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Excitation—contraction (E-C) coupling is the mechanism that connects the electrical excitation with cardiomyocyte
contraction. Embryonic cardiomyocytes are not only capable of generating action potential (AP)-induced Ca* signals
and contractions (E-C coupling), but they also can induce spontaneous pacemaking activity. The spontaneous activity
originates from spontaneous Ca®* releases from the sarcoplasmic reticulum (SR), which trigger APs via the Na*/Ca®
exchanger (NCX). In the AP-driven mode, an external stimulus triggers an AP and activates voltage-activated Ca* in-
trusion to the cell. These complex and unique features of the embryonic cardiomyocyte pacemaking and E-C coupling
have never been assessed with mathematical modeling. Here, we suggest a novel mathematical model explaining how
both of these mechanisms can coexist in the same embryonic cardiomyocytes. In addition to experimentally character-
ized ion currents, the model includes novel heterogeneous cytosolic Ca** dynamics and oscillatory SR Ca** handling.
The model reproduces faithfully the experimentally observed fundamental features of both E-C coupling and pace-
making. We further validate our model by simulating the effect of genetic modifications on the hyperpolarization-
activated current, NCX, and the SR Ca* buffer protein calreticulin. In these simulations, the model produces a similar
functional alteration to that observed previously in the genetically engineered mice, and thus provides mechanistic ex-
planations for the cardiac phenotypes of these animals. In general, this study presents the first model explaining the
underlying cellular mechanism for the origin and the regulation of the heartbeat in early embryonic cardiomyocytes.

INTRODUCTION

In this issue (see p. 397), we presented experimental
characterization and central functional components of
the excitation—contraction (E-C) coupling and pacemak-
ing of embryonic (E9-E11) mouse ventricular cardiomyo-
cytes (Rapila etal., 2008). According to the experiments,
these cells are capable of maintaining their activity alone
by producing spontaneous cytosolic calcium oscillations
upon repetitive calcium releases from the SR as suggested
earlier (Sasse et al., 2007). The same cells are also capa-
ble of producing action potential (AP)-induced calcium
influx and subsequent CICR from the SR upon electrical
stimulation. In the developing heart, the APs triggered
could conduct from cell to cell, thereby synchronizing
the electrical activity and contraction of adjacent cells.
In addition to this, we identified the mechanisms behind
the spontaneous activity of the SR release. We showed
that these calcium oscillations require functional ryano-
dine receptors (RyRs), inositol-3-phosphate receptors
(IP3Rs), and SR Ca®* ATPase (SERCA) (Rapila etal., 2008).
Further, we showed that the frequency of the spontane-
ous oscillations depends on the calcium leak through
the IP3Rs, which provides a mechanism for the regu-
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lation of the heart rate of the embryonic heart. Collec-
tively, the detailed experimental characterization of the
individual features of E-C coupling and pacemaking
in E9-E11 myocytes introduces a view of a rather com-
plicated array of cellular functions. Therefore, to fur-
ther analyze how these different mechanisms operate
in parallel, we built a mathematical model into which we
incorporated the experimentally characterized compo-
nents of calcium signaling and excitability of these cells.
Mathematical modeling has been widely used as a tool
in explaining and studying E-C coupling in adult cardio-
myocytes (Luo and Rudy, 1994; Dokos et al., 1996; Jafri
etal., 1998; Pandit et al., 2001; Bondarenko et al., 2004).
However, based on our results, the differences between
embryonic and adult cardiomyocytes are so dramatic
that novel approaches are required to model the em-
bryonic cardiomyocyte E-C coupling and pacemaking.
In embryonic cardiomyocytes, the cytosolic Ca* signals
are more heterogeneous than in adult cardiomyocytes
(Rapila et al., 2008). Therefore, instead of the common
pool approach used in the adult myocyte models (Luo and
Rudy, 1994; Dokos et al., 1996; Jafri et al., 1998; Pandit
et al., 2001; Bondarenko et al., 2004), a more detailed
description of the cytosolic Ca*" dynamics was required.
In addition, the SRs in adult models (Luo and Rudy,
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1994; Dokos et al., 1996; Jafri et al., 1998; Pandit et al.,
2001; Bondarenko et al., 2004) produce only calcium-
triggered, nonspontaneous Ca*" releases. Spontaneous
SR and ER Ca* oscillations, such as those triggering
the activity of the embryonic cardiomyocytes, have been
described and modeled in a variety of other cell types
(Deyoung and Keizer, 1992; Keizer and Levine, 1996;
Sneyd et al., 2003), but not in cardiomyocytes. There-
fore, to model the E9-E11 cardiomyocyte E-C coupling
and pacemaking, this type of SR dynamics had to be in-
troduced to the model.

Here, we present a model of E-C coupling and pace-
making in E9-E11 mouse ventricular cardiomyocytes with
the novel features described above. For developing the
model, we also characterized the major ion currents in
the sarcolemmal (SL) membrane of E9-E11 cardiomyo-
cytes. The model is constructed based on this electro-
physiological data and data from our accompanying
paper (Rapila et al., 2008). We use the model to study if
the identified SL ion currents and the SR components
(IPsR, RyR, and SERCA) are sufficient to explain the
function of E9-E11 cardiomyocytes. With the model we
show the following: (1) IPsR, RyR, and SERCA, with obliga-
tory roles for all, can produce spontaneous cytosolic Ca**
oscillations at the rate of ~0.2-1.1 Hz; and (2) the iden-
tified SL ion currents together compose an excitable
membrane that (a) produces APs when cytosolic Ca**
oscillates spontaneously, (b) produces APs and CICRs
when exposed to external electrical excitation, and (c)
is quiescent without either of these stimuli. We further
simulate the model with modified hyperpolarization-
activated current (I;), Na*/Ca®" exchanger (NCX), and
SR Ca®* buffer calreticulin amounts and show that our
simulations are in line with previous experimental stud-
ies with corresponding transgenic animals (Mesaeli et al.,
1999; Wakimoto et al., 2000; Nakamura et al., 2001;
Stieber et al., 2003). These simulations validate our model
further and also provide the underlying mechanism for
the observed E-C coupling and pacemaking alterations
in these transgenic animals.

MATERIALS AND METHODS

Electrophysiological Recordings

The cell isolation and culturing and the electrophysiological re-
cordings were performed as described in this issue in Rapila et al.
(2008). The used solutions and recording methods are summa-
rized in Table S1, which is available at http://www.jgp.org/cgi/
content/full/jgp.200809961/DC1. Ion currents were measured
at +25°C. The membrane currents were scaled by dividing them
with the measured cell membrane capacitance.

Mathematical Model of the Embryonic Ventricular Myocyte

A mathematical model of the E9-E11 embryonic mouse ventricu-
lar myocyte was developed and simulated. The model describes
the function of SR and SL ion channels, membrane voltage dy-
namics, and cytosolic Ca*, Na" and K, and SR Ca®' concentra-
tion dynamics. A fundamental feature of the model is that in
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addition to a time coordinate, the cytosolic Ca® concentration
is also modeled as a function of a spatial coordinate. All param-
eters of the components and the environmental parameters of
the model were fitted to our own experimental data and experi-
mental conditions (in this and in Rapila et al. [2008]) whenever
possible and necessary. Complete model equations are shown
in the Supplemental text, which is available at http://www.jgp
.org/cgi/content/full/jgp.200809961,/DCI.

Structure of the Model. As shown in Fig. 1, the cell and the in-
tracellular structures were assumed to have spherical shapes.
The nucleus is located in the center of the cell and the SR on
the surface of the nucleus, and the cytosol is the space between
the SL and SR. The dimensions of the structure were estimated
from our confocal and light microscope images and from patch-
clamp data by calculating the membrane area and 17, from the
membrane capacitance (Table S2, available at http://www.jgp
.org/cgi/content/full/jgp.200809961,/DC1).

Ca?* Diffusion and Buffering in Cytosol. The spatial differences of
the Ca*" concentration within the cytosol were modeled using Fick’s
law of diffusion. For the calcium diffusion coefficient D¢, of the
model, we used the value previously reported for calcium in water,
0.79 pm?/ms (Cussler, 1997) (Table S5, available at http://www.jgp
.org/cgi/content/full /jgp.200809961,/DC1). With this D, value,
the model reproduced well the delay in Ca** signal between cytosol
areas below the SR and SL, which was experimentally defined by
Rapila et al. (2008) (28.5 + 4.9 ms; n=12). Due to the shape of the
model cell, the diffusion is modeled using spherical coordinates
and by assuming radial symmetry. The cytosolic Ca®* buffering of
troponin C and calmodulin is modeled as described previously
(Luo and Rudy, 1994). The free and buffered Ca* concentrations
are calculated for all radii values between boundaries. Embryonic
myocytes have a lower Ca®* binding capacity than adult myocytes,
which is mostly caused by a lower troponin C concentration (Creazzo
et al., 2004). Based on this, we reduced the amount of troponin C
to 30% and calmodulin to 75% of the original values.

SL lon Channels. The models of the NCX (Luo and Rudy, 1994), I
(Pandit et al., 2001), fast Na* current (Iy,) (Bondarenko et al.,
2004), slowly activated delayed rectifier K" current (Ixpr) (Dokos
etal., 1996), time-independent background K current (I;) (Dokos
etal,, 1996), L-type Ca* current (Icy) (Bondarenko et al., 2004),
and T-type Ca* current (Ic,r) (Dokos et al., 1996) were fitted to
our whole cell voltage-clamp data (Fig. 2). The fitted conductances
were scaled from T = 25°C (in Fig. 2) to T = 34°C with Q,, = 1.35
(Hart, 1983; Hille, 2001), except Q onex = 1.6 (Debetto etal., 1990;
Puglisi et al., 1996; Shannon et al., 2004) and Qgicar. = 1.8 (Puglisi
et al., 1999; Shannon et al., 2004). The I; time constant was scaled
with Qo = 3 (Hart, 1983; Hille, 2001). As described previously, the
fitting of the Iy, was based partly on the AP upstroke properties
(Bondarenko et al., 2004). The background Ca®" current is mod-
eled as a linear ohmic current and fitted to obtain a physiologically
correct diastolic [Ca?"] (~0.1-0.2 pM). The model of the NaK-
ATPase (Luo and Rudy, 1994) was fitted to maintain physiologically
correct intracellular Na® and K concentrations (~14 and ~140
mM, respectively). The ion currents change the cytosolic [Ca*
below the SL and the cytosolic common pool [Na‘] and [K'].

SR. SR is modeled as a common pool compartment for Ca* ions.
In the SR the Ca* is buffered with calreticulin using a similar buff-
ering model as in the cytosol. Ca®* ions move from the SR to the
cytosol via RyR and IPsR and from the cytosol to SR via SERCA.
The models of these channels and the Ca® flux via these channels
interact with the cytosolic [Ca®'] below the SR ([Ca*]qusz). The
function of RyR is modeled using a previously published model
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(Keizer and Levine, 1996). The function of IPsR is modeled using
a model that takes the [IP3] as an input parameter and computes
the IPsR Ca®* flux based on the open (O) and active (A) states of
the receptor (Sneyd and Dufour, 2002). The results presented
here were simulated using [IPs] = 0.075 pM unless stated other-
wise. The model of SERCA (Jafti et al., 1998) is used with half-max-
imal activation by [Ca%],usr set to 0.25 PM (Frank et al., 2000).

The values for calreticulin concentration, amounts of SR ion
channels, and [IPs] were fitted to give a physiologically relevant
[Ca®*] transient amplitude, a fractional release comparable to our
measurements, and spontaneous Ca*" oscillation frequencies that
are comparable to the experimentally observed range of oscilla-
tion frequencies (0.1-1.3 Hz; Rapila et al. [2008]).

Simulation Methods. The model consists of 31 ordinary differen-
tial equations combined with one partial differential equation.
The model was simulated in the Matlab 6.5 (The Mathworks)
environment using a self-written solver algorithm for combined
partial and ordinary differential equation systems based on the
forward Euler method (Korhonen and Tavi, 2008). We used a spa-
tial step size of Ar= 0.1 pm and time step sizes of A¢=1-0.00001
ms to obtain solutions with a relative error of <0.1% at each inte-
gration step. The simulations shown here were started from the
steady-state initial conditions. The steady-state conditions were ob-
tained by simulating the model until the intracellular ion concen-
trations were stable. The electrical stimulation of the model cell
was simulated by applying a stimulus current of —80 pA/pF (—120
pA/pF in Fig. 5) for 0.5 ms. In some simulations, the models of in-
dividual ion channels were driven with a voltage-clamp protocol.
The effect of caffeine was simulated by setting the diffusion rate of
RyR Ca” flux to a large constant value (see Supplemental text).
The SERCA Ca* flux was set to zero, as the Ca* is extruded almost
completely with SL. mechanisms when caffeine is applied to car-
diomyocytes (Bers, 2001). The effect of IP;-AM seen in experi-
ments was simulated by increasing the [IPs] slowly (10~* uM/s) as
the de-esterification of IPs-AM to IPg in cytosol is not instant.

Data Analysis

Data analysis was made using the Clampfit 9.2 (MDS Analytical
Technologies), Origin 7.5 (OriginLab Corporation), and Matlab
6.5 (The Mathworks) software. Clampfit’s leak resistance subtrac-
tion and software filters were used when necessary.

Matlab’s (The Mathworks) “nlinfit” function for nonlinear
least-squares data fitting by the Gauss-Newton method was used
to fit the model components to experimental data. Results are
expressed as mean + SEM.

Online Supplemental Material

The online supplemental material includes a table for the used
solutions and recording methods in electrophysiological record-
ings (Table S1), the parameters of the model (Tables S2-S5),
complete model equations (Supplemental text), a figure of the
simulated effects of RyR, IP3R, and SERCA blocks (Fig. S1), and
an animation of the simulated spontaneous activity (Video 1).
The online supplemental material is available at http://www.jgp
.org/cgi/content/full/jgp.200809961,/DCI.

RESULTS

Electrophysiological Characterization of the Mouse E9-E11
Ventricular Myocytes

We identified seven major ion current types from E9-E11
mouse ventricular cardiomyocytes (Fig. 2). The Ixcx mea-

sured as the Ni**sensitive current had a density of —0.55 +
0.19 pA/pF (n="7) at =100 mV. The theoretical reversal
potential for Iycx in the recording solution (3Ex,—2Ec, =
—15mV) (Despa etal., 2003) agrees with the reversal po-
tential in our experimental I-V relation for Iycx (~v—12
mV, Fig. 2 A). As described previously (Yasui et al., 2001),
we found an I current, which activates slowly (7 ~0.3-3 s)
upon hyperpolarization of the cell membrane. The
threshold for the activation of Iy was ~—70 mV (Fig. 2 B).
The recorded Iy, current had a similar I-V relation shape,
as described previously (Doevendans et al., 2000) (Fig.
2 C), and had a large peak current of —92.1 + 13.8 pA/pF
at —20 mV (n = 11). We identified two types of repolariz-
ing K" currents: an Ixpg and an Ix; (Fig. 2 D). The Ixpg is
active at V,, above —30 mV, and it corresponds to the
early repolarization of the AP. The Ik, operates at smaller
V., values and contributes to the late repolarization of
the AP and to the resting potential (r.p.). Both L- and
T-type voltage—activated Ca®* channels are present in em-
bryonic mouse cardiomyocytes (Seisenberger et al., 2000;
Cribbs et al., 2001). We recorded the I¢,, with a peak am-
plitude of —4.5 + 0.6 pA/pF (n=11) and I, with a peak
amplitude of —0.59 + 0.21 pA/pF (n=5) (Fig. 2 E). We
included all of these seven types of ion channels in the
model with similar voltage-dependent behavior as re-
corded in our experiments (Fig. 2). In addition to these
currents, the NaK-ATPase and background Ca*" leak
were included in the SL membrane (Fig. 1).

Simulation of the Pacemaking and E-C Coupling of an
E9-E11 Cardiomyocyte

In Rapila et al. (2008) in this issue, we showed that
the spontaneous Ca*" signals in E9-E11 cardiomyocytes

SL

Cytosol SR Nucleus

IKdr

NaK-ATPase

Figure 1. A schematic diagram of the mathematical model of
the mouse early embryonic (E9-E11) cardiomyocyte. The SL com-
ponents are background Ca* current (Icw), Icar, Ica, NCX, Iy,
Ixpr, NaK-ATPase, I, and Iy,. The SR components are Ca?t pump
(SERCA), RyR, and IP;R. Ca®* diffuses radially in the cytosol and
is buffered to troponin and calmodulin in cytosol and to calre-
ticulin in the SR. The model also includes dynamic cytosol Na*
and K' concentrations. The compartments are not in scale.
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Figure 2. The current-voltage relations of the ion currents in the E9-E11 mouse cardiomyocytes and in the mathematical model.
(A) Incx, (B) I; (the activation time constant is also shown), (C) Ix,, (D) Ix; and Igpg, and (E) T- and L-type calcium channels (top right
panel). In each case, red or blue symbols denote the experimentally defined features of the ion currents that were adopted into the
model (black solid lines). The representative recordings are shown in the left column of each panel.

require both IPsR and RyR at the SR. We suggested that
the Ca” leak via IPsR increases the cytosolic Ca* and
triggers the Ca” release from RyR. In 48-72-h cultured
early embryonic cardiomyocytes (Sasse et al., 2007)
and in stem cell-derived differentiating cardiomyocytes
(Mery et al., 2005), IPsRs are able to produce [Ca*];
oscillations alone. These kind of oscillations have been
modeled before, and they require either biphasic (acti-
vation/inactivation) calcium-dependent modulation of
IPsR (Atri et al., 1993) or oscillation of cytosolic [IP3]
(Politi et al., 2006). Sensitivity to [IP3] is common to all
IPsR isoforms (Ramos-Franco et al., 1998; Hagar and
Ehrlich, 2000), whereas calcium-dependent inactivation
is characteristic to IPsR-type 1 only (Hagar et al., 1998;
Ramos-Franco et al., 1998). In our experiments (Rapila
et al., 2008), IPsR activation alone did not produce
spontaneous Ca®* oscillations. Activation of IP3Rs pro-
duced only an [IP;]-dependent constant Ca? leak. Con-
sequently, IP;Rs have no Ca*-dependent inactivation
with increasing [Ca*],. Because these calcium activa-
tion features are characteristic of the type 2 IPsR (Ramos-
Franco et al., 1998), the predominant IPsR isoform
in ventricular myocytes (Perez et al., 1997), we imple-
mented a model of the type 2 IPsR (Sneyd and Dufour,
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2002) to the SR of our mathematical model. Together
with modeled RyRs (Keizer and Levine, 1996) and IPsRs
in the simulation of our model with no external stimu-
lus, the model produces spontaneous activity that is
initiated by a slowly increasing Ca** leak via IP3R from
SR to cytosol (Fig. 3, A and B, and Video 1, which is
available at http://www.jgp.org/cgi/content/full/jgp
.200809961/DC1). When a certain threshold in cyto-
solic [Ca*] near the SR is crossed, the RyRs are trig-
gered and a large Ca*" release occurs from the SR to the
cytosol. Altogether, the simulated RyR and IPsR chan-
nels have quite different dynamic features; RyRs pro-
duce rapid transient openings, whereas the IP;R open
probability changes slowly and remains almost constant
in the time scale of the pacemaking cycle (Fig. 3 B and
Video 1).

The SR Ca* release and NCX have been shown to play
a role in embryonic pacemaking (Sasse et al., 2007) and
adult pacemaker cells (Bogdanov et al., 2001; Vinogradova
etal., 2005). In our accompanying paper in this issue, we
showed that the spontaneously released Ca* diffuses in
the cytosol from SR to SL, where it triggers an AP (Rapila
et al.,, 2008). The triggering of the AP was shown to de-
pend on the Iycx. E9-E11 cardiomyocytes have a relatively
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Figure 3. Simulated cardiomyocyte spontaneous activity. (A) Near-SR and near-SL Ca*" concentrations (top panel) from the simulated
cytosolic calcium distribution (bottom panel). (B) The corresponding calcium fluxes through RyRs and IP3Rs and the SR Ca* concen-
tration. (C) The corresponding APs accompanied by central ion currents: Iy with Iycx and g, with Iy,.

long diffusion distance from SR to SL, which is imple-
mented into the model. Long distance results in a time
delay between the near-SR and near-SL. Ca®* increment
during simulated spontaneous SR Ca*" release and cyto-
solic Ca*" diffusion (Fig. 3 A and Video 1). The incre-
ment of the near-SL Ca?" activates a depolarizing Incx
current when NCX extrudes Ca* (Fig. 3 C and Video 1).
The V,, depolarizes slowly until the threshold for Iy, acti-
vation is crossed and the AP is initiated. The activated Iy,
causes rapid depolarization of the cell membrane and sub-
sequently also activates the voltage-activated Ca** channels,
Icar, and Ig,r (Fig. 3 C and Video 1).

Even though the E9-E11 cardiomyocytes are capa-
ble of producing their cytosolic Ca** transients and
subsequent APs spontaneously, the activity can also be
synchronized with an external stimulus (Rapila et al.,,
2008). The cells can thus maintain their activity alone
but also synchronize their activity with other cells to
form coordinated contraction. In line with the experi-
ments, the simulations showed that the pacemaking
and E-C coupling mode can coexist in the same cell.
We simulated the effect of an external electrical excita-
tion during spontaneous activity of the model cell. The
membrane voltage and intracellular Ca** oscillations
were synchronized to the frequency of the stimulus, and
the intracellular Ca** gradients were reversed compared
with the spontaneous activity (Fig. 4 A). During exter-
nal pacing, the Ca®" increases first at the SL side when
AP-activated Ca?" intrudes to the cytosol (Fig. 4 A). This
Ca* diffuses through the cytosol to the sub-SR region
and activates CICR via RyR. The overlay of the Ixcx dur-
ing spontaneous and externally evoked activity reveals a
depolarizing “hump” in the Incx curve that activates the
AP during spontaneous Ca® oscillations, but which is

naturally not present in the Iycx curve during external
pacing (Fig. 4 B).

The difference between spontaneous and paced activ-
ity can also be seen from the net SL and SR fluxes (Fig.
4 C). This naturally results from the fact that during the
spontaneous activity, the Ca*" is first released from the
SR side, whereas during the paced activity the Ca*" re-
lease occurs first at the SL side. The released amounts
of Ca* from both sides of the cytosol are taken up dur-
ing relaxation. This produces net integrals of zero for
the SR and SL Ca*" fluxes over one cycle of activity, and
thus the Ca?" homeostasis is maintained in the model
(Fig. 4 C). During spontaneous activity, the net SL Ca**
flux extrudes 1.1 pM of Ca** when NCX triggers the AP.
The voltage-activated Ca® channels I, along with the
minor contribution of Ig,t, Ica,, and Iycx reverse mode
(Ca®" intrusion mode) together provide sufficient Ca**
intrusion, compensating for the Ca** extrusion by NCX
during activation of the AP. This compensation prevents
the depletion of SR Ca*" and cessation of the spontane-
ous activity in E9-E11 cardiomyocytes as we described in
Rapila et al. (2008).

Simulations with our model produce [Ca*'];, [Na'];,
and [K']; values that are physiologically coherent (Table I)
(Bers, 2001), and the r.p. and AP amplitude values are
also comparable to experimental data (Table I) (Rapila
et al., 2008). In the experiments, we also estimated the
fractional Ca** release by comparing the amplitude of
the twitch Ca* transient, which equals the sum of cal-
cium fluxes from the SR and the SL to cytosol, to the
amplitude of the caffeine-induced Ca** transient, which
represents the whole SR Ca* content. By comparing the
twitch Ca? transient to the caffeine-induced transient,
it was calculated that during a spontaneous calcium
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Figure 4. Calcium fluxes during spontaneous and stimulated
activity. (A) Simulated spontaneous APs followed by simulated
electrically evoked APs (bottom) with corresponding near-SR and
near-SL calcium signals (top). (B) The difference in the Iycx dur-
ing spontaneous and electrically evoked activity. Arrows show the
prominent inward current during spontaneous activity, which is
absent during electrically evoked APs. (C) The net Ca* fluxes
from the SR to cytosol (top) and from the extracellular space to
cytosol (bottom). The left column shows the fluxes during spon-
taneous activity, and the right column shows them during the
electrically evoked activity. The integrals of the positive and neg-
ative phases are indicated with arrows. The concentrations are in
the volume of the cytosol.

transient, the SR and SL sources produce Ca* intru-
sion, which is 56.5 + 0.5% compared with the total SR
Ca* content (Rapila et al., 2008). The corresponding
simulated value for Ca** intrusion from SL and SR sources
versus SR Ca** content during activation of spontaneous
twitch is 70% (Table I and Fig. 4 C).

It has been reported that embryonic cardiomyocytes
have a smaller cytosolic Ca** buffering capacity per cyto-
sol volume than adult cardiomyocytes (Creazzo et al.,
2004). Taking this into account in the model, smaller
Ca* cycling per cytosol volume between the cytosol and
Ca” sources (SR and the extracellular space) is required
to produce contraction and relaxation. In the embry-
onic cardiomyocyte, the amount of cycled Ca** (i.e., the
net Ca®* release to cytosol) during a spontaneous twitch
in cytosol volume is 9.6 — 1.1 + 5.0 = 13.5 pM (Fig. 4 C),
which is 35% of that in the adult mouse ventricular
myocyte (39 + 3 pM) (Maier et al., 2003). Furthermore, the
diastolic SR Ca** content in cytosol volume in the spon-
taneously beating embryonic cardiomyocyte is 19.3 pM
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TABLE |

Paramelers of the Simulation Results

Simulated parameter Spontaneous Pacing
[Na']; diastolic (mM) 13.5 13.8
[K']; diastolic (mM) 142.4 142.2
r.p. mean (mV) —68.5 —68.3
AP amplitude (mV) 78.7 82.9
[Ca®']; diastolic (M)

Near SL (0.5 pm) 0.17 0.19

Near SR (0.5 pm) 0.12 0.10
Ca” transient amplitude (uM)

Near SL (0.5 pm) 0.73 0.46

Near SR (0.5 pm) 1.4 1.6
SR Ca* content in cytosol volume 19.3 16.9

(kM)

(Table 1), which is ~14% of that in the adult mouse
ventricular myocyte (142 + 9 pM) (Maier et al., 2003).
To make a reasonable comparison, the Ca*" concentra-
tions above are in the cytosol volume of the correspond-
ing cell type to normalize the effect of different cell size
between adult and embryonic cardiomyocytes.

The mode for spontaneous Ca** oscillations and the
mode for AP-induced Ca®' transients can be separated
on the basis of their resting potential boundaries. We
simulated the spontaneous and externally paced activity
of the model cell while adjusting the membrane voltage
with constant current injection. We found that sponta-
neous calcium release can operate at relatively depolar-
ized membrane potentials between —88 to —27 mV,
whereas AP-induced CICR is recruited between —107 to
—38 mV (Fig. 5). The spontaneous activity cannot oper-
ate at r.p. values below —88 mV because hyperpolar-
ization increases Ca*" extrusion via NCX and thereby
depletes the SR Ca®* content. On the other hand, the
externally triggered AP-driven mode cannot operate at
r.p. values above —38 mV because depolarization in-
activates the voltage-activated Ca*" channels in the SL.
Below —70 mV, 1 Hz pacing is not possible because lon-
ger diastole is required to refill the SR due to the higher
Ca? extrusion via NCX. On the other hand, above
—70 mV the cell cannot be synchronized to pacing fre-
quencies 0.25 and 0.5 Hz because the frequency of the
spontaneous activity is higher. This is in line with our
suggestion (Rapila et al., 2008) that the activity in tissue
is synchronized to the cell with the highest frequency.

The spontaneous Ca? and V,, activities of the E9-E11
mouse cardiomyocytes rely on the cytosolic Ca* oscilla-
tions originating from the SR (Rapila et al., 2008). Simi-
larly in our model, the inhibition of RyR stopped the
spontaneous Ca** oscillations and APs (Fig. 6 A). Also in
line with experimental results (Rapila et al., 2008), the
model cell without functional RyRs was still able to pro-
duce SL-originated Ca*" signals and APs with external
pacing (Fig. 6 B). The amplitude of these Ca* signals
was reduced when the RyRs were inhibited in simulation
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Figure 5. The resting potential windows favoring spontane-
ous Ca*" activity and Ca® activity generated by electrical pacing.
A constant current from 4 to —2.5 pA/pF with 0.25 pA/pF intervals
was applied to the model cell to adjust the r.p. of the model cell
to values between —107 and —27 mV. At each r.p. value, the spon-
taneous and paced (0.25, 0.5, and 1 Hz) cytosolic Ca* activity was
observed for 10 s after 40 s of stabilization of the model. The fig-
ure shows the average amplitudes spontaneously evoked and elec-
trically stimulated cytosolic [Ca®] transients at given frequency.

and experiments (Rapila et al., 2008) to 42.3 versus
32.5 +2.3% (average cytosolic Ca®* transient), respectively,
as no CICR occurred. Just like in the experiments (Rapila
et al., 2008), the block of either SERCA or IP3R both
stopped the spontaneous activity while the electrical ex-
citability was maintained (Fig. S1, available at http://
www.jgp.org/cgi/content/full /jgp.200809961/DC1).
Based on these simulations, the ion current types and
densities recorded from E9-E11 myocytes (Fig. 2) are
incapable of producing V,, oscillations without an intra-
cellular Ca* stimulus or external electrical excitation.
For spontaneous Ca®* oscillations, all three SR Ca*" han-
dling components are required. Without SERCA the SR
Ca” stores are depleted, without RyRs the IP;Rs cannot
produce transient Ca®* signals, and without IPsRs the
RyRs are not activated without a sufficient cytosolic
Ca” trigger.

To further validate the function of the SR and the dy-
namics of RyRs and IP;Rs, we simulated the cytosolic
Ca* under pharmacological stimulation of these recep-
tors as in our experiments (Rapila et al., 2008). In the
presence of IPsR block, the simulated effect of caffeine,
which rapidly opens the RyRs, produces a rapidly acti-
vating large Ca®* transient (Fig. 7 A). The amplitudes of
the sub-SR and sub-SL caffeine-induced Ca** transients
are ~1.5-fold compared with normal spontaneous Ca**

transients. In contrast to this, the simulated effect of the
applied IPs-AM stimulating the IP;R with RyR block
produces only an increasing Ca®" leak via IPsR, which
slowly increases the diastolic [Ca®]; (Fig. 7 B). Both
of these simulations are in line with our experiments
(Rapila et al., 2008) and with our previous conclusions
that the RyR is the only possible route for transient Ca**
release in these cells, but the IP3R plays a role as a stimu-
lator of RyR.

To support our conclusion that IPsR Ca* leak stimu-
lates RyR openings, we showed that stimulation of IPsRs
with IPs-AM increases the frequency of spontaneous
activity (Rapila etal., 2008). This same regulatory mech-
anism is reproduced in our model (Fig. 7 C). In the
simulations, the oscillation frequency showed sigmoidal
dependence on the [IPs]. The possible oscillation fre-
quencies achieved with [IPs;] regulation in the model
cell were in the range of ~0.2 to 1.1 Hz. In the experi-
ments (Rapila et al., 2008), the frequencies of the spon-
taneous activities (global cytosolic Ca** transients and
APs) were all within the range of 0.1 to 1.3 Hz (Fig. 7 D).
This supports the idea that the dynamics and the struc-
ture of SR in the model are comparable to those in real
E9-E11 cardiomyocytes. Modeling also supports the con-
clusions drawn from the experiments and demonstrates
thatin theory [IP;] could act as a major regulator of the
embryonic heart beat frequency.

Model Predictions of the Embryonic Pacemaking

and E-C Coupling Defects

During the early embryonic cardiac development, genetic
disruption of the ion channel proteins regulating excit-
ability (Stieber et al., 2003) or calcium influx (Weissgerber
etal., 2006) as well as proteins involved in cardiomyocyte
calcium handling (Takeshima et al., 1998; Wakimoto
etal., 2000) lead to drastic changes in calcium signaling
and heart rate, with a consequent increase in embryonic
lethality. We have shown (Figs. 3, 4, 6, and 7) that our
model reproduces faithfully the normal features of the
Ca” signaling and excitability of E9-E11 myocytes. For
further validation of our mathematical model, we tested
if our model reproduces and explains the functions of
the cardiomyocytes from genetically engineered mouse
models previously reported to have compromised em-
bryonic E-C coupling and/or pacemaking.

Figure 6. Simulated effect of RyR block. The near-SL
and near-SR cytosolic [Ca*] and APs are shown from
simulations of (A) spontaneous and (B) electrically
excited activity. The RyR block was applied after three
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RyR block _ RyR block .
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Figure 7. Simulated stimulation of RyR and IPsR. (A) The com-
bined effect of caffeine (see Materials and methods) and IP3R
block was simulated during simulation of spontaneous activity.
(B) The combined effect of IP;-AM increasing the [IPs] slowly
(see Materials and methods) and RyR block was simulated during
simulation of spontaneous activity. For A and B, the near-SL and
near-SR cytosolic [Ca?'] are shown. (C) The steady-state spon-
taneous AP frequency versus [IPs] (circles) with a sigmoidal fit
to the data (solid line). When increasing [IPs] to values of 0.08
BM and above, arrhythmias were observed increasingly. (D) The
experimentally recorded distribution of the frequencies of the
spontaneous activity in E9-E11 mouse cardiomyocytes (n = 94).
The raw data are from Rapila et al. (2008).

The hyperpolarization-activated cardiac “pacemaker”
current I is encoded by three genes, HCN1, HCN2, and
HCN4 (Yasui et al., 2001). It has been suggested that I,
is responsible for generating the spontaneous activity
in embryonic ventricular cardiomyocytes (Yasui et al.,
2001) as well as in specialized pacemaker cells (Stieber
etal., 2003). Genetic ablation of the HCN4 reduces I;in
E10.5 mouse cardiomyocytes by ~75%, with concomi-
tant slowing of the heart rate by ~35%, leading to em-
bryonic lethality without structural anomalies between
E9.5 to 11.5 (Stieber et al., 2003). In the model, reduc-
tion of the I; from its the normal, measured density slows
down the frequency of the spontaneous Ca®* signals and
APs, in line with the results from HCN4™/~ cardiomyo-
cytes (Stieber et al., 2003) (Fig. 8, A and B). On the
other hand, up to twice an increase of It has very little ef-
fect on the spontaneous rate of the individual myocyte,
although it suppresses the amplitude of the APs (Fig. 8,
Aand B). Our experiments (Fig. 2 B) (Rapila etal., 2008)
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and modeling (Figs. 6 and 8 A) indicate that neither
I current density nor the voltage activation range
(~—"70 mV threshold) of embryonic I; is sufficient for
initiating spontaneous V,, oscillations and APs at the
resting potential (—57.2 + 0.9 mV) (Rapila et al., 2008)
of E9-E11 myocytes. However, the current density affects
the excitability of the membrane by two additional
mechanisms (Fig. 8, B and C), which might contribute
to the phenotype of HCN4 ™/~ mice hearts. First, I; current
is partly carried by Na' ions; therefore, the Iy current
density will effect the cytosolic [Na'] and consequently
modulate the NCX current, which will be augmented at
lower Iy densities (lower [Na'];) and suppressed at higher
Ir densities (higher [Na'];) (Fig. 8 B). Second, because I;
is one of the depolarizing currents in embryonic myo-
cytes, reduction of the current density will affect the ex-
citability and the resting potential of the membrane
(Fig. 8 C). Even though our experiments and modeling
do not suggest a central role for I in developing E9-E11
ventricular myocytes, these results do not rule out the
possibility that when the true pacemaker cells develop,
the I current would have a central role in regulating the
embryonic heartbeat. Interestingly, it has been suggested
that also in fully developed pacemaker cells this SR-
originated activity could contribute to the spontaneous
activity (Bogdanov et al., 2001).

According to our experiments (Rapila et al., 2008),
the NCX has a crucial role in embryonic cardiomyo-
cytes in linking the spontaneous calcium activity with
the membrane voltage. Therefore, it is not a surprise
that ablation of the cardiac NCX isoform NCXI results
in embryonic lethality before E10, severe cardiomyocyte
malformations, and lack of spontaneous heartbeats
(Wakimoto et al., 2000). In line with the function of
E9.5 NCX17/~ in mouse cardiac myocytes, our model
predicts that lack of NCX activity prevents triggering of
the AP and decreases the spontaneous activity due to
cytosolic calcium accumulation, incapacitating the cal-
cium release. Although mouse embryos with targeted
inactivation of NCXI1 lack spontaneous heartbeats, car-
diomyocytes isolated from NCX1-null embryos are still
excitable and generate Ca®* signals when electrically
stimulated (Koushik et al., 2001). In line with this,
model cells with reduced NCX current density generate
cytosolic Ca®* transients when stimulated, but during
pacing calcium accumulates in the cytosol because of
the reduced calcium extrusion capacity (Fig. 9). On the
other hand, overexpression of NCX also inhibits spon-
taneous activity by depleting the calcium stores, but
additionally leads to a hyperexcitable membrane and
arrhythmias during external pacing (Fig. 9).

One of the few genetic models highlighting the role
of the intracellular calcium stores during cardiac devel-
opment is the mouse model lacking calreticulin (Mesaeli
et al., 1999), a ubiquitous SR Ca® buffer expressed
in cardiac myocytes during embryonic development.
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Figure 8. The simulated effect of genetic modification of the I;. (A) Simulated effects of ablation (0.25x) and overexpression (2x) of
I;. The near-SL and near-SR cytosolic [Ca®*] and APs are shown during spontaneous activity, which is followed by an application of SR
Ca® flux block and 1-Hz electrical excitation. (B) Relative changes in [Na']; and spontaneous beating frequency by altered I; expression.
Insert shows the Iycx with different Iy expression levels (0.25x%, 1x, and 2x). (C) 3-D plot of the effect of varying I current density on the

excitability and AP amplitude at different resting potentials.

Ablation of the calreticulin gene is lethal before E18
due to severe cardiac malformation and impaired func-
tion (Mesaeli et al., 1999). In our model, the simulated
reduction of calreticulin reduces the SR Ca*" buffering
and release, eventually stopping the spontaneous activ-
ity (Fig. 10 A). Overexpression of calreticulin has been
reported to cause lower heart rate during embryonic
development and cardiac failure and sudden cardiac
death during postnatal development (Nakamura et al.,
2001). In our model, the simulated overexpression re-
sults similarly in a reduced frequency of the spontane-
ous calcium releases with increases in released and SR
Ca®" (Fig. 10 A). These experimental findings (Mesaeli
et al., 1999; Nakamura et al., 2001) and our simulations
predict that the relationship between the amount of
calreticulin and the spontaneous beating rate is a bell-

Control 0.25 x NCX

1Hz

shaped curve (Fig. 10 B). With both reduced and increased
calreticulin content, membrane excitability and voltage-
activated calcium influx are retained. However, with
calreticulin overexpression, CICR is enhanced due to
increased SR calcium content and release, which leads
to arrhythmic spontaneous calcium releases and APs be-
tween stimulated APs.

DISCUSSION

Here, we present a mathematical model of E-C cou-
pling and pacemaking of E9-E11 mouse ventricular car-
diomyocytes. The model explains how these two separate
modes for producing Ca® signals, the spontaneous ac-
tivity originating from the SR triggering APs via NCX
and the externally initiated AP-driven activity triggering
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Figure 9. Effects of varying Ixcx density on the simulated calcium signals and membrane voltage of embryonic cardiomyocytes.
Decreased Incx (0.25x control) causes cytosolic calcium accumulation and stops the spontaneous activity (middle) by altering calcium
flux through RyRs (Jgyg, insert). Upon simulated external electrical stimulation, the model produces cytosolic calcium transients and
APs, where calcium transients rely on calcium flux through voltage-activated calcium channels. Increased Ixcx (3% control) enhances
calcium extrusion, depleting the SR calcium stores (insert), thus stopping the spontaneous activity. The model cell retains its excitability,
but due to lower [Ca®; levels facing RyRs, calcium influx can only induce sporadic SR calcium releases, thus causing irregular activity
(right panels).
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Figure 10. Effects of varying calreticulin Ca** buffer in SR on the
simulated calcium signals and membrane voltage of embryonic
cardiomyocytes. (A) Ablation of SR calreticulin content inhibits
the spontaneous activity and reduces the stimulated calcium sig-
nals (middle row), whereas increased calreticulin content (1.5x
control) lowers the frequency but increases the amplitude of
both spontaneous and stimulated calcium signals. During stimu-
lated APs, spontaneous calcium releases ensue due to overly large
SR calcium content. (B) Effect of SR calreticulin content on
the relative spontaneous frequency (f/f.,nwo, Hz) of APs in the
model cell.

CICR, coexist in individual cardiomyocytes. In addition
to normal myocyte function, our mathematical model
elucidates the E-C coupling and underlying mechanisms
of the phenotypes of genetically engineered embryonic
mouse models. Based on this validation, our mathemat-
ical model is the first comprehensive description of how
the embryonic heartbeats are generated and regulated
in E9-E11 cardiomyocytes.

Limitations of the Model

The delay from SR Ca? release to AP upstroke is larger
in our model than in the experiments (Rapila et al.,
2008). This is due to the approximation of the shape of
the model cell to a sphere with radial symmetry. The di-
mensions of real cells are more similar to a flat ellipsoid.
Consequently, there is variability in the diffusion distance
between SL and SR and in the diffusion restriction in
different parts of the cell. The local Ca®' concentrations
and consequently Iycx are thus larger in parts of real
cells, resulting in faster activation of the AP than in our
model. In a more realistic ellipsoid-shaped model cell,
the description of the diffusion would require three co-
ordinates. The [Ca®] would have spatial differences in
directions parallel to the SL and SR surfaces, and the
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function of Ca®* transporting ion channels would need
to be calculated separately in all points of the SL and SR
surface grid. This would increase the computational
cost exponentially and severely limit the practical us-
ability of the model. Our model is capable of explaining
the embryonic E-C coupling and pacemaking mecha-
nisms and underlying mechanisms of several genetically
engineered embryonic mice. The spherical shape is thus
a fair compromise between computational efficiency
and the validity of our model.

The Simulated Ca?* Oscillations in E9-E11 Cardiomyocytes
The spontaneous Ca®* oscillations between cytosol and
SR/ER have been modeled previously in other cell types
than cardiac myocytes (Deyoung and Keizer, 1992; Keizer
and Levine, 1996; Sneyd et al., 2003). The models have
included the Ca**-ATPase pump and IP;R (Deyoung and
Keizer, 1992) or RyR (Keizer and Levine, 1996) or both
of these receptors (Sneyd et al., 2003), as Ca®* routes
between the SR/ER and cytosol. These models produce
cytosolic Ca** oscillations at the rate of ~0.1-0.01 Hz
(Deyoung and Keizer, 1992; Keizer and Levine, 1996;
Sneyd et al., 2003), whereas the spontaneous Ca** oscil-
lations in the E9-E11 cardiomyocytes had a frequency of
~0.1-1.3 Hz (Rapila et al., 2008). Here, we showed with
modeling that this rapid oscillation (~1 Hz) can also be
theoretically produced by the combined activity of RyRs,
IPsRs, and SERCA (Fig. 3). The basis of this activity is the
[IP;]-dependent IPsR Ca?* leak, which triggers the large
Ca* releases via RyR (Figs. 3 and 7) and thereby increases
the endogenously low spontaneous opening rate of RyRs
(Keizer and Levine, 1996). Thus, as in the experiments
(Rapila et al., 2008), the magnitude of the IPsR Ca?
leak regulates the frequency of the Ca** oscillations and
APs triggered by this oscillation.

In line with our experiments (Rapila et al., 2008), the
RyR, IPsR, and SERCA all play obligatory roles in pro-
ducing oscillations (Fig. 6 and Fig. SI). However, as
long as all of these components are present to some ex-
tent, the oscillation seems to be robust, as it was main-
tained even with + 25% change in the amount of RyR,
IP;R, or SERCA (unpublished data). The cardiac myo-
cytes undergo dramatic changes during development;
therefore, the SR-originated oscillation might be a sta-
ble backup that guarantees the cell’s capability to main-
tain its activity in these varying conditions.

Electrophysiology of the E9-E11 Cardiomyocytes

Here, we presented the first complete characterization
of membrane ion currents in E9-E11 mouse ventricular
cardiomyocytes (Fig. 2). Based on our simulations
and experiments (Rapila et al., 2008), the NCX is the
most crucial ion current regulating the activity of the
embryonic cardiomyocytes. In E9-E11 cardiomyocytes,
the Incx triggers membrane depolarization during spon-
taneous activity and regulates the r.p. and intracellular
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[Ca®"] (Table I and Figs. 3 and 4). These multiple roles
of Incx explain the severe dysfunctions in the simulated
E—C coupling and pacemaking with altered amounts of
functional NCX (Fig. 9) and the embryonic lethality of
the embryos lacking NCX1 (Wakimoto et al., 2000).

It has been suggested that If generates the spontane-
ous activity in embryonic cardiomyocytes (Stieber et al.,
2003). Although we found a significant amount of I;
from E9-E11 myocytes, results in this and our accompa-
nying paper in this issue suggest that the If does not ini-
tiate the spontaneous activity in E9-E11 cardiomyocytes.
The pharmacological inhibition of the If in the experi-
ments (Rapila et al., 2008) and the simulated overex-
pression and down-regulation of the I¢ did not stop the
rhythmic Ca®" activity triggering the contraction and
APs via NCX. The I;in E9-E11 cardiomyocytes shows a
significant active current only at membrane voltages
lower than r.p. (Fig. 2 B); thus, even a doubled amount
of current in E9-E11 myocytes cannot generate sponta-
neous APs (Fig. 8 A). Similarly to I, we found a small
amount of functional T-type Ca®" channel current in
E9-E11 cardiomyocytes (Fig. 2). The specific method to
measure T-type current would have been recording it as
an NiZ*sensitive current (Furukawa et al., 1992). How-
ever, the T-type current was separated sufficiently from
the L-type current based on voltage clamps from differ-
ent holding potentials as described previously (Niwa
etal., 2004).

According to model simulations, the modes for spon-
taneous Ca** oscillations and AP-induced Ca** transients
can be separated on the basis of their resting potential
boundaries (Fig. 5). We found that spontaneous cal-
cium release can operate effectively at relatively de-
polarized membrane potentials, whereas AP-induced
CICR is favored when the membrane potential is more
hyperpolarized. This difference between the excitation
modes in respect to their r.p. boundaries may repre-
sent the order of recruitment of these modes during
development because the cardiomyocyte resting poten-
tial hyperpolarizes during the progress of fetal develop-
ment (Reppel et al., 2007). During cell migration in
early development the cells are isolated from others
(Buckingham et al., 2005), and even with depolarized
r.p., their spontaneous activity guarantees that their
activity is maintained. Later during development, the
cells with more negative r.p. values form a stable tissue
wherein the phenotype is shaped toward that of non-
spontaneously active adult ventricular cardiomyocytes,
which form coordinated contraction induced by an ex-
ternal stimulus (Kamino, 1991). Also, it is energetically
cheaper not to provide the AP-driven mode until it is
required for efficient and more coordinated contrac-
tion because based on our simulations, maintaining a
hyperpolarized r.p. requires larger NaK-ATPase activity
and therefore induces a higher ATP consumption rate
(unpublished data).

Regulation of the Embryonic E-C Coupling and Heartbeat
The physical structure of E9-E11 cells sets boundary
conditions for the E-C coupling and pacemaking. The
lack of T tubules in E9-E11 myocytes results in loose
coupling between SR and SL ion channels and other
components. This limits the possible heartbeat fre-
quency because a certain time is required for Ca* diffu-
sion between SR and SL. Furthermore, any alterations
in the shape and the size of the cytosol affect the dy-
namics of the cytosolic Ca®* signals, further modulating
the heartbeat frequency. Due to the lack of T tubules
and loose spatial coupling between I¢,, and RyR, a rela-
tively large SL. Ca* intrusion is required for a strong
enough Ca®' signal to diffuse through the cytosol and
initiate CICR from SR. In the adult mouse ventricular
myocyte, with tight I, and RyR coupling, only ~10%
of total cytosolic Ca” intrusion originates from SL
and ~90% from SR during CICR (Maier et al., 2003).
Our simulations suggest that during AP-induced CICR,
~42% of cytosolic Ca*" intrusion occurs from the SL
and ~58% from the SR (Fig. 4 C). In addition, our re-
sults suggest that a strong SR function is essential for
spontaneous activity in embryonic cardiomyocytes as
well as for synchronizing the contractile activity via the
AP-driven mode.

On the basis of our results, several contributing mech-
anisms for the regulation of the beating rate of the em-
bryonic hearts can be suggested. In general, because
the spontaneous activity originates solely from the sin-
gle cell and it is not controlled by any outside triggering
mechanism, several parameters within the cell may af-
fect the rate of activity. A dynamic regulation in the time
scale of seconds could be addressed via regulation of
the activity of IPsRs, RyRs, and SERCA. One example
of the direct modulation would be the [IPs], which was
shown here to strongly regulate the cardiomyocyte beat-
ing frequency (Fig. 7). The upper boundary of the [IPs]-
dependent beating frequency is limited because the
increment of [IP;] also depletes the SR Ca* required
for spontaneous releases. Subsequently, the relationship
between cardiomyocyte beating frequency and [IPs] is a
bell-shaped curve. The activity of SERCA could modulate
heart rate because altering the refilling velocity of the SR
alters the kinetics of the relaxation phase of the Ca** oscil-
lation as well as Ca?* leak through IPsRs. Based on this, it
is possible in theory that the dynamic regulatory mecha-
nisms directly or indirectly affecting SERCA function,
such as the B-adrenergic pathway, will regulate heart rate
by modulating the SR Ca*" uptake. In a slower time scale,
the heartbeat could be obviously regulated by altering the
expression levels of RyR, IPsR, and SERCA as well as cal-
reticulin (Fig. 10 B). The SL ion channels also affect the
heart rate. They may contribute directly, such as I, and
Inex, or indirectly, such as the I (Fig. 8), to the kinetics of
Ca* fluxes at the SL and furthermore to the SR Ca* con-
tent and dynamics.
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Here, we have presented a characterization and a math-
ematical model of E-C coupling and pacemaking in
early embryonic (E9-E11) mouse ventricular cardiomy-
ocytes. To develop the model, we presented novel ap-
proaches in cardiomyocyte modeling. The model includes
an implementation of a noncommon pool cytosol and
oscillatory SR dynamics incorporated with SL ion cur-
rent dynamics as characterized in our experiments. The
model explains the underlying mechanisms behind the
functional dualism of these cells (Rapila et al., 2008).
The model reproduces the SR-driven spontaneous ac-
tivity and the AP-driven externally evoked activity. The
model also elucidates the mechanisms behind the altered
E—-C coupling and pacemaking in genetically modified
embryos. The current understanding of the embryonic
cardiomyocyte E-C coupling and pacemaking is shaped
by the suggestions of the underlying mechanisms based
on experimental results, which so far have been con-
troversial. This study shows by mathematical modeling
how several of the suggested mechanisms can operate
in parallel to control the initiation and regulation of
the embryonic heartbeat.

We thank SL. Hanninen for valuable comments on the manuscript
and A. Rautio for technical assistance.

This study was supported by the Finnish Heart Research Foun-
dation, Academy of Finland, and Sigrid Juselius Foundation.

Olaf S. Andersen served as editor.

Submitted: 11 January 2008
Accepted: 27 August 2008

REFERENCES

Atri, A, J. Amundson, D. Clapham, and J. Sneyd. 1993. A single-
pool model for intracellular calcium oscillations and waves in the
Xenopus laevis oocyte. Biophys. J. 65:1727-1739.

Bers, D.M. 2001. Excitation-Contraction Coupling and Cardiac
Contractile Force. Kluwer, Dordrecht, London. 427 pp.

Bogdanov, K.Y., T.M. Vinogradova, and E.G. Lakatta. 2001. Sinoatrial
nodal cell ryanodine receptor and Na™-Ca?" exchanger: molecular
partners in pacemaker regulation. Circ. Res. 88:1254-1258.

Bondarenko, V.E., G.P.Szigeti, G.C.L. Bett,S.]. Kim,and R.L.. Rasmusson.
2004. Computer model of action potential of mouse ventricular
myocytes. Am. J. Physiol. Heart Circ. Physiol. 287:H1378-H1403.

Buckingham, M., S. Meilhac, and S. Zaffran. 2005. Building the
mammalian heart from two sources of myocardial cells. Nat. Rev.
Genet. 6:826-835.

Creazzo, T.L., J. Burch, and R.E. Godt. 2004. Calcium buffering and
excitation-contraction coupling in developing avian myocardium.
Biophys. J. 86:966-977.

Cribbs, L.L., B.L.. Martin, E.A. Schroder, B.B. Keller, B.P. Delisle,
and J. Satin. 2001. Identification of the T-type calcium channel
(Ca(V)3.1d) in developing mouse heart. Circ. Res. 88:403-407.

Cussler, E.L. 1997. Diffusion: Mass Transfer in Fluid Systems.
Cambridge University Press, Cambridge. 580 pp.

Debetto, P., F. Cusinato, and S. Luciani. 1990. Temperature-
dependence of Na*/Ca® exchange activity in beef-heart sarco-
lemmal vesicles and proteoliposomes. Arch. Biochem. Biophys.
278:205-210.

Despa, S., F. Brette, C.H. Orchard, and D.M. Bers. 2003. Na/Ca
exchange and Na/K-ATPase function are equally concentrated

418 Model of Embryonic Cardiomyocyte E-C Coupling

in transverse tubules of rat ventricular myocytes. Biophys. J. 85:
3388-3396.

Deyoung, G.W., and J. Keizer. 1992. A single-pool inositol 1,4,5-
trisphosphate-receptor-based model for agonist-stimulated
oscillations in Ca®* concentration. Proc. Natl. Acad. Sci. USA.
89:9895-9899.

Doevendans, P.A., SW. Kubalak, R.H. An, K.D. Becker, K.R. Chien,
and R.S. Kass. 2000. Differentiation of cardiomyocytes in floating
embryoid bodies is comparable to fetal cardiomyocytes. J. Mol.
Cell. Cardiol. 32:839-851.

Dokos, S., B. Celler, and N. Lovell. 1996. Ion currents underlying
sinoatrial node pacemaker activity: a new single cell mathematical
model. J. Theor. Biol. 181:245-272.

Frank, K., C. Tilgmann, T.R. Shannon, D.M. Bers, and E.G. Kranias.
2000. Regulatory role of phospholamban in the efficiency of car-
diac sarcoplasmic reticulum Ca* transport. Biochemistry (Mosc. ).
39:14176-14182.

Furukawa, T., H. Ito, J. Nitta, M. Tsujino, S. Adachi, M. Hiroe, F.
Marumo, T. Sawanobori, and M. Hiraoka. 1992. Endothelin-1 en-
hances calcium entry through T-type calcium channels in cultured
neonatal rat ventricular myocytes. Circ. Res. 71:1242-1253.

Hagar, R.E., and B.E. Ehrlich. 2000. Regulation of the type III
InsP(3) receptor by InsP(3) and ATP. Biophys. J. 79:271-278.

Hagar, R.E., A.D. Burgstahler, M.H. Nathanson, and B.E. Ehrlich.
1998. Type III InsP3 receptor channel stays open in the presence
of increased calcium. Nature. 396:81-84.

Hart, G. 1983. The kinetics and temperature dependence of the pace-
maker current if in sheep Purkinje fibres. J. Physiol. 337:401-416.

Hille, B. 2001. Ion Channels of Excitable Membranes. Sinauer
Associates, Sunderland, MA. 818 pp.

Jafri, M.S., J.J. Rice, and R.L. Winslow. 1998. Cardiac Ca** dynam-
ics: the roles of ryanodine receptor adaptation and sarcoplasmic
reticulum load. Biophys. J. 74:1149-1168.

Kamino, K. 1991. Optical approaches to ontogeny of electrical-activ-
ity and related functional-organization during early heart devel-
opment. Physiol. Rev. 71:53-91.

Keizer, J., and L. Levine. 1996. Ryanodine receptor adaptation and
Ca*-induced Ca® release-dependent Ca®* oscillations. Biophys. J.
71:3477-3487.

Korhonen, T., and P. Tavi. 2008. Automatic time-step adaptation of
the forward Euler method in simulation of models of ion chan-
nels and excitable cells and tissue. Simul. Model. Pract. Theory.
16:639-644.

Koushik, S.V., J. Wang, R. Rogers, D. Moskophidis, N.A. Lambert,
T.L. Creazzo, and S.J. Conway. 2001. Targeted inactivation of
the sodium-calcium exchanger (Ncx1) results in the lack of
a heartbeat and abnormal myofibrillar organization. FASEB J.
15:1209-1211.

Luo, C.H.,, and Y. Rudy. 1994. A dynamic-model of the cardiac ven-
tricular action-potential. 1. Simulations of ionic currents and con-
centration changes. Circ. Res. 74:1071-1096.

Maier, L.S., T. Zhang, L. Chen, J. DeSantiago, J].H. Brown, and D.M.
Bers. 2003. Transgenic CaMKII delta(C) overexpression uniquely
alters cardiac myocyte Ca* handling: reduced SR Ca** load and
activated SR Ca® release. Circ. Res. 92:904-911.

Mery, A., F. Aimond, C. Menard, K. Mikoshiba, M. Michalak, and M.
Puceat. 2005. Initiation of embryonic cardiac pacemaker activity
by inositol 1,4,5-trisphosphate-dependent calcium signaling. Mol.
Biol. Cell. 16:2414-2423.

Mesaeli, N., K. Nakamura, E. Zvaritch, P. Dickie, E. Dziak, K.H.
Krause, M. Opas, D.H. MacLennan, and M. Michalak. 1999.
Calreticulin is essential for cardiac development. J. Cell Biol.
144:857-868.

Nakamura, K., M. Robertson, G. Liu, P. Dickie, K. Nakamura, J.Q.
Guo, HJ. Duff, M. Opas, K. Kavanagh, and M. Michalak. 2001.

920z Areniged 60 uo 1senb Aq 4pd' 196608002 dBI/9Z1€161/L0v/v/ZE L/spd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq



Complete heart block and sudden death in mice overexpressing
calreticulin. J. Clin. Invest. 107:1245-1253.

Niwa, N., K. Yasui, T. Opthof, H. Takemura, A. Shimizu, M. Horiba,
J.K. Lee, H. Honjo, K. Kamiya, and I. Kodama. 2004. Ca(v)3.2
subunit underlies the functional T-type Ca®* channel in murine
hearts during the embryonic period. Am. J. Physiol. Heart Circ.
Physiol. 286:H2257-H2263.

Pandit, S.V., R.B. Clark, W.R. Giles, and S.S. Demir. 2001. A math-
ematical model of action potential heterogeneity in adult rat left
ventricular myocytes. Biophys. J. 81:3029-3051.

Perez, PJ., J. Ramos-Franco, M. Fill, and G.A. Mignery. 1997.
Identification and functional reconstitution of the type 2 inositol
1,4,5-trisphosphate receptor from ventricular cardiac myocytes.
J- Biol. Chem. 272:23961-23969.

Politi, A, L.D. Gaspers, A.P. Thomas, and T. Hofer. 2006. Models of
IP3 and Ca2+ oscillations: frequency encoding and identification
of underlying feedbacks. Biophys. J. 90:3120-3133.

Puglisi, J.L., R. Bassani, J.W.M. Bassani, J.N. Amin, and D.M. Bers.
1996. Temperature and relative contributions of Ca transport
systems in cardiac myocyte relaxation. Am. J. Physiol. Heart Circ.
Physiol. 39:H1772-H1778.

Puglisi, J.L., W.L. Yuan, ].W.M. Bassani, and D.M. Bers. 1999. Ca®*
influx through Ca®* channels in rabbit ventricular myocytes dur-
ing action potential clamp: influence of temperature. Circ. Res.
85:E7-E16.

Ramos-Franco, J., M. Fill, and G.A. Mignery. 1998. Isoform-specific
function of single inositol 1,4,5-trisphosphate receptor channels.
Biophys. J. 75:834-839.

Rapila, R., T. Korhonen, and P. Tavi. 2008. Excitation—contraction
coupling of the mouse embryonic cardiomyocyte. J. Gen. Physiol.
132:397-405.

Reppel, M., P. Sasse, D. Malan, F. Nguemo, H. Reuter, W. Bloch, ].
Hescheler, and B.K. Fleischmann. 2007. Functional expression of
the Na'/Ca®" exchanger in the embryonic mouse heart. J. Mol.
Cell. Cardiol. 42:121-132.

Sasse, P., J. Zhang, L. Cleemann, M. Morad, J. Hescheler, and B.K.
Fleischmann. 2007. Intracellular Ca*" oscillations, a potential
pacemaking mechanism in early embryonic heart cells. J. Gen.
Physiol. 130:133-144.

Seisenberger, C., V. Specht, A. Welling, J. Platzer, A. Pfeifer, S.
Kuhbandner, J. Striessnig, N. Klugbauer, R. Feil, and F. Hofmann.
2000. Functional embryonic cardiomyocytes after disruption of
the L-type alpha(1C) (Ca(v)1.2) calcium channel gene in the
mouse. J. Biol. Chem. 275:39193-39199.

Shannon, T.R., F. Wang, J. Puglisi, C. Weber, and D.M. Bers. 2004.
A mathematical treatment of integrated Ca dynamics within the
ventricular myocyte. Biophys. J. 87:3351-3371.

Sneyd, J., and J.F. Dufour. 2002. A dynamic model of the type-2
inositol trisphosphate receptor. Proc. Natl. Acad. Sci. USA. 99:
2398-2403.

Sneyd, J., K. Tsaneva-Atanasova, J.ILE. Bruce, S.V. Straub, D.R.
Giovannucci, and D.I. Yule. 2003. A model of calcium waves in
pancreatic and parotid acinar cells. Biophys. J. 85:1392-1405.

Stieber, J., S. Herrmann, S. Feil, ]J. Loster, R. Feil, M. Biel, F.
Hofmann, and A. Ludwig. 2003. The hyperpolarization-activated
channel HCN;, is required for the generation of pacemaker ac-
tion potentials in the embryonic heart. Proc. Natl. Acad. Sci. USA.
100:15235-15240.

Takeshima, H., S. Komazaki, K. Hirose, M. Nishi, T. Noda, and M.
Lino. 1998. Embryonic lethality and abnormal cardiac myocytes in
mice lacking ryanodine receptor type 2. EMBO J. 17:3309-3316.

Wakimoto, K., K. Kobayashi, M. Kuro-o, A. Yao, T. Iwamoto, N.
Yanaka, S. Kita, A. Nishida, S. Azuma, Y. Toyoda, et al. 2000.
Targeted disruption of Na’/Ca® exchanger gene leads to car-
diomyocyte apoptosis and defects in heartbeat. /. Biol. Chem.
275:36991-36998.

Weissgerber, P., B. Held, W. Bloch, L. Kaestner, K.R. Chien, B.K.
Fleischmann, P. Lipp, V. Flockerzi, and M. Freichel. 2006.
Reduced cardiac L-type Ca®* current in Ca-v beta(—/—)(2) em-
bryos impairs cardiac development and contraction with second-
ary defects in vascular maturation. Circ. Res. 99:749-757.

Vinogradova, T.M., V.A. Maltsev, K.Y. Bogdanov, A.E. Lyashkov, and
E.G. Lakatta. 2005. Rhythmic Ca*" oscillations drive sinoatrial
nodal cell pacemaker function to make the heart tick. Ann. NY
Acad. Sci. 1047:138-156.

Yasui, K., W. Liu, T. Opthof, K. Kada, J.K. Lee, K. Kamiya, and I.
Kodama. 2001. I(f) current and spontaneous activity in mouse
embryonic ventricular myocytes. Circ. Res. 88:536-542.

Korhonen et al. 419

920z Areniged 60 uo 1senb Aq 4pd' 196608002 dBI/9Z1€161/L0v/v/ZE L/spd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (U.S. Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


