovery before the next stimulus comes
(the lower the SR Ca?* content, the slower the recovery of
RyRs). Under this circumstance, the next SR Ca?" release
cannot maintain the same intensity as the previous one, thus
CaT alternans occurs. On the contrary, if the amplitude of
Icar is not big enough and/or RyRs are in the refractory
period, only a small SR Ca?* release will be induced. Then
the balance of SR Ca®* release and uptake may not be broken
and the cell will be in a stable state, thus no CaT alternans.
This could explain why eye-type alternans has been found
in our model. Because under pacing frequencies lower than
5 Hz, the Ca’* influx and efflux through sarcolemma was
in balance and the total Ca2>* content of the cell did not
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decrease, there is no SR release-uptake mismatch. When the
pacing frequency is higher than 10 Hz, there is no enough
time for the RyRs to recover, each Ca?* release will be small
and within the capability of SR Ca>* uptake. Therefore, in
these two ranges of pacing frequencies, no CaT alternans
can be observed. Our simulation results are in agreement
with other studies [15], [17], [36], which have proposed that
CaT alternans results from refractoriness of the SR Ca’*
release system and is also highly relevant to the sarcolemmal
Ca”* balance.

B. ROLE OF B-AdR STIMULATION IN CaT ALTERNANS

B-AdR stimulation exerts lusitropic and inotropic effects,
which are mainly mediated via PKA induced phosphoryla-
tion of target proteins [37]. Phosphorylation of proteins in
the SR plays a key role in maintaining the balance of SR
Ca’" release and uptake. Phosphorylation of PLB relaxes its
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inhibitory effect on the SERCA and leads to faster SR Ca’*
uptake [38], [39], which is both lusitropic (faster decrease of
the cytosolic Ca’T concentration) and inotropic (more Ca’*
for next release). Phosphorylation of RyR both accelerates
and increases the amount of the SR Ca?t release, which
directly contributes to faster initiation of cell contraction [40].
Since CaT alternans can be either SR load-dependent or
RyR-refractoriness-dependent, S-AdR stimulation increases
the SR Ca?" uptake and decreases the refractoriness of RyR
thus exerts inhibitory effects on CaT alternans [41], [42].
On the sarcolemma, PKA phosphorylates LTCC leading to
an increase in the mean channel open time and the probability
of channel opening [43]. Then more Ca®* influx elevates the
cell Ca** content to a moderate level, supporting uniform
beat-to-beat response [44].

Experiments have shown that 8-AdR stimulation can abol-
ish CaT alternans. Hammer et al. [11] presented that CaT
alternans in mouse ventricular myocytes was reduced by
application of ISO. The inhibitory effect of B-AdR stim-
ulation on CaT alternans has also been confirmed in cat
atrial myocytes [26]. From the perspective of simulation,
Tomek et al. [45] used a canine cardiomyocyte model and
pointed out that the phosphorylation of RyR by PKA was the
main cause of the inhibition of CaT alternans. They linked
accelerated RyR opening by ISO to alternans attenuation
via improvement in the SR Ca’* uptake. In our model,
the RyR kinetics was also modulated by the 8-AdR stimu-
lation, resulting in a faster and larger opening. But among
the six downstream targets, only the LTCC showed a potent
enough inhibitory effect on the CaT alternans. The dominant
targets in the two models are different, showing that the
mechanism underlying the generation and inhibition of CaT
alternans may be different in different species due to different
properties of cellular Ca®* cycling. Our results have shown
that in mouse atria, it is the unbalanced sarcolemmal Ca%*
fluxes that underlies the genesis of CaT alternans, rather than
the RyR refractoriness in the canine cardiomyocyte.

We found in our simulation that the LTCC was the key
downstream target of the S-AdR stimulation. But the role
of LTCC in the genesis of CaT alternans is still controver-
sial from experimental findings. Llach et al. [46] found in
human atria that the Ic,p. density was significantly larger in
myocytes with alternating beat-to-beat CaTs. And partial Iy,
inhibition reduced the incidence of beat-to-beat alternation,
demonstrating that a large Ic,;, amplitude favors alternating
responses. However, there were also studies in rat ventricles
showing that reduced Ic,;. would be a favored factor for
alternans, since more RyRs might not activated by Ca’*
entering through LTCC but, instead, by Ca>* waves [44]. Our
simulation showed that amplified Ic,1, significantly reduced
the CaT AR, which was in line with the latter. We suppose
that in mice or rats, whose APs are narrow and have no
plateau phase, the opening time window of the LTCC is not
long enough, leading to insufficient Ca>* influx during fast
pacing, which may be the cause of CaT alternans. Moreover,
these results indicate that the occurrence or abolishment
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of CaT alternans cannot be attributed to changes in a sin-
gle target of B-AdR stimulation, the mechanism underlying
B-AdR induced CaT alternans abolishment may be species
specific.

Differences in the subcellular structure of atrial and
ventricular myocytes also have significant influence on the
intracellular Ca?>* handling. Alternans attenuation by Icar
amplification was also suggested by Tomek er al. in their
simulation on canine and human ventricular myocytes [45].
The models they used consider intra-SR difiusion of Ca®*
(from network SR (NSR) to junctional SR (JSR)) and they
attributed alternans abolishment to the depletion of JSR Ca’*
concentration ([Ca®t]jsr). A similar pattern of CaT alternans
is also proposed by Mora et al. [47] in their simulation on the
O’Hara & Rudy human ventricular cell model [48], in which
a moderate decrease of [Ca?t]jsr promotes CaT alternans,
but further depletion of [Ca2t];sr abolishes CaT alternans.
Our atrial cell model does not consider intra-SR diffusion
of Ca%* (does not distinguish JSR from NSR), so cannot
reproduce their results. According to high resolution cell
imaging, atrial myocytes in small mammals either lack a
well-developed T-tubule network or have an irregular internal
transverse-axial tubular system [49]-[51]. As a result, the
initial rise of the Ca’* transient starts from the periphery
of the cell and then the inner Ca®* are released sequentially
towards the cell center with decreasing amplitude [52], and it
is reasonable to presume that a large portion of Ca’* release
actually happens in the non-junctional area. Another evidence
is that the amplitude of CaTs near JSR and non-junctional
SR is similar in rabbit atrial myocytes [42], which means less
importance in distinguishing the potential intra-SR diffusion
of Ca* in atrial myocytes. Therefore, we do not take it into
consideration in our mouse atrial cell model.

C. THE RESPONSE OF TISSUE TO VARIED CELL-CELL
COUPLING AND B-AdR STIMULATION

B-AdR stimulation in intact rabbit hearts has been shown to
suppress Ca’*t alternans [53]. Our simulation results simi-
larly show that ISO has an inhibitory effect on CaT alternans
in a 1-D strand of mouse atrial tissue. ISO exerts this effect
via a similar route as that at the single cell level, which is
by augmenting the Ic, to restore the sarcolemmal Ca>* flux
balance. We have also shown in simulation that varied cell-
cell coupling does not have a significant impact on the CaT
AR. ISO is still potent enough to abolish the CaT alternans in
the tissue with fast, normal and slow CVs, which is in agree-
ment with the experiment on the guinea pig [22]. We further
investigate the influence of cell-cell coupling on the AP and
LTCC (Fig. 8) and find that in our model, neither strong nor
weak cell-cell coupling could markedly change the total Ca>*+
influx through the LTCC. We have shown in our simulation
that both increased and decreased cell-cell coupling, on one
hand, elevate the OS, which increases the open probability of
the LTCC, and on the other hand, shorten the APD3, which
limits the opening time of LTCC. These two effects cancel
with each other, leading to almost unchanged Ca’* influx

84817



IEEE Access

S. Zhang et al.: Alternans in Mouse Atrial Cardiomyocytes

through LTCCs. This could explain why the variation in the
cell-cell coupling has little effect on the CaT alternans.

Spatially discordant alternans manifested by out-of-phase
excitation between two neighboring regions is believed to
facilitate the formation of re-entry, underlying cardiac fibril-
lation [3]. In the 1-D simulation, we only find concordant
alternans but no discordant alternans. And similar to the
single cell level, there is prominent CaT alternans but no
obvious APD alternans. It is interesting why the alternans
is all in-phase under various CVs. In our previous work
using a multi-scale rabbit ventricular model, discordant APD
alternans was observed in a homogeneous 1-D tissue [33].
In the same work we also demonstrated how spatially dis-
cordant alternans arose from the combined action of APD
restitution and CV restitution properties. The main difference
between these two works resides in the flat APD rate depen-
dence of our mouse atrial cell model (Fig. 2C), which may
explain why there is no discordant alternans in the 1-D mouse
atrial tissue. Whether the concordant CaT alternans alone can
translate to re-entry and atrial arrythmia still needs further
study.

D. LIMITATION

In this study, we used a mouse atrial cell model fitted
to physiological temperature to investigate the effects of
B-AdR stimulation on alternans. However, most physio-
logical experiments were conducted at room temperature,
because alternans is more readily induced at lower temper-
ature [3], [10], [11]. Higher temperatures result in higher
rates of ion transport (e.g. quicker diffusion of Ca?*, larger
current) and acceleration of enzymatic processes (e.g. energy-
producing metabolic pathways, phosphorylation processes)
which in turn could rescue cardiac cells from alternans [54].
Therefore, the alternans ratio calculated from our simu-
lation cannot be quantitively compared with experimental
studies.

The mouse atrial cell model used in this study only exhibits
deterministic behaviors. However, subcellular Ca?T handlin g
is a stochastic process, especially in the dyadic cleft where
a number of LTCCs and RyRs locate closely and generate
Ca?t sparks or subcellular Ca?t waves [55], [56]. Previous
studies have shown that the random activation of ion chan-
nels may affect the CaT alternans [14], [17]. Our simulation
presented here cannot evaluate the effect of randomness on
the genesis of CaT alternans.

There is experimental evidence showing that sodium
current in mammal myocytes (rabbit and rat ventricular
myocytes) may also be affected by S-adrenergic stimulation
[57], [58]. This effect was considered by Heijman et al. in
their simulation on a canine ventricular cell model to inves-
tigate the effects of B-adrenergic stimulation [59]. To our
best knowledge, however, there is still no direct data for
mouse atrial myocytes, which makes it difficult to determine
the precise effect of S-adrenergic stimulation on the sodium
current in our model. Our model will be updated when more
data is available.
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V. CONCLUSION

In this study, we have found that CaT alternans can be induced
without noticeable repolarization alternans under fast pacing
in the mouse atrial cell model. Simulation results show that
the phosphorylated LTCC contributes most in suppressing the
CaT alternans among the six downstream targets of 8-AdR
stimulation. Enhanced LTCC leads to more Ca’* influx and
restores the sarcolemmal Ca?™ flux balance, which indicating
that the initiation of the CaT alternans is due to the sarcolem-
mal Ca®* flux imbalance leaded SR Ca’* flux imbalance.
At the tissue level, S-AdR stimulation is still potent enough
to abolish the CaT alternans on the 1-D strand by the same
mechanism at the single cell level. Furthermore, we find
that reduced and increased cell-cell coupling does not affect
the pattern of CaT alternans or interfere with the alternans
inhibitory effect of 8-AdR stimulation in mouse atria because
the influences of prolonged APD3( and lowered OS on Icap
cancel with each other.
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