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ABSTRACT Cardiac Ca2þ-induced Ca2þ release (CICR) occurs by a regenerative activation of ryanodine receptors (RyRs)
within each Ca2þ-releasing unit, triggered by the activation of L-type Ca2þ channels (LCCs). CICR is then terminated, most
probably by depletion of Ca2þ in the junctional sarcoplasmic reticulum (SR). Hinch et al. previously developed a tightly coupled
LCC-RyR mathematical model, known as the Hinch model, that enables simulations to deal with a variety of functional states of
whole-cell populations of a Ca2þ-releasing unit using a personal computer. In this study, we developed a membrane excitation-
contraction model of the human ventricular myocyte, which we call the human ventricular cell (HuVEC) model. This model is a
hybrid of the most recent HuVEC models and the Hinch model. We modified the Hinch model to reproduce the regenerative
activation and termination of CICR. In particular, we removed the inactivated RyR state and separated the single step of
RyR activation by LCCs into triggering and regenerative steps. More importantly, we included the experimental measurement
of a transient rise in Ca2þ concentrations ([Ca2þ], 10–15 mM) during CICR in the vicinity of Ca2þ-releasing sites, and thereby
calculated the effects of the local Ca2þ gradient on CICR as well as membrane excitation. This HuVEC model successfully
reconstructed both membrane excitation and key properties of CICR. The time course of CICR evoked by an action potential
was accounted for by autonomous changes in an instantaneous equilibrium open probability of couplons. This autonomous
time course was driven by a core feedback loop including the pivotal local [Ca2þ], influenced by a time-dependent decay in
the SR Ca2þ content during CICR.
INTRODUCTION
Our understanding of human cardiac cell physiology has
been greatly facilitated by combining limited human exper-
imental data with mathematical myocyte models based on
detailed and systematic knowledge gained by conducting
animal experiments (1–3). Two of the most recent models
of human ventricular cells (HuVECs), the GPB model (4)
and the ORd model (5), were based on an extensive review
of human data for membrane excitation, and demonstrated
ionic mechanisms underlying the action potential (AP) as
well as the Ca2þ transients at various stimulus frequencies.
However, what is still required is a cell model that incorpo-
rates the updated mechanisms of Ca2þ-induced Ca2þ release
(CICR), since membrane excitation is largely modified by
intracellular Ca2þ dynamics (6). Moreover, CICR is the
key mechanism in coupling membrane excitation to muscle
contraction.

The empirical equations used to describe CICR so far
in most cardiac cell models are of limited use because
they were largely simplified. For example, the functional
coupling between L-type Ca2þ channels (LCCs) and
ryanodine receptors (RyRs) was calculated by referring to
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a time-dependent increase of [Ca2þ] in a single dyadic
(or submembrane) space common to the whole population
of RyRs within a cell. However, it is now well established
that CICR is regulated by the tight coupling between
LCCs and a cluster of RyRs individually for each Ca2þ-
releasing unit (CaRU) (7,8) (this is known as the local
control theory). Here, we define the cluster of RyRs as a
couplon separate from LCCs. Moreover, the activation and
inactivation kinetics of RyR models have been elucidated
in much more detail by recent experimental findings.

Greenstein and Winslow (9) formulated a computational
model of the cardiac ventricular myocyte that included the
stochastic calculation of 12,500 individual CaRUs gating
according to the local control of CICR. Subsequently, Hinch
(10) and Hinch et al. (11) succeeded in reducing the compu-
tational cost of that model by developing a new algorithm
(a tightly coupled LCC-RyR model, known as the Hinch
model) for calculating CICR processes explicitly for each
combination of open or closed conformations of LCCs
and a couplon, representing a hypothetical CaRU composed
of a group of RyRs. In the Hinch model, the spread of
activation to neighboring CaRUs is prevented by assuming
that the released Ca2þ is largely diluted by the bulk cytosol
separating individual CaRUs, and thus the activation
of RyRs is roughly proportional to the LCC activation.
However, it is well established that a large Ca2þ gradient
http://dx.doi.org/10.1016/j.bpj.2015.06.017
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occurs near the Ca2þ-releasing site (12–17). Any Ca2þ

accumulation around a CaRU in general might allow the
spread of sequential activation of neighbors through an
increase in local [Ca2þ] outside the CaRU.

A localized Ca2þ depletion within the SR has been
observed during Ca2þ sparks by confocal imaging (18–20).
The effects of this Ca2þ depletion were examined by theoret-
ical calculations of the stochastic activation of individual
RyRs induced by the spatiotemporal evolution of [Ca2þ]
within the dyadic cleft. It was demonstrated that the depletion
of local Ca2þ content in the terminal cisternae of the sarco-
plasmic reticulum (SR) did indeed terminate theCa2þ release
of CaRUs in the absence of an inactivation state of RyRs
(SJ model (21), LC model (22), and SM model (23)).

The inactivation of LCC is also a pivotal element in calcu-
lating the time evolution of the state transitions of CaRUs.
However, most models of Ca2þ-dependent inactivation
(CDI) are not necessarily based on the cascade of molecular
events of the CDI of LCCs (24–27). On the other hand, the
Hinch model gives a Ca2þ concentration at the Ca2þ-binding
site for CDI, which is consistent with the widely accepted
theoretical estimation of [Ca2þ] near the ion channel exit
(25,26,28–30). If the estimation of [Ca2þ] at the ion channel
exit is realistic, the shortening of AP evoked by increasing
the [Ca2þ]o (31,32) might be reproduced in a mathematical
model through the CDI mechanism.

In our previous study (33), we used the Hinch model to
examine the involvement of CICR in the development of
early afterdepolarization (EAD) and delayed afterdepolari-
zation (DAD) in a human ventricular myocyte model.
Here, we decided that although the basic mechanisms of
EAD and DAD would remain essentially the same, we
had to improve the state transition of CaRU (11) by
removing the rapid inactivation of RyR, since it has been
reported that such inactivation is hardly observed in exper-
iments (33–36). We revised the kinetics of the CICR model
with respect to the Ca2þ dependency of the couplon closing
rate, which was caused by the Ca2þ-dependent activation of
individual RyRs that constitute the couplon. We incorpo-
rated this revised CICR model into our HuVEC model.
Using this HuVEC model, we demonstrated mechanisms
underlying both graded Ca2þ release in the presence of local
Ca2þ accumulation, and the controlled termination of regen-
erative CICR in the absence of RyR inactivation. Although
detailed experiments of CICR have not yet been conducted
in HuVECs, it may be timely to propose a comprehensive
human ventricular myocyte model that includes membrane
mechanisms, mechanistic CICR models, and the contraction
of myofilaments.
MATERIALS AND METHODS

Details regarding the parameters used in this work, the variables and

their physical units, cell geometry, Ca2þ compartments, Ca2þ buffers,

Ca2þ diffusion, dynamic equations for ion channels and transporters,
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the CaRU, and changes in ion concentrations and membrane potential,

as well as supporting figures are provided in the Supporting Material.

The source code of the model can be downloaded at http://www.

eheartsim.com. In this section, the Ca2þ compartments, the distribution

of ion channels and transporters within each compartment, the definition

of nanodomain (nd), and modifications of the Hinch model are

described.

Separation of Ca2D compartments in the
HuVEC model

Acsai et al. (12) found a higher [Ca2þ] transient of 10–15 mM in a

near releasing site (nrs). According to this finding, for our HuVEC model

we divided the ion diffusion space (Vcyt) into three Ca2þ compartments

(a junctional space (jnc), an intermediate zone (iz), and bulk space (blk),

as indicated with different colors in Fig. 1):

Vcyt ¼ Vjnc þ Viz þ Vblk: (1)

The cytosolic Ca2þ gradients were represented in three discrete steps by

[Ca2þ]jnc, [Ca
2þ]iz, and [Ca2þ]blk. Vjnc was model adjusted to 0.8% of the
apparent cell volume (Vcell) to give an appropriate bias level for [Ca2þ]
around Ca2þ-binding sites within a CaRU (denoted as [Ca2þ]nd). The iz

(¼ 3.5% of Vcell) defines an intermediate zone between jnc and blk, and

may correspond to nrs in Acsai et al. (12).

The ion channels and transporters were distributed on the sarcolemma.

ICaL due to LCCs composing the CaRU at nd were assigned to jnc. To simu-

late CDI of whole-cell ICaL, we assigned 75% of the LCCs to the jnc, 10%

to blk, and the rest to iz. Other [Ca2þ]-related currents, such as IKs, ICab,

IL(Ca), INCX (Naþ/Ca2þ exchanger), and IPMCA, were distributed in iz

(10%), and the rest of the currents were in blk (90%). All of the other chan-

nels and transporters were located in blk. The above assumption for NCX

distribution seemed to be adequate for reconstructing the experimental

recording of INCX evoked by the Ca2þ transient during 10- and 30-ms

step pulses (12). Transferring half of the NCX from iz to jnc hardly affected

the result because the [Ca2þ]jnc transient diminished too rapidly to evoke

NCX effectively (the absence of NCX in rat dyad was previously reported

(37), although its exact location is still uncertain (38)). No compartments

were assumed for Naþ and Kþ because their diffusion was estimated

to be rapid (39,40), and all ion channels or transporters independent of

Ca2þ were assigned to cyt for the sake of simplicity.
Nanodomain Ca2D in the CaRU

To derive an expression for the [Ca2þ] sensed by the LCCs and RyRs, we

used the rapid equilibrium approximation adopted by Hinch (10) and Hinch

et al. (11). In this approach, the calcium in the nanodomain ([Ca2þ]nd) is
assumed to be in an instantaneous steady state, since the time constant

for equilibrium in this region is considerably smaller than the open times

of the LCCs or RyRs, so that the efflux of calcium into the adjoining

sink (jnc in this study) is balanced by the currents through the LCCs and

RyRs. Using the same approximation, we can define [Ca2þ]nd as a function
of [Ca2þ] in two Ca2þ sources, SRrl ([Ca2þ]SRrl) and extracellular space

([Ca2þ]o), and in the Ca2þ sink compartment directly connected to nd

([Ca2þ]jnc ¼ [Ca2þ]00) and Vm:

½Ca�nd ¼
½Ca�00 þ fR � ½Ca�SRrl þ fL � dV , e�dV

1� e�dV
� ½Ca�o

1þ fR þ fL � dV

1� e�dV

;

fR ¼ 0:31; fL ¼ 0:014;

(2)

where fR (¼JR/gD (11) or rRyR/rxfer (41)) and fL (¼JL/gD (11) or PLCC/

(V �r ) (41)) indicate the conductivity ratio between influx (flux from
ds xfer
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FIGURE 1 Composition of the HuVEC model

demonstrated by a half-sarcomere. The compart-

ments of jnc, iz, and blk in the cytosol, SR, and

T-tubule are filled with different colors. The ion

channels and transporters are located on the sarco-

lemma, SERCA and RyRs are on the SR mem-

brane, and the contractile fibers are in blk. A

single CaRU consists of a hypothetical LCC and

a couplon in the junctional cleft (filled with green

color), and individual CaRUs are spatially sepa-

rated from their neighbors by jnc. The inset at

the top shows a schematic presentation of the diffu-

sion pathway of Ca2þ from the Ca2þ sources to the

sink. JL, JR, and gD represent the permeability of

single LCCs and RyRs, and the Ca2þ flux rate

from nd to jnc, respectively. The myofilaments

were embedded in an SR network (SRup). ICaL:

L-type Ca2þ current; INa: sum of Naþ currents in

transient and late modes; INaT þ INaL; IK1: inward

rectifier Kþ current; IKr: rapid component of de-

layed rectifier Kþ current; IKs: slow component

of delayed rectifier Kþ current; IKto: transient out-

ward Kþ current; IKpl: plateau Kþ current; Il(Ca):

Ca2þ-activated background cation current; ICab:

background Ca2þ current; IKATP: ATP-sensitive

Kþ current; IbNSC: background nonselective cation

current; NaK: Naþ/Kþ pump; NCX: Naþ/Ca2þ

exchanger; PMCA: plasma membrane Ca2þ

ATPase; SERCA: sarco-/endoplasmic reticulum

Ca2þ pump.
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a couplon and a hypothetical unit of several LCCs) and efflux (diffusion

from nd to the Ca2þ sink compartment next to nd) within nd. dV stands

for zFVm/RT.

The first term of the numerator in Eq. 2, Ca00, is the [Ca2þ] in a func-

tional Ca2þ compartment, jnc in the HuVECmodel, which provides a direct

sink of Ca2þ efflux from nd and is calculated by time integration of Ca2þ

fluxes. The second and third terms of the numerator indicate components

that are directly dependent on Ca2þ fluxes through a couplon or LCC,

respectively. The instantaneous equilibrium of [Ca2þ]nd implies that nd is

located on a diffusion pathway of Ca2þ fluxes from the source pools, i.e.,

the extracellular space for LCCs and the SRrl for couplons to a Ca2þ

sink. Thus, [Ca2þ]nd takes an intermediate level between the millimolar

level of [Ca2þ]o or [Ca
2þ]SR in the source pool and the micromolar range

in the sink pool. In this study, the sink pool of Ca2þ is defined as junctional

space (jnc). Thus, [Ca2þ]jnc represents C00 in Eq. 2 and potentially is able to

activate the CaRU in the absence of LCC activation, typically during a con-

dition of Ca2þ overload of the SR. It should be noted that the [Ca2þ]nd has
not been defined in the conventional cardiac cell models published to date,

including the GPB and ORd models, but is frequently used to calculate

the inactivation of LCCs in biophysical studies (26,28,30,42), as well as

in the single couplon model of CICR with (43) or without (22,23) LCCs.

The NL contraction model of Negroni and Lascano (44) was used without

modification.
Modification of the state-transition scheme
in the Hinch model

We modified the original Hinch model in three ways. First, the rapid inac-

tivation step of RyR was removed. This was because inactivation occurred

too slowly (34,35,45), and CICR termination had been reproduced in

the absence of this inactivation state in the SJ, LC, and SM models. The

activation and deactivation rates of a RyR were determined based on
single-channel recordings obtained experimentally. Second, the state transi-

tion to activate a couplon was separated into a triggering step and the

subsequent regenerative activation step of RyRs, as was previously done

for the full-stochastic SJ, LC, and SM models. In these models, the trig-

gering step by LCCs was replaced simply by randomly opening one RyR

(22,23). With regard to the gating properties of LCCs, we assumed that

the Vm-dependent step and the Ca2þ-dependent step are independent of

each other, as described in Shirokov et al. (26). We determined the rate con-

stants of LCC kinetics by using experimental data obtained from HuVECs

(Fig. S2). Third, we approximated the closing kinetics of a couplon based

on the coincidence of simultaneous closing of multiple RyR openings.

After the modifications described above, CaRU kinetics could be ex-

pressed by an eight-state transition scheme as shown in Fig. 2. The gating

of Vm-dependent and Ca2þ-dependent activations of LCCs and couplon

activation are indicated along the x, y, and z axes, respectively. The proba-

bility of occupying a functional state of CaRU (Y) is denoted as Yxyz, where

subscripts x, y, and z indicate open (O) or closed (C). The four kinds of

[Ca2þ]nd (Ca00, CaL0, Ca0R, and CaLR) calculated by Eq. 2 regulate the

Ca2þ-mediated state transition along the y and z axes. When L or R is

closed, the subscript for [Ca2þ]nd becomes 0 and the corresponding value

of [Ca2þ]nd is calculated by nullifying JL or JR, respectively, in Eq. 2.

The YCCt, COt, OCt or OOt defined by the subscript t in the functional state

of Y indicates the probability of a triggered state, driven by CaL0 or Ca00
as indicated in the scheme. Note that the regenerative step was determined

by CaL0 and CaLR for Yooo and by Ca00 and Ca0R for the conformation states

Ycoo, Ycco, and Yoco of CaRU.
Determination of couplon kinetics

The opening (kco) and closing (koc) rate constants of RyR determined from

the single RyR recordings under physiologically relevant conditions are

variable in the literature (46) (Fig. S5). In this study, we adopted the rate
Biophysical Journal 109(2) 415–427



FIGURE 2 Scheme of the state transitions of the CaRU model (see text

for further explanation). The inset shown at the top is a schematic illustra-

tion of a cluster of RyRs corresponding to the closed, triggered, and acti-

vated states of a couplon from right to left, respectively. Circles filled

with red are open RyRs and open circles are closed ones. The blue stretch

in the vicinity of open RyRs is an image of spreading Ca2þ. The first acti-
vation of a single RyR within a couplon is achieved either by Ca2þ influx

through an activated LCC or by a spontaneous increase in [Ca2þ]nd during
various Ca2þ-overload conditions.
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constants used by Stern et al. (23), who referred to measurements by Guo

et al. (47), to facilitate a comparison between the HuVEC model and the

SM toy model. We adjusted the rates for temperature by introducing a tem-

perature factor (Q10¼ 3) after introducing a Hill equation for Ca2þ binding:

kco ¼ Q10 � 0:4

1þ
�
0:025

½Ca�nd

�2:7
(3)

koc ¼ Q10 � 0:118 � 4:8: (4)
The original koc (0.118 ms�1) was multiplied by 4.8, referring to koc used in

previous CICR models (see Fig. S5).
For the triggering step of opening a single RyR by an adjacent LCC or

spontaneously, an instantaneous equilibrium was assumed, and the proba-

bility of the triggered state (ft) of a couplon was given by

ft ¼ kco
kco þ koc

: (5)

In the regenerative step, an increasing number of RyRs are activated

through nearest-neighbor activation by Ca2þ release within a couplon, as
previously demonstrated in a full-stochastic simulation by Laver et al.

(22) (see their Fig. 2). For practical purposes, this mechanism was approx-

imated by a two-state transition model between full-open and closed states

of a couplon. The forward rate krco and backward rate kroc of the regenera-

tive step were determined from the single-channel RyR kinetics kco and koc
by Eqs. 6 and 7:

krco ¼ fn � ft � kco � �
sloc0þ �

Ca2þ
�
SRrl

�
(6)

k ¼ k , pCðNRyR�1Þ , l where pC ¼ koc
: (7)
roc oc

koc þ kco
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The factor fn in Eq. 6 is a multiplying factor (¼ 7 in the HuVEC model) to

express the spread of Ca2þ to activate nearest-neighbor RyRs within a cou-

plon in the regenerative step. The last factor of Eq. 6 is adopted from the

original SM model. Equation 7 is an empirical formula deduced by con-

ducting a stochastic simulation of open-closed-state transitions of a number

(NRyR¼ 10) of individual RyRs within a couplon, defining a closed event of

couplon with simultaneous closure of all RyRs. The pC is a steady-state

probability of the closed conformation of a RyR. The l (¼ 0.74) is a correct-

ing factor for the probability of simultaneous closure of (NRyR � 1) RyRs.

Thus, kroc decreases as kco increases with increasing [Ca2þ]nd. The lifetime

of open events measured in the stochastic simulation agreed well with the

kroc determined by Eq. 7 at NRyR ¼ 1–20 or at various [Ca2þ]nd. For further
explanation, see ‘‘Determination of the deactivation rate of a couplon’’ in

Supporting Materials and Methods.

The rate of change in the open probability of a couplon (pO) in a two-

state transition model is then expressed as follows:

dpO

dt
¼ krco � ð1� pOÞ � kroc � pO: (8)

We validated the overall activation and deactivation rates by performing a

stochastic simulation of couplon activity (Fig. S6). Assuming the existence
of 20,000 couplons in a whole cell, we observed 196 open events within

1000 ms, which is comparable to the 100 sparks/s reported for rat cardiac

myocytes at a whole-cell level at rest (48).
RESULTS

Excitation and contraction in our presented
HuVEC model

The new, to our knowledge, HuVEC model was able to
restore a stable cycle of activity whenever the cycle length
(CL) of stimulation was altered within the range examined
(0.25–3 Hz; Fig. S9). A single cycle of activity is demon-
strated in Fig. 3 A at a standard CL of 1000 ms. Fig. 3 A1
shows the control AP (black trace) and the AP after com-
plete IKr block (red trace). The shape and the APD90 of these
APs are quite comparable to those reported in Jost et al. (49)
in both the control and during the IKr block: APD90 was pro-
longed from 291 to 424 ms (46% increase) as compared
with 278–433 ms (56% increase) in Jost et al. (49). The
standard AP parameters are comparable to those reported
in ventricular myocytes (see the legend of Fig. 3 for refer-
ences). The major plateau currents were ICaL, INaL, and
INCX in the inward direction (Fig. 3 A5), and IK1, IKto,
IKpl, IKr, IKs, and INaK in the outward direction (Fig. 3 A4).
In Fig. 3 A2, [Ca2þ]SRrl (green) rapidly decreased from
~0.69 to a minimum level of ~0.04 mM, and [Ca2þ]SRup
(chocolate) increased during the increase in [Ca2þ]blk. The
recovery of [Ca2þ]SRrl (green in Fig. 3 A2) was relatively
slow during the AP because of the remaining small open
probability of couplons due to incomplete CDI of ICaL,
as indicated by the plateau level of [Ca2þ]iz (~1.15 mM)
at ~200–300 ms in Fig. 3 A6 (black). After repolarization,
the voltage gate of LCC was totally closed by ~350 ms
(black in Fig. 3 A5), and [Ca2þ]SRrl (green in Fig. 3 A2)
smoothly recovered during the diastolic period as a result
of the Ca2þ supply from SRup. The peak magnitudes of
the Ca2þ transient were 106.3, 11.1, and 0.49 mM in jnc



FIGURE 3 (A and B) A standard AP in the HuVEC model (A) and the effects of increased [Ca2þ]o on the AP and ICaL (B). The AP was evoked by a 3-ms

current injection at 50 ms. When stabilized at CL ¼ 1000 ms, the AP parameters were measured. (A1, the resting potential) Approximately �91.4 mV

(�84 mV (50), �81 mV (51), �87 mV (52)); maximum rate of rise of the AP: 244 Vs�1 (comparable to that in Péréon et al. (52)); duration at 90% repo-

larization (APD90): 287 ms (300 ms (51,53,54); and the plateau of Vm immediately after phase 1 repolarization: ~þ37.7 mV. The red AP was obtained when

IKr was completely suppressed in a separate protocol. (A2) [Ca2þ]SRup (chocolate) and [Ca2þ]SRrl (green). (A3) Isotonic Fb at 6 mN/mm2 (trace showing

the delayed peak, t) and isometric Fb at 0.91 mm half sarcomere length (m) in mN/mm2. (A4) Outward current components (IKto (magenta), IKr (blue),

IKs (chocolate), IK1 (yellow-green), IKpl (gray), and INaK (pink)). (A5) Inward current components (INaL (dark green), ICaL (black), and INCX (red)). The nega-

tive peak of INaL at the onset of the AP is off the scale. INaT was not plotted. (A6) [Ca
2þ]jnc (blue), [Ca

2þ]iz (black), and [Ca2þ]blk (red). The large transient
peak of [Ca2þ]jnc is off the scale and not shown. (B1) APs after a change in [Ca

2þ]o are superimposed in the GPB and ORd models (top). Gradient colors from

blue to red are coded in reference to [Ca2þ]o, which was increased from 0.45 to 7.2 mM by a factor of 2. The same values for [Ca2þ]o were applied to the

HuVEC model, and five AP traces were obtained after a change in [Ca2þ]o are superimposed (bottom). (B2) Traces of the ICaL current and open probabilities

of its Ca2þ-dependent inactivation gate (inset, with an expanded timescale) are shown using the same color code as in (B1).
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(not shown), iz (black), and blk (red), respectively (Fig. 3
A6). The peak of developed tension (Fb) was quite delayed
in the isotonic condition (t in Fig. 3 A3) compared with
the isometric contraction (m in Fig. 3 A3), and relaxed
quickly after the repolarization of AP in the NL contraction
model (44).

The responses of the model cell to varying stimulus
frequencies over the range of 0.25–3 Hz were examined
and the results agreed well with the experimental findings
as well as simulation results in both GPB and ORd models
(for details, see Fig. S9).
CDI of ICaL revealed by varying [Ca2D]o

The CDI of LCCs plays a pivotal role in regulating CICR. In
our previous study (33), we confirmed that CDI was retarded
by preventing SR Ca2þ release as demonstrated experimen-
tally (12). Here, we further examined whether our CDI
model, directly influenced by [Ca2þ]nd in the Hinch formu-
lation, could reproduce the other key experimental finding
that an increase in [Ca2þ]o shortens the duration of the AP
(APD), accompanied by a positive shift of the AP plateau
potential (as observed in rabbit atrial cells (32) and
guinea-pig ventricular cells (55)). As a result, changes in
AP obtained by varying [Ca2þ]o to 0.45, 0.9, 1.8, 3.6 and
7.2 mM in Fig. 3 B1 (þ37, þ20, 0, �17, �35% change
in APD measured at 50% repolarization, APD50) agreed
well with the experimental findings (þ30, 0, �27% change
in APD50 by varying [Ca

2þ]o to 0.62, 2.5, and 10.0 mM (32),
and þ45, 0, �22% change in APD50 by varying [Ca2þ]o
to 0.01, 1.8, 5.4 mM (55)), although the results were
obtained in different animals. It was evident that CDI
was accelerated with increasing [Ca2þ]o as shown by the
open probability of the Ca2þ-dependent inactivation
gate in Fig. 3 B2 (inset). In contrast, APD was elongated
with increasing [Ca2þ]o in the GPB and ORd models, as
shown in Fig. 3 B1. It should be noted that previous models
mostly failed to reconstruct this APD shortening with
Biophysical Journal 109(2) 415–427
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increasing [Ca2þ]o, except for those developed by Matsuoka
et al. (56) and Grandi et al. (57), and the APD shortening
effect was much smaller in those models compared with
the HuVEC model. In the Hinch formulation of CaRU
kinetics, the CDI of LCCs is determined by [Ca2þ]nd,
which is directly related to [Ca2þ]o when the LCC is open
(Eq. 2), and this in turn increases the CDI rate εþ of
LCCs (Eq. S5).
FIGURE 4 State transitions of CaRU during the AP. (A) The AP was

triggered by a 3-ms current injection at 50 ms. (B) The probability of

each state of CaRU is plotted on the same timescale as in (A) (ms). Each

trace color indicates the state of CaRU of the corresponding color in the

inset. Arrows 1–6 in the inset show the direction of major fluxes of

the CaRU state transition after onset of the AP. (C) The time courses of

the same state probabilities as in (A) are plotted on an expanded timescale

for the initial period of 50–80 ms.
Initiation and termination of CICR during the AP

The state transitions of CaRU during the entire time course
of an AP are shown together with Vm in Fig. 4, A and B. The
transitions during the initial 15 ms of the AP are shown in
Fig. 4 C on an expanded timescale. Just before the AP,
~99.2% of CaRUs were in Ycoc (dark green) and the rest
(0.8%) were in Yccc (lime), indicating that the Vm gate of
LCC and the couplon gate were almost completely closed.
At the onset of the AP, LCC was maximally activated to
Yooc (chocolate, step 1 in Fig. 4, inset). The subsequent rapid
opening of couplons (steps 2 and 3) is represented by tran-
sient peaks of Yooo (red) and Yoco (blue) in Fig. 4 C. The peak
time in Yoco (blue, step 3) was only slightly delayed because
CDI of LCCs is rapid (<~1 ms). Since the Vm gate of LCC
was continuously open, Ycoo (magenta) and Ycco (yellow)
scarcely appeared during the AP. The couplons closed
through these rapid state transitions, and the closed confor-
mation of couplons, Yocc (gray), peaked at ~100 ms after the
AP onset. During the subsequent repolarizing phase shown
in Fig. 4, A and B, Yocc (gray) was replaced by Yccc (lime)
due to closure of the Vm gate of LCC (step 5). Finally, dur-
ing diastole, the removal of CDI gradually proceeded to
complete the recovery from Yccc (lime) to Ycoc (dark green)
(arrow 6 in Fig. 4, inset).
Role of the feedback loop in determining the time
courses of initiation and termination of CICR

To identify key factors in determining the activation time
course of a couplon in HuVEC model, the eight-state tran-
sition scheme in Fig. 4 (inset) was reduced to a two-state
scheme of couplon kinetics (Fig. 5, inset A). The overall
activation and deactivation rates, krco and kroc, in this
reduced scheme are given by a sum of the four activation
rates (kxyc.xyo) and deactivation rates (kxyo.xyc) weighted by
the probability (Yxyc and Yxyo) of staying in each state of
the couplon:
krco ¼ kcoc , coo � Ycoc þ kooc , ooo � Yoo

Ycoc þ Yooc

kroc ¼ kcoo , coc � Ycoo þ kooo , ooc � Yooo

Ycoo þ Yooo
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The rate constants kxyc.xyo and kxyo.xyc are given by Eqs. 6
and 7. The deactivation rate kroc transiently decreased due
to decreases in pC when [Ca2þ]nd was increased by activa-
tion of the couplon. An instantaneous equilibrium open
probability of a couplon, pOeq, is then calculated by the
following equation, using [Ca2þ]jnc, [Ca

2þ]SRrl, and Vm at
each time step of the time integration throughout the time
course of pO(t):

pOeq ¼ krco

krco þ kroc
: (10)

Fig. 5 shows the time-dependent variables involved in deter-
2þ
mining krco and kroc, such as Vm (Fig. 5 A), [Ca ]SRrl (Fig. 5

B), and the four kinds of [Ca2þ]nd (Fig. 5 C) on a common
expanded timescale, in addition to the time course of
krco and kroc (Fig. 5 D). In Fig. 5 E, it is evident that
pO(t) (red trace) always follows pOeq (blue) with a time
constant t:

dpOðtÞ
dt

¼ pOeq � pOðtÞ
t

(11)
c þ kocc , oco � Yocc þ kccc , cco � Yccc

þ Yocc þ Yccc

þ koco , occ � Yoco þ kcco , ccc � Ycco

þ Yoco þ Ycco

: (9)



FIGURE 5 Activation and deactivation of cou-

plons determined by the positive-feedback mecha-

nism. (A) AP. (B) [Ca2þ]SRrl. (C) [Ca
2þ]nd (CaLR,

CaL0, Ca0R, and Ca00). The dotted curves of

CaLR, CaL0, and Ca0R indicate that they are

theoretical values and have virtually no influence

on the kinetics, since both the couplon and

LCC are mostly closed during this period. (D)

The overall activation rate ( krco ) and deactivation

rate ( krco ) of the couplon and krco� were obtained

after fixing [Ca2þ]SRrl to a control value. (E) pO(t)

(¼ Yooo þ Ycoo þ Yoco þ Ycco, red), and pOeq and

pOLCC (Yooo þ Yooc; the peak is off the scale). The

two vertical lines in all panels indicate the onset

and offset of the stimulus current pulse. Inset

A shows the reduced two-state transition of a

couplon. Inset B shows the feedback loop formed

by the five time-dependent variables, connected

by five red arrows with equation numbers. The

thick red and blue arrows indicate each Ca2þ

release flux, which directly increases or decreases

[Ca2þ]jnc or [Ca
2þ]SRrl, respectively.
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t ¼

krco þ kroc
: (12)

In other words, whether CICR will develop (pOeq > pO(t))
or terminate (pOeq < pO(t)) is decided by the movement of
pOeq. Fig. 5, inset B, shows the sequence of interactions
among time-dependent variables involved in determining
the time course of open probability of a couplon, pOcpl

(pOeq or pO(t)), with corresponding equations.
At the onset of an AP, LCC is immediately and almost

fully activated (pOLCC in Fig. 5 E, chocolate trace). How-
ever, the rapid increasing phase in pOcpl (Fig. 5 E, red or
blue) occurred with a significant delay of ~4.5 ms after
the onset of LCC activation. This delay is caused by the
fact that the magnitude of ICaL largely decreases when
Vm shifts from the resting potential toward more positive
potentials. The magnitude of CaL0 rapidly decreases along
the AP onset (blue trace in Fig. 5 C, and the minimum
value is 3.35 mM at ~4.5 ms), and thus CaL0 fails to trigger
an immediate regenerative activation of the couplon.
The low CaL0, however, activates a small but gradually
increasing number of CaRUs, and thus the Ca2þ fluxes
through couplons cause a delayed time-dependent increase
in jnc ([Ca2þ]jnc ¼ Ca00, chocolate in Fig. 5 C). During
a delay of ~4.5 ms, this Ca2þ accumulation progressively
increases krco to generate a rapidly rising foot in pOcpl.
In Fig. 5, inset B, the variables connected by red arrows
(pOcpl, Jcpl, [Ca

2þ]jnc, [Ca
2þ]nd and krco) compose a posi-
tive-feedback loop, which evokes the exponential activation
of pOeq and thus pO(t).

On the other hand, [Ca2þ]SRrl gradually decays during
4–8 ms because of increasing Ca2þ release from the SR
(Fig. 5 B). This decay in [Ca2þ]SRrl tends to interfere with
the enhancements of krco in the positive-feedback loop,
mainly by decreasing three parameters: 1) the factor
(sloc0 þ [Ca2þ]SRrl) in Eq. 6; 2) [Ca]nd, as indicated in
Fig. 5 C (Eq. 2); and 3) Jcpl (JCa_rel in Eq. S157 in Supporting
Materials and Methods). The net balance between the
competitive effects of increasing [Ca2þ]jnc and decreasing
[Ca2þ]SRrl on the positive-feedback loop is positive during
the rising phase (5–8 ms) and reverses its sign in the falling
phase of CICR (>9 ms).

It should be noted that these findings are entirely consis-
tent with the results of full-stochastic simulations of CICR
in a single CaRU (22,23) showing that CICR termination
is driven by the feedback loop between a decrease in
[Ca2þ] in the dyadic cleft and nopen (in analogy to the
decreasing [Ca2þ]jnc and pOcpl in the HuVEC model).
Indeed, the [Ca2þ]jnc (Ca00 in Eq. 2) is a major factor in
determining [Ca2þ]nd after the start of regenerative couplon
activation (Fig. 5 C). The rising phase of activation of pO(t)
(Fig. 5 E, red), lasting for only a few milliseconds, is also in
good agreement with that observed in the full-stochastic
simulation by Laver et al. (22).

To examine the influence of the last factor in Eq. 6,
the (sloc0 þ [Ca2þ]SRrl) was fixed to a control value
(¼ 0.7337 mM) before stimulus onset (Fig. 5 D). The
Biophysical Journal 109(2) 415–427
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appearance of the rising foot was slightly retarded, but
the activation rate ( krco *) was enlarged significantly by
this intervention (gray curve), and the deactivation time
course was prolonged, indicating that the factor (sloc0 þ
[Ca2þ]SRrl) indeed decelerates activation and enhances the
termination of CICR.
Graded Ca2D release during voltage clamp
in the ventricular cell model

In the feedback loop (Fig. 5, inset B), the component
[Ca2þ]jnc is common to all CaRUs in the HuVEC model.
Thus, Ca2þ accumulation in jnc may compromise the
graded Ca2þ release in voltage-clamp experiments. This
possibility was examined as shown in Fig. 6. Test depolariz-
ing pulses were applied at 2 mV increments from a holding
potential of�50 mV. ICaL was activated in the usual voltage-
dependent manner. In proportion to ICaL activation, the peak
amplitudes of Yooo increased (Fig. 6, B and E, graph 1). At
strong depolarizations, Yoco also appeared with increasing
peak amplitude through CDI of LCC (Fig. 6, B and E,
graph 3). In addition, Ycoo was activated with a markedly
delayed time course of activation at negative potentials
(Fig. 6 E, graph 4). The concomitant time evolution of
Ycoo with Ca00 (¼ [Ca2þ]jnc) (Fig. 6 F) indicated that this
activation of Ycoo was largely due to the state transition
from Ycoc to Ycoo evoked by the [Ca2þ]jnc accumulation.
FIGURE 6 Graded Ca2þ release evoked by voltage-clamp pulses. (A)

Voltage-clamp pulses for 50 ms were applied from a holding potential of

�50 mV to various depolarized levels, from�38 toþ30 mV, in increments

of 2 mV. All recordings in all panels except for (D) are plotted with gradient

colors from blue to red, coded in reference to the test potentials shown in

(A). (B) Whole-cell ICaL. (C) [Ca2þ]blk. (D) The voltage relationship of

peak ICaL (red) and peak d[Ca2þ]blk/dt (blue) was recorded with test pulses

in 2 mV increments, normalized by each peak value. (E) Time evolution

of Yooo, Ycco, Yoco, and Ycoo. (F) Ca
2þ accumulation in jnc is represented

by Ca00.
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At more positive test potentials, the peak of Ycoo decreased
because an increasing number of CaRUs were activated by
the Vm-dependent LCC activation pathway as observed dur-
ing the AP, i.e., the same mechanism as indicated in Fig. 4 C
and arrows 1–4 in the inset during the AP.

To examine the influence of this CaRU activation through
an increase in [Ca2þ]jnc, we plotted the relationship between
the test potential and the peak of d[Ca2þ]blk/dt together with
the peak ICaL-Vm relation after normalizing to their peaks as
in a previous experimental study (7) (Fig. 6 D). It is evident
that the HuVEC model captures key properties of the graded
Ca2þ release even in the presence of local Ca2þ accumula-
tion. The time courses of Ca2þ transients in blk evoked by
each clamp pulse are superimposed in Fig. 6 C. One might
be able to resolve the difference in the relationship between
the dependencies of d[Ca2þ]blk/dt and ICaL on Vm in the pos-
itive Vm range in the HuVEC model from experiment (7)
by conducting voltage-clamp experiments under controlled
levels of [Ca2þ]SRrl.
DISCUSSION

Mathematical analysis of couplon activation

CICR in the HuVEC model is based on biophysical mecha-
nisms to a much larger extent than that in previous human or
animal cell models, which mostly used the conventional
common-pool model of CICR. Here, the CICR mechanisms
are compared with the models specified for CICR rather
than with other whole-cell models.

The two crucial and innovative assumptions in the tightly
coupled LCC-RyR kinetic model (Hinch model) remain
intact in our revised model. First, the compound kinetic
states of the CaRU are defined by combinations of three
different gates: the Vm-dependent and Ca2þ-dependent
gates of LCCs, and the activation gate of couplons. Second,
the [Ca2þ]nd around the Ca

2þ-binding sites for couplon acti-
vation and LCC inactivation is given by an instantaneous
function of [Ca2þ] in the two Ca2þ sources and the sink
when the LCC and/or couplon are open (Eq. 2). To be
consistent with the detailed stochastic models of CICR,
however, the activation step of a couplon is separated into
a triggering step and a regenerative step, which are driven
by [Ca2þ]nd, namely, Ca00 or CaL0, and Ca0R or CaLR,
respectively (Fig. 2). The deactivation kinetics is approxi-
mated based on the simultaneous closure of multiple
RyRs within a couplon.

To reveal the mechanistic principle of CICR, we
compared empirical equations among the models (see Table
S6 for a comparison of explicit mathematical descriptions of
the regenerative step). In the toy version of the SM model,
they analytically deduced a deterministic solution of the
activation rate by assembling individual reaction steps. In
the SJ model, the cooperative factors CFopen and CFclose
were simply defined for the regenerative activation of
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RyRs and had a relatively small influence on the activation
rate of a couplon (Fig. S5). In our modified Hinch model, we
approximated the nearest-neighbor effect by using an acti-
vation rate (krco) that was sevenfold larger than the original
single-channel rate (kco) (fn in Eq. 6), and kco was acceler-
ated with increasing [Ca2þ]nd (Eqs. 3 and 6). Thus, in all
three models, the activation of a couplon was reduced to a
two-state transition scheme. In both the SM and HuVEC
models, the equilibrium open probability, pOeq, of a couplon
was examined. Stern et al. (23) disclosed an unstable equi-
librium pOeq (¼ number of open RyRs (nopen)/number of
total RyRs (nry) at a given [Ca2þ]SRrl) and successfully
defined a threshold pOeq for both the activation and termina-
tion of couplon activity. The HuVEC model revealed that
an instantaneous pOeq leads to time-dependent changes
in pO(t), and that [Ca]jnc and [Ca]SRrl are time-dependent
factors that are responsible for varying pOeq (or krco) via
Eqs. 3, 6, and 10. Thus, the core feedback loop (Fig. 5,
inset B) is fully consistent with the view that the initiation
and termination of CICR is determined by mechanisms
analogous to those suggested in recent stochastic models.
In the future, investigators should analyze quantitative
aspects of the threshold phenomenon systematically using
mathematical approaches, such as bifurcation or phase-
plane analyses, to gain deeper insights into the biophysical
mechanisms that underlie excitation-contraction coupling
in the HuVEC model.
Verification of assuming jnc and iz

In the HuVEC model, incorporation of jnc and iz into the
CICR model was a prerequisite to represent the exponential
Ca2þ gradient by discrete [Ca2þ] steps around the Ca2þ-
releasing site during CICR. However, such a Ca2þ gradient
near [Ca2þ]nd or [Ca

2þ]ds was not included in the original
Hinch model (Ca00 ¼ [Ca2þ]cyt in Eq. 2), and CaL0 was
much lower than in the HuVECmodel. Therefore, an activa-
tion rate constant larger than the experimental rate by
more than two to three orders of magnitude was used
(22,47) (see Fig. S5). This difficulty is overcome by the
high [Ca2þ]nd biased by the local Ca00 (¼ [Ca2þ]jnc) in
the HuVEC model. Furthermore, we found that the CaL0
was still too low to evoke an immediate activation of
couplons by ICaL (Fig. 5 C), even when we used the seven-
fold larger rate constant. This is because of the sharp Vm-
dependent decrease of CaL0 at the AP plateau potential
(Eq. 2). It turned out that the [Ca2þ]jnc in the very limited
volume of jncwas progressively increased even by the infre-
quent openings of couplons to generate the foot of rapid
activation of couplons through the positive-feedback loop
(Fig. 5, inset B).

The presence of jnc was a key factor in reproducing the
experimental APD shortening with increasing [Ca2þ]o.
Fig. 3 B reveals enhanced CDI of LCC with increasing
[Ca2þ]o underlying the APD shortening. Indeed, ~90% of
CDI occurred within the initial 50 ms, during which time
the peak [Ca2þ]jnc was higher by ~9-fold than the peak
[Ca2þ]iz, which may be comparable to [Ca2þ] in the subsar-
colemmal spaces of the GPB or ORd models. The presence
of jnc was also essential in evoking DAD in the HuVEC
model, as has been demonstrated elsewhere (33).

In a previous study, Wier et al. (7) made the interesting
finding that although a brief ICaL tail current observed on
repolarization from þ80 mV to the holding potential
(�40 mV) subsided within ~2 ms, the decay of the Ca2þ

transient due to Jcpl continued with a halftime of ~9 ms at
the holding potential. In our HuVEC model, this delayed
closure of couplons after a brief ICaL tail (t1/2 ¼ 0.9 ms,
the time to reach half of the maximum amplitude from the
off time of the test pulse) was well simulated by the rate
of [Ca2þ]jnc decay (t1/2 ¼ 4.4 ms), which was attributed to
the delayed diffusion of the accumulated Ca2þ from jnc
to iz and blk. Since no space was assumed for Ca2þ accumu-
lation in the original Hinch model, the Ca2þ transient
evoked by RyR activation should closely follow the time
course of the ICaL tail with a maximum delay of ~1 ms, as
determined by koc of RyR.

Taken together, the above findings justify the incorpora-
tion of jnc into the HuVEC model.
Ca2D compartments: jnc, iz, SRrl, and SRup

The [Ca2þ]nrs measured by Acsai et al. (12) was assigned to
a functional space rather than a histologically defined one
(58). When this large Ca2þ gradient was introduced into
the HuVEC model, nrs was further divided into two hypo-
thetical spaces, iz and jnc, and [Ca2þ]jnc was used to repre-
sent Ca00 in the Hinch formalism of [Ca2þ]nd (Eq. 2). Then,
the volume of jnc was adjusted to reconstruct the key exper-
imental and simulation results described above. Since the
time course of CICR is largely determined by the size of
jnc, Vjnc is compared with the volume of dyadic space
(Vds), which is also critical for CICR kinetics in the stochas-
tic simulations of a single CaRU. As shown in Table 1, the
Vjnc in our model is apparently larger than the Vds assumed
in other CICR models, but the difference is relatively small
compared with the upper limit of Vds in the LC model.
Considering the effects of fixed buffer sites on membrane
phospholipids or the Debye layer, the Ca2þ distribution vol-
ume of ds may increase dramatically, as indicated in Stern
et al. (23). The effective size of the compartment depends
on various factors, such as the kinetics of the buffers (disso-
ciation constants), the number of available binding sites, and
the membrane surface area that encloses this compartment,
but not on the myoplasmic volume that it encloses (58).
Therefore, it is always important to evaluate the functional
volume of each compartment comprehensively.

Since [Ca2þ]SRrl is one of central factors in driving the
controlled termination of CICR (Fig. 5, inset B), we also
compared VSRrl among different models together with
Biophysical Journal 109(2) 415–427



TABLE 1 Comparison of the Volumes of Junctional Ca2D Compartments and [CSQN]SRrl among the Models

SJ Model LC Model SM Model HuVEC Model

Vds or Vjnc in the

HuVEC model

0.002–0.005a pL/cell 0.0486–0.1215a pL/cell 0.013–0.033a pL/cell 0.303 pL/cell

1.0 � 10�7 pL for each d.s. 2.43 � 10�6 pL for each d.s. cleft height 30 nm, (7 � 30)2 nm2

area for each d.s.

0.8% Vcell

VSRrl 0.2–0.5a pL/cell 0.08–0.21a pL/cell 0.14 pL/cell 0.46 pL/cell

1.0 � 10�5 pL for each CaRU 4.21 � 10�6 pL for each CaRU 0.35% Vcell assumed in the HuVEC model 1.2% Vcell

[CSQN]SRrl 10.0 mM 30.0 mM 30.0 mM 3 mM

VSRup infinite 3.5% Vcell 3.5% Vcell 4.8% Vcell

In the Hinch model, 50,000 CaRUs/cell and 2 � 10�7 pL/d.s. were assumed.
aCalculated by assuming 20,000–50,000 CaRUs/cell.
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[CSQN]SRrl (Table 1). Although VSRrl in the HuVEC model
is ~4-fold larger than the corresponding size of junctional
SR in the SM model, it may be concluded that the Ca2þ-
releasing potency of the SR-releasing site is similar between
the two, because 10-fold smaller Ca2þ buffering power is
assumed in the HuVEC model compared with the SM
model. Indeed, if the number of CaRUs within a cell is
assumed to be 50,000 as in the Hinch model, VSRrl values
in the SJ and LC models are within the same range as in
the HuVEC model when a larger [CSQN]SRrl in each model
is taken into account.

The extent of Ca2þ depletion in SRrl depends not only on
VSRrl but also on the kinetics of VSRrl refilling and couplon
gating. The time constant for the refilling of VSRrl in the
HuVEC model is ~200 ms, which is in agreement with
that previously reported for rabbit (59). It should be noted,
however, that the refilling time course and Ca2þ mobility
in the SR varies between different studies (59,60). The re-
covery time course of local Ca2þ depletion, the so-called
blink, is also variable between different studies (61,62).
Furthermore, the separation of the SR volume into VSRrl

and VSRup is still largely conventional and has not been
explicitly determined based on experimental findings.
Limitations of the CICR model presented here

The HuVEC model successfully reproduced both electrical
activity and Ca2þ dynamics, which were very similar to
those observed in intact cells. However, the mathematical
mechanisms developed in this model cell may not neces-
sarily be a unique solution for intact cells. One limitation
of the model is due to the large variety in the gating kinetics
of RyRs (Fig. S5). Furthermore, if the functional size of SR
Ca2þ compartments near the Ca2þ-releasing site can be es-
tablished experimentally, the model will be greatly
improved and enhance our understanding of the effects of
local SR Ca2þ depletion. To test the possibility that local
SR Ca2þ depletion, which is responsible for terminating in-
dividual couplon open events, is engaged in terminating
CICR at a whole-cell level, we formulated a dyadic model
with a blink space (bs) in addition to the Hinch formalism
(see Supporting Materials and Methods for a theoretical
treatment of bs). Our preliminary simulation using this
Biophysical Journal 109(2) 415–427
dyadic model with bs suggested that the general behavior
of the model was essentially the same in electrically stimu-
lated activity and voltage-clamp experiments.

Under pathophysiological conditions, Ca2þwaves sponta-
neously occur and propagate in myocytes. This Ca2þ wave
cannot be reproduced in our HuVEC model because it has
a single space of jnc and SRrl. Furthermore, in a previous
study, Matsuda et al. (63) suggested that asynchronous
CICR occurs spontaneously in multiple domains of the SR
network within a single cell (for a simulation, see Chen
et al. (64)). In that study,Matsuda et al. found that micro fluc-
tuations remained in the recordings of the resting potential
after several cyclicDADevents subsided, and suggestedmul-
tiple origins of the spontaneous Ca2þ release with variable
intrinsic rhythms under the condition of Ca2þ overload.
Nonetheless, the assumption of common [Ca2þ]jnc and
[Ca2þ]SRrl might be relevant in our simulations as long
as the activation of all of the CaRUs within the cell are
synchronized by an AP or a voltage-clamp pulse. To refine
the CICR model, it may be necessary to conduct voltage-
clamp experiments under controlled levels of [Ca2þ]SRrl (58).
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