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Key points

� In the majority of species, including humans, increased heart rate increases cardiac contractility.
This change is known as the force–frequency response (FFR). The majority of mammals have
a positive force–frequency relationship (FFR). In rat the FFR is controversial.

� We derive a species- and temperature-specific data-driven model of the rat ventricular myocyte.
� As a measure of the FFR, we test the effects of changes in frequency and extracellular calcium

on the calcium–frequency response (CFR) in our model and three altered models.
� The results show a biphasic peak calcium–frequency response, due to biphasic behaviour

of the ryanodine receptor and the combined effect of the rapid calmodulin buffer and the
frequency-dependent increase in diastolic calcium.

� Alterations to the model reveal that inclusion of Ca2+/calmodulin-dependent protein kinase
II (CAMKII)-mediated L-type channel and transient outward K+ current activity enhances
the positive magnitude calcium–frequency response, and the absence of CAMKII-mediated
increase in activity of the sarco/endoplasmic reticulum Ca2+-ATPase induces a negative
magnitude calcium–frequency response.

Abstract An increase in heart rate affects the strength of cardiac contraction by altering the Ca2+

transient as a response to physiological demands. This is described by the force–frequency response
(FFR), a change in developed force with pacing frequency. The majority of mammals, including
humans, have a positive FFR, and cardiac contraction strength increases with heart rate. However,
the rat and mouse are exceptions, with the majority of studies reporting a negative FFR, while
others report either a biphasic or a positive FFR. Understanding the differences in the FFR between
humans and rats is fundamental to interpreting rat-based experimental findings in the context
of human physiology. We have developed a novel model of rat ventricular electrophysiology and
calcium dynamics, derived predominantly from experimental data recorded under physiological
conditions. As a measure of FFR, we tested the effects of changes in stimulation frequency
and extracellular calcium concentration on the simulated Ca2+ transient characteristics and
showed a biphasic peak calcium–frequency relationship, consistent with recent observations of
a shift from negative to positive FFR when approaching the rat physiological frequency range.
We tested the hypotheses that (1) inhibition of Ca2+/calmodulin-dependent protein kinase II
(CAMKII)-mediated increase in sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) activity,
(2) CAMKII modulation of SERCA, L-type channel and transient outward K+ current activity
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and (3) Na+/K+ pump dynamics play a significant role in the rat FFR. The results reveal a
major role for CAMKII modulation of SERCA in the peak Ca2+–frequency response, driven most
significantly by the cytosolic calcium buffering system and changes in diastolic Ca2+.
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Introduction

In the majority of species, including humans, increased
heart rate increases cardiac contractility and the rate
of relaxation (Pieske et al. 1999). This change in
response to changes in pacing frequency, known as the
force–frequency response (FFR), is described as either
positive or negative with increasing or decreasing myocyte
contraction strength, respectively, with increasing pacing
frequencies. As an essential self-regulatory mechanism,
FFR allows the cardiac output to respond to systemic
requirements through coordinated changes in heart rate
and contraction strength.

Key to understanding the cardiac FFR are the physio-
logical mechanisms that regulate calcium handling in
the heart. With each heartbeat, cardiomyocytes are
depolarized, activating the voltage-dependent L-type Ca2+
channels (LCCs) that, in turn, induce an influx of Ca2+
(Hobai & Levi, 1999). The Ca2+ entering the cell signals
the opening of the intracellular Ca2+ release channels
known as ryanodine receptors (RyRs) in the sarcoplasmic
reticulum (SR) (Fabiato & Fabiato, 1979), allowing rapid
Ca2+-induced Ca2+-release to occur (Sham et al. 1995).
The release of Ca2+ from the intracellular calcium
stores results in a rapid increase in the cytosolic Ca2+
concentration, which is sufficient to generate contraction
at the level of the myofilaments. During the relaxation
phase, Ca2+ ions are sequestered back into the SR by the
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) or
driven out the cell by the Na+/Ca2+ exchanger (NCX) and
the sarcolemma Ca2+-ATPase (PMCa), returning Ca2+
concentration to low diastolic levels. FFR manifests at
the cellular scale where contraction, Ca2+ transients and
action potentials (APs) in isolated myocytes adapt in
response to changes in pacing frequency (Endoh, 2004;
Dibb et al. 2007; Monasky & Janssen, 2009). Specifically
changes in the intracellular Ca2+ ([Ca2+]i) handling
mechanism are the primary cellular responses that, in turn,
produce the FFR (Endoh, 2004). Humans have a positive
FFR (Pieske et al. 1999), while in the rat, the majority

of murine studies have reported a negative FFR (Bers,
1989; Bouchard & Bose, 1989) and only a few studies
have described a biphasic or positive FFR (Frampton
et al. 1991b; Layland & Kentish, 1999). Central to this
controversy are the physiological conditions under which
the rat heart operates, specifically the heart rate, the
temperature and the extracellular calcium concentration
([Ca2+]o).

The relative importance of the mechanisms regulating
the FFR has been debated for more than a century and
remains a source of controversy. Early works in the
rat found a negative FFR at physiological frequencies
in ventricular strips maintained at 38°C (Benforado,
1958). These responses were attributed to changes in
intracellular sodium concentration ([Na+]i) with pacing
frequency. With the discovery of the Na+/Ca2+ exchanger
(NCX), Langer et al. (1975) suggested that, following a
[Na+]i increase with frequency, increases in force may
be generated by the coupled gain of intracellular calcium
via NCX, thus shifting attention to the Ca2+–frequency
relationship (CFR) as a measure of FFR. Later experiments
by Stemmer & Akera (1986) rejected this hypothesis
and proposed that frequency-dependent [Ca2+]i changes
could be caused by a decrease in intracellular Ca2+
resulting from a reduction in Ca2+ available for release
from the SR ([Ca2+]SR). This hypothesis was further tested
in rats by Bers (1989) who attributed a negative FFR to a
decrease in [Ca2+]SR with increasing frequency.

In conflict with these results, Frampton et al. (1991b)
showed a positive FFR, positive CFR and an increase in
[Ca2+]SR with frequency in isolated rat ventricle myocytes
at room temperature. A frequency-dependent loading of
the SR was also reported by Layland & Kentish (1999) in
isolated rat ventricular trabeculae and Dibb et al. (2007) in
isolated rat ventricular myocytes. In particular, Layland’s
results support the hypothesis that a shift from negative
to positive FFR occurs as the pacing frequency approaches
physiological rates, first noted by Koch-Weser & Blinks
(1963).
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Recent studies have suggested that the
Ca2+/calmodulin-dependent protein kinase II (CaMKII)
contributes to enhanced activity of the target proteins
that control the FFR (Sossalla et al. 2010; Wu et al. 2012)
such as the sarco/endoplasmic reticulum Ca2+-ATPase,
the L-type channel and the transient outward K+ current
Ito, although other studies contradict this hypothesis
(Lokuta et al. 1995; Dibb et al. 2007). What is now
widely accepted and validated through experiments
is that CAMKII indirectly enhances SR uptake of
Ca2+ through SERCA by phosphorylation of the end-
ogenous inhibitor of SERCA, phospolambam, inducing
a frequency-dependent acceleration of relaxation (Picht
et al. 2007; Dibb et al. 2007). Other experiments have
also revealed CAMKII-mediated facilitation of the L-type
Ca2+ current (Xiao et al. 1994) and the transient outward
potassium current (Colinas et al. 2006). The effects of
CaMKII phosphorylation of the RyRs, however, remain
controversial as CAMKII has been reported to both
increase (Wehrens et al. 2004) and decrease (Lokuta et al.
1995) the channel open probability.

This evidence collectively confirms that FFR regulation
in rats still remains controversial and the mechanisms
are not clear. Ca2+ dynamics are directly responsible for
changes in FFR (Endoh, 2004) and in rats they appear to be
different from canine, guinea pig and human as their rate
relies more on intracellular calcium cycling than the other
species. Thus, to be able to unravel the causes of positive
and negative FFR we need to consider the rat-specific Ca2+
physiology. In this context, the development of a species-
and temperature-specific model of Ca2+ dynamics in the
cardiac myocyte, which integrates multiple data sources
and can operate at physiological frequencies, provides a
novel and promising methodology for quantitatively inter-
preting experimental data and quantifying the principal
regulators of FFR in rats.

This study adopts this approach to focus on under-
standing FFR in rats. Firstly, we derive a species- and
temperature-specific model of the rat ventricular myo-
cyte electrophysiology that captures the change in Ca2+
response to pacing. Secondly, to study the FFR, we test the
effects of changes in pacing frequency and [Ca2+]o on the
Ca2+ transient characteristics in a model with (1) CAMKII
SERCA inhibition, (2) CAMKII modulation of SERCA,
LCC and transient outward K+ current (Ito) activity and
(3) reduced Na+/K+ activity to quantify the relative role
of those mechanisms in the response.

Methods

Ethical approval

Experiments were performed in healthy Wistar rats
at physiological temperature (37°C). Ten-week-old

Wistar rats were anaesthetized by inhalation of 2%
isoflurane–98% oxygen in a chamber, and then killed
by cervical dislocation. Animal experiments were
approved by the Norwegian National Animal Research
Committee and conformed to the Guide for the Care
and Use of Laboratory Animals (National Institutes
of Health, USA, publication no. 85-23, revised 1996)
and the principles of UK regulations, as described in
Drummond (2009).

Isolation of myocytes

Left ventricle (LV) myocytes were isolated using a standard
enzymatic dispersion technique (Louch et al. 2011). The
heart was perfused with a Ca2+-free solution (mM: 130
NaCl, 25 Hepes, 5.4 KCl, 0.5 MgCl2, 0.4 NaH2PO4,
5.5 D-glucose; pH 7.4) followed by 15 min with an
enzyme-containing solution (collagenase, 1 mg ml−1,
Worthington Biochemical Corp., Lakewood, NJ, USA;
Ca2+: 0.05 mM). The LV free wall was isolated, cut
into small pieces and gently minced. Isolated cardio-
myocytes were allowed to sediment several times while
Ca2+ concentration was gradually increased (0.1, 0.2,
0.5 mM). The myocyte suspension was stored at room
temperature, and cells were used within 8h of isolation.

Ca2+ measurements

LV myocytes were plated on laminin-coated coverslips,
and placed in a perfusion chamber on the stage of an
inverted microscope. [Ca2+]i transients were recorded
in fluo-4 AM-loaded (Molecular Probes; Thermo Fisher
Scientific, Waltham, MA, USA) myocytes during field
stimulation at 1 and 6 Hz during superfusion with
Hepes–Tyrode solution containing (in mM): 140 NaCl,
1.8 CaCl2, 0.5 MgCl2, 5.0 Hepes, 5.5 glucose, 0.4 NaH2PO4

and 5.4 HCl (pH 7.4, 37°C). The fluorescence measure-
ments were converted to free [Ca2+]i prior to their use. The
conversion was developed using the following equation
proposed by Cheng et al. (1993):

[Ca2+]i = K dR
Kd

[Ca2+]d
− R + 1

, (1)

where [Ca2+]i is the free Ca2+ concentration in the cytosol,
[Ca2+]d is the diastolic Ca2+ concentration at 1 Hz, Kd is
the dissociation constant, and R is the fluorescence divided
by diastolic fluorescence at 1 Hz (F/F0). Kd was set to
1100 nM and [Ca2+]d to 100 nM.

Patch-clamp experiments

Whole-cell patch-clamp experiments were performed
with patch pipettes (1–2 M�) connected to an
Axoclamp-2B amplifier (Axon Instruments/Molecular
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Devices, Sunnyvale, CA, USA). Action potential
recordings were performed as described in Mørk et al.
(2009), with a pipette solution containing (in mM): 120
potassium aspartate, 0.5 MgCl2, 6 NaCl, 0.06 EGTA,
10 Hepes, 10 glucose, 25 KCl and 4 K2-ATP (pH 7.2), and
an identical extracellular solution as described for field
stimulation experiments. Action potentials were triggered
by a 3 ms suprathreshold current.

For recordings of L-type Ca2+ current, the fast trans-
ient outward K+ currents were blocked by the presence
of aminopyridine and Cs+ (Frisk et al. 2014). The intra-
cellular solution contained (in mM): 133 CsCl, 0.33 MgCl2,
4 Mg-ATP, 10 Hepes and 20 TEA, while the extracellular
solution contained (in mM): 20 CsCl, 1 MgCl2, 135 NaCl,
10 Hepes, 10 D-glucose, 4-aminopyridine and 1 CaCl2.
The additional presence of 0.06 mM of EGTA in the intra-
cellular solution implies some Ca2+ buffering. Current was
recorded during discontinuous voltage clamp (sample rate
�8 Hz), with a train of 10 conditioning pulses (50 ms)
from –70 to 0 mV, followed by a 210 ms depolarizing
voltage step to a range of potentials (–40 to +40 mV
in 10 mV increments). The peak inward current for
each test potential was measured relative to steady-state
current, and normalized to cellular capacitance. Cell
capacitance was measured by integrating the capacitive
current elicited by a voltage step from −70 mV to
−80 mV.

Computational methods

Model structure. The importance of species and
temperature specificity in heart modelling has recently
been highlighted in a number of published studies (Li et al.
2010). Starting with the Pandit model of rat ventricular
myocyte electrophysiology (Pandit et al. 2001), we created
a phylogenetic tree to analyse the dependence of model
parameters on experimental data (Fig. 1A). Specifically,
the tree shows the link between model components and
the modelling and experimental studies used to determine
the parameters involved in that component’s formulation.
This approach identifies the Ca2+ handling system and
Na+/K+ model as being derived predominantly from
canine and guinea pig data. Based on this analysis and
due to the lack in graded Ca2+ release of the Pandit
model, we replaced the Ca2+ dynamics system with the
Hinch model (Hinch et al. 2004) and we updated the
Na+/K+ model by replacing it with the more recent
Lewalle model (Lewalle et al. 2014), fitted to rat data at
37°C. The Hinch model phylogenetic tree is presented
in Fig. 1B, highlighting data from species other than rat
and rat data at temperatures lower than physiological.
Based on this analysis we thus refitted the Ca2+ dynamics
parameters and channel densities using MATLAB (The
MathWorks, Natick, MA, USA) fitting tools (nonlinear

least squares method with Trust-Region algorithm) to
update data dependencies. In particular, we simulated
and constrained six key proteins in the Ca2+ regulation
system: the Na+/Ca2+ exchanger current (INCX), the Ca2+
pump current (IPMCa), the sarco/endoplasmic reticulum
Ca2+-ATPase current (ISERCA), the L-type Ca2+ current
(ILCC), the ryanodine receptor current (IRYR) and the leak
from the SR current (ISRl). We introduced equations for
CAMKII-mediated increase in SERCA activity from the
model of Li et al. (2010). To account for the presence of
EGTA in the patched pipettes generating our experimental
data, we included a model of EGTA buffering. Hence, the
Ca2+ transient simulations were conducted using [EGTA]
= 0 mM, while the AP simulations were performed with
[EGTA] = 0.06 mM, consistent with the experimental
methods.

Model parameter fitting. The fluxes through NCX and
PMCa were evaluated using caffeine-induced Ca2+ trans-
ients at 1 and 6 Hz. NCX parameters were fitted in order
for the pump to extrude 90% of the measured Ca2+ flux
during a caffeine transient, while the remaining 10% was
used to fit PMCa parameters. Those results were then
combined with Ca2+ transient measurements at 1 and
6 Hz to study the Ca2+ flux of SERCA and its changes
with frequency. The Ca2+ influx from the LCCs was fitted
using the peak ILCC current–voltage relationship curve,
where peak ILCC is the maximum value of ILCC. The flux
through the RyR was modulated to match the time to peak
of the field simulated Ca2+ transients. The leak from the
SR was fitted to constrain the [Ca2+]SR to fall within the
maximum value defined by the integral of NCX during a
caffeine transient and the minimum value defined by the
integral of SERCA during a field simulated Ca2+ transient.
The background Ca2+ current was modified to reproduce
the peak of the Ca2+ transients at 1 and 6 Hz. The
remaining Na+ and K+ currents were modified using rat
data recorded at physiological temperatures. The resulting
coupled rat ventricular myocyte calcium dynamics and
electrophysiology model’s data dependences are shown in
Fig. 1C, whereas the fitted parameters’ values are shown
in section 1.2.7 of Appendix. The model’s coupling and
refitting procedure is also described in detail in section 1
of Appendix.

Generation of model variants to simulate specific
mechanisms. Using this data-driven species- and
temperature-specific rat electrophysiology model (the DD
model), we developed three model variants to analyse
how CAMKII-mediated SERCA, L-type channel and
Ito alterations (CAMK model), inhibition of CAMKII
increase in SERCA activity (NO CAMK model) and
altered Na+/K+ (RNaK model) affect the Ca2+ transient
at different frequencies and [Ca2+]o (see Fig. 3).

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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Figure 1. Phylogenetic trees
The figures show an analysis conducted on the transmembrane currents and the Ca2+ dynamics system showing
the inheritance of data as links between modelling studies (trapezium) and experimental studies (ellipses).
Modelling studies components (boxes) are connected (arrows) to published studies. Models and experiments
within the trees are classified by species (label) and temperature (colour). The observed model’s components are:
L-type Ca2+ channel current (ILCC), SR Ca2+-ATPase current (ISERCA), troponin buffer (TRPN), calsequestrin buffer
(CSQN), flux from the dyadic space to the cytosol (JD), ryanodine receptor current (IRYR), calmodulin buffer (CMDN),
Ca2+ pump current (IPMCa), Na+/Ca2+ exchanger current (INCX), EGTA buffer (EGTA), steady-state outward K+
current (Iss), inwardly rectifying K+ current (IK1), hyperpolarization-activated current (If), background Na+, K+ and
Ca2+ currents (IBt, in A), background Na+ and K currents (IB in B and C), background Ca2+ current (ICaB in B and
C), SR leak current (ISRl), Na+ current (INa), Na+/K+ pump (INaK). A: Pandit phylogenetic tree. B: Hinch phylogenetic
tree. C: new model phylogenetic tree.
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In the DD model, CAMKII modulation of SERCA was
already included, as it was required to allow the model to
fit the distinct Ca2+ relaxation rates at 1 and 6 Hz due
to changes in SERCA flux. It must be noted that L-type
measurements were not performed at different frequencies
and so do not provide a frequency-dependent response
and no measurements of Ito were performed in our
study.

As previous studies in the literature have reported
CAMKII-mediated facilitation of the L-type Ca2+ (Xiao
et al. 1994) and Ito (Colinas et al. 2006) currents, in the
CAMK model we included CAMKII modulation of the
L-type channel and Ito. The LCC and Ito models were fitted
using CAMKII data in the literature, collected in rats and
mice (for further details see section 5 of Appendix).

In the NO CAMK model we inhibited CAMKII
activation of SERCA, by fixing the SERCA conductivity
parameter value at 6 Hz for all the frequencies, to test the
effect of increased SERCA activity on the CFR. This choice
was forced by the development of alternans for frequencies
> 4 Hz when fitting the SERCA conductivity at 1 Hz and
is discussed in section 6.2 of Appendix.

In the RNaK model we reduced Na+/K+ affinity to
Na+. Results in Lewalle et al. (2014) have showed an
increase in the Na+/K+ pump affinity to Na+ in rats
relative to the affinity in guinea pigs. To test the effect
of this increase on the CFR we reduced the Na+/K+
affinity to Na+ and we altered the maximum INaK current
parameter, INaK,max = 0.0002 μA, to obtain an intra-
cellular Na+ concentration of around 10 mM, comparable
to results at 37°C performed by Harrison et al. (1992)
in rats at 1 Hz (for further details see section 1.1.4 of
Appendix).

Simulated phenotypes for comparison to experimental
data. Previous studies tested the CFR response in rats
by observing the peak systolic [Ca2+]i (peak [Ca2+]i),
diastolic [Ca2+]i (DCa) and magnitude of peak [Ca2+]i

(MPCa = peak [Ca2+]i – DCa) fluorescence ratios
(Frampton et al. 1991b; Layland & Kentish, 1999). In
our work, we simulated the peak [Ca2+]i frequency
response (PCFR), the diastolic [Ca2+]i frequency response
(DCFR), the magnitude of peak [Ca2+]i frequency
response (MCFR) and the [Ca2+]SR frequency response,
due to changes in [Ca2+]o. [Ca2+]o was varied from 1 to
2 mM with 0.2 mM steps. An extracellular concentration
of 2 mM did not allow AP repolarization, generating
alternans at all frequencies, and so was not considered for
analysis. Measurements were conducted at steady state,
varying frequency from 1 to 6 Hz with 1 Hz steps.
Results of the peak [Ca2+]i, DCa, relative change of the
magnitude (�MPCa) and [Ca2+]SR frequency-dependent
changes with [Ca2+]o are shown in Fig. 3. Here, the

relative change of the magnitude, for each frequency i, is
defined as:

�MPCa = MPCa (i) − MPCa

MPCa
, (2)

where MPCa = 1
N

∑N
i = 1 MPCa(i) and N is the number

of tested frequencies.

Results

Comparison between model results and experimental
data

The final DD model shows close agreement between
simulations and experimental data (see Fig. 2). The
simulated Ca2+ transients, fitted to representative traces at
1 and 6 Hz, were in close agreement with the experimental
data in rat ventricular myocytes at 37°C as shown in Fig. 2G
and H. Comparisons of modelling simulations against
experimental measurements of peak [Ca2+]i, DCa, time to
50% relaxation of the [Ca2+]i transient (RT50) and time to
peak [Ca2+]i (Tpeak) at both 1 and 6 Hz are summarized in
Table 1.

To validate the model, we measured the ratio of Ca2+
extrusion via SERCA, NCX and PMCa at 1 Hz and found
those to be 88.9%, 9.5% and 1.6%, respectively. This
compares well to measurements of 87–92%, 7.5–9% and
1–3.7% observed experimentally (Bassani et al. 1992;
Negretti et al. 1993; Choi & Eisner, 1999; Mackiewicz &
Lewartowski, 2006). The simulated AP is also comparable
with the experimental observations at 1 and 6 Hz.
Figure 2I and J shows the modelled AP superimposed
to the available experimental measurements in one cell
at 1 Hz and three different cells at 6 Hz. The simulated
and experimentally measured AP characteristics are
summarized in Table 2 where we show values for: resting
membrane voltage, peak voltage, peak dV/dt, action
potential duration at 20% repolarization (APD20), 50%
repolarization (APD50), 70% repolarization (APD70)
and 90% repolarization (APD90). Calcium and AP
characteristics at all tested frequencies from 1 to 6 Hz are
shown in section 2 of Appendix.

CFR response in rats at physiological temperature

Using our species- and temperature-specific rat electro-
physiology model, we observed the CFR response for
the DD, CAMK, NO CAMK and RNaK models. The
results of our study are reported in Fig. 3 and show the
simulated rate-dependent changes in peak [Ca2+]i, DCa,
�MPCa and [Ca2+]SR due to changes in [Ca2+]o in the four
developed models. For completeness, phenotypes changes

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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with frequency in all model variants are also reported in
Table 12 (Appendix).

The PCFR in the DD model shows biphasic behaviour
with frequency, with a negative staircase in the range 1 Hz
to 2 or 3 Hz and a positive staircase in the range 2 or

3 Hz to 6 Hz, depending on [Ca2+]o. The same PCFR
response is also visible in the RNaK model. In the CAMK
model we see a positive PCFR at [Ca2+]o = 1.8 mM and the
same biphasic response as the DD model at lower [Ca2+]o,
while in the NO CAMK model we see a shift of the biphasic
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Figure 2. Parameter fitting and model validation
A, NCX fitting procedure. Experimentally measured caffeine-induced transients recorded at 1 Hz (grey) and 6 Hz
(black) and correspondent [Ca2+]TOT transient decays used for the fitting (in small window). B, NCX fitting results.
Comparison of the experimental NCX flux (INCX) as a function of internal Ca2+ at 1 Hz (grey) and 6 Hz (black)
with the line of best fit (dashed black). NCX parameters were fitted in order for the pump to extrude 90% of
the measured Ca2+ flux during a caffeine transient, while the remaining 10% was used to fit PMCa parameters.
C, SERCA fitting procedure. Experimentally measured representative Ca2+ transients recorded at 1 Hz (grey) and
6 Hz (black) and correspondent [Ca2+]TOT transients (in small window). D, SERCA fitting results. Comparison of
the experimental SERCA flux (JSERCA), obtained by integrating the previously fitted models for NCX and PMCa
with the Ca2+ traces at 1 and 6 Hz and the simulated SERCA flux (dashed lines). To characterize SERCA, the
[Ca2+]i fluxes from 157 [Ca2+]i transients measured in 5 cells at 1 Hz and 217 [Ca2+]i transients measured in five
different cells at 6 Hz were calculated after 110 ms (at 1 Hz) and 80 ms (at 6 Hz) had elapsed from the peak of the
[Ca2+]i transient. The experimentally measured values are expressed by horizontal bars (mean ± σ ) with colours
representing different frequencies, 1 Hz (grey) and 6 Hz (black). The fittings at 1 and 6 Hz are represented by
dashed grey and black lines, respectively, at 1 and 6 Hz. E, LCC fitting procedure. Simulated peak current–voltage
protocol. A series of voltage clamps are performed between –40 and 40 mV with 10 mV steps, for 200 ms. This
simulation allows recording of the dependence of peak L-type current on voltage. F, LCC fitting result. Bell-shaped
peak ILCC–V relationship, experiments (squares) and fit (circles and interpolating dashed line). G, experimental
(continuous grey line) and simulated (dashed grey line) Ca2+ transient at 1 Hz. H, experimental (continuous black
line) and simulated (dashed black line) Ca2+ transient at 6 Hz. I, experimental (continuous grey line) and simulated
(dashed black line) AP at 1 Hz. J, experimental (continuous grey lines, for 3 different cells) and simulated (dashed
black line) AP at 6 Hz.
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Table 1. Experimental and simulated [Ca2+]i transient charac-
teristics at 1 and 6 Hz

[Ca2+]i metrics Unit Experimental values Simulated values

Peak [Ca2+]i
1 Hz μM 2.000 ± 1.000 1.420
6 Hz μM 1.900 ± 0.850 1.439

DCa μM

1 Hz μM 0.105 ± 0.016 0.106
6 Hz μM 0.220 ± 0.090 0.245

RT50

1 Hz ms 82 ± 15 111
6 Hz ms 66 ± 9 61

Tpeak

1 Hz ms 30 ± 9 27
6 Hz ms 32 ± 8 25

response, decreasing from 1 Hz to 4 or 5 Hz and increasing
from 4 or 5 Hz to 6 Hz, depending on [Ca2+]o.

The MCFR in the DD model shows a mild biphasic
staircase, negative from 1 Hz to 4 Hz and positive from
4 Hz to 6 Hz at [Ca2+]o = 1.8 mM, with a shift of
the turning point to lower frequencies as we decrease
[Ca2+]o. Results of the CAMK model and RNaK model
show biphasic MCFR, with a shift of the turning point to
lower frequencies compared with the DD model at almost
all tested levels of [Ca2+]o. The case [Ca2+]o = 1.8 mM

in the CAMK model shows positive MCFR. In the NO
CAMK model, we report a negative MCFR staircase, at all
tested levels of [Ca2+]o.

The DCFR shows a positive staircase with frequency in
all the developed models. Compared with the DD model,
we see a slight increase in diastolic [Ca2+]i in the NO
CAMK and RNaK models at [Ca2+]o = 1.8 mM.

The [Ca2+]SR frequency response in the DD model
is biphasic for [Ca2+]o = 1.0 mM and decreases with
frequency for higher tested [Ca2+]o. Biphasic [Ca2+]SR

frequency response is also shown in the RNaK model,
negative in the range 1 Hz to 2 or 3 Hz and positive in the
range 2 or 3 Hz to 6 Hz, depending on [Ca2+]o. A contra-
sting behaviour is reported in the CAMK and NO CAMK
models where the [Ca2+]SR decreases with frequency for
almost all tested levels of [Ca2+]o.

When increasing [Ca2+]o, we see a general increase
in peak [Ca2+]i and [Ca2+]i transient magnitude in all
the four models. Interestingly, diastolic [Ca2+]i shows a
decrease at 1–2 Hz followed by an increase at 2–6 Hz.

Intracellular and extracellular fluxes

To observe how single fluxes affect the CFR, we
report the changes in all Ca2+ fluxes with [Ca2+]o

and frequency. The observed fluxes are the following:
sarco/endoplasmic reticulum Ca2+-ATPase (SERCA),

ryanodine receptors (RyR), SR leak (SRl), troponin
(TRPN), L-type channels (LCC), Na+/Ca2+ exchanger
(NCX), sarcolemma Ca2+-ATPase (PMCa) and back-
ground Ca2+ (CaB). In these reported results, we have
included the effect of the rapid calmodulin buffer on the
Ca2+ fluxes.

Specifically, we have assumed a rapid Ca2+ buffering
equation for the calmodulin buffer:

d[Ca2+]i

dt
= βCMDN · d[Ca2+]TOT

dt
, (3)

where,

βCMDN = kCMDN × B CMDN

kCMDN + [Ca2+]i
. (4)

Here, kCMDN is the half-saturation constant and BCMDN

is the total cytosolic calmodulin concentration, whose
values were parameterized from the comprehensive
model of the canine ventricular myocyte developed by
Greenstein & Winslow (2002), [Ca2+]i is the intracellular
Ca2+ concentration and [Ca2+]TOT is the total Ca2+
concentration. This means that a portion of the [Ca2+]TOT

is buffered and the remaining portion is the free [Ca2+]i.
Equation (1) expands to

d[Ca2+]i

dt
= βCMDN (ILCC − INCX − IPMCa + IBCa

−ISERCA + IRyR − ITRPN + ISRl), (5)

based on

d[Ca2+]TOT

dt
=

∑
Ca2+currents. (6)

Changes in fluxes due to changes in [Ca2+]o and
frequency were observed in two different cases. Inthe
first case (without rapid buffering), we integrated and
summed the single fluxes to calculate the changes in
[Ca2+]TOT with frequency and [Ca2+]o. In the second case
(with rapid buffering), we integrated and summed each
flux multiplied by the rapid calmodulin buffer coefficient
to observe the changes in [Ca2+]i with frequency and
[Ca2+]o. The currents were integrated from the time that
the stimulus was applied to the time that the peak calcium
transient was reached (Tpeak). [Ca2+]o was varied from 1 to
1.8 mM with 0.2 mM steps. Measurements were conducted
at steady state and frequency was varied from 1 to 6 Hz
with 1 Hz steps. The variation (�I) of the integral (I) as a
function of frequency, in the case with and the case without
buffering, is presented in Fig. 4. Here, the variation of the
integral, for each frequency i, is defined as:

�I (i) = I (i) − Ī , (7)
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Table 2. Experimental and simulated AP characteristics at 1 and 6 Hz

AP metrics Units Experimental values Simulated values

Resting membrane voltage
1 Hz mV −87.34 ± 1.47 −83.06
6 Hz mV −85.16 ± 3.03 −83.16

Peak voltage
1 Hz mV 35.26 ± 3.09 38.52
6 Hz mV 37.43 ± 8.95 28.82

APD20

1 Hz ms 1.82 ± 0.27 2.6
6 Hz ms 1.88 ± 0.62 3.0

APD50

1 Hz ms 10.07 ± 1.72 15.7
6 Hz ms 12.21 ± 6.24 20.6

APD70

1 Hz ms 23.09 ± 3.01 33.0
6 Hz ms 31.01 ± 13.45 34.6

APD90

1 Hz ms 43.41 ± 7.08 50.6
6 Hz ms 55.52 ± 14.51 48.9

Peak dV/dt
1 Hz mV 256.84 ± 44.93 171.76
6 Hz mV 223.16 ± 39.31 132.87

where Ī = 1
N

∑N
i = 1 I (i) and N is the number of tested

frequencies.
These results identify the main currents responsible for

the size and magnitude of the Ca2+ transient to be the
RYR, SERCA and TRPN Ca2+ fluxes. All other currents
were one or more orders of magnitude smaller than those.
Figure 4 shows the variation of the integrals (�I) up to peak
[Ca2+]i (time < Tpeak) of those currents in the DD model,
the total current (TOT) and the sum of the total current
plus the diastolic [Ca2+]i (TOT+DCa), for [Ca2+]o = 1.0,
1.4 and 1.8 mM. To clarify, negative fluxes (SERCA, TRPN)
are labelled with (−).

At [Ca2+]o = 1.0 mM, in the case without buffering,
the variation of the integral of the total flux up to the
peak (TOT) is biphasic. We see an increase in SERCA
and a general decrease in TRPN flux, when frequency is
increased from 1 to 6 Hz. Here, the biphasic response of the
RyR, is responsible for the biphasic PCFR response we have
shown in Fig. 3. In fact, in the negative tract of the biphasic
PCFR response, the RyR shows a decrease in flux with
frequency from 1 to 2 Hz, while in the positive tract of the
biphasic PCFR response the RyR shows an increase in flux
with frequency from 2 to 6 Hz. These results indicate that
the turning point of the RyR efflux, changing from negative
to positive staircase with frequency, is consistent with the
turning point of the PCFR response. We know that DCa
increases with frequency, as reported in many previous
studies and demonstrated in the results of our model.
Changes in DCa, which are not accounted for in TOT,
might thus also play a significant role in PCFR changes.

Adding DCa to the total flux (TOT+DCa) we still report
the biphasic trend shown in TOT. At [Ca2+]o = 1.0 mM,
in the case with buffering, TOT is still biphasic and the
biphasic behaviour is further amplified in the TOT+DCa
flux.

At [Ca2+]o = 1.4 and 1.8 mM, in the case without
buffering, TOT decreases with frequency and adding
DCa to the total flux (TOT+DCa) does not change the
non-biphasic trend shown for the total flux. Here, the
RyR efflux is still biphasic but flattened and the trans-
ition from a negative to a positive staircase is shifted to
higher frequencies compared with the case at [Ca2+]o =
1.0 mM. In the positive tract of the RyR biphasic response
(i.e. at higher frequencies), SERCA activity is enhanced,
thus inducing a negative PCFR. The biphasic PCFR at
[Ca2+]o = 1.4 and 1.8 mM, seen in Fig. 3, only appears
when the effect of the rapid calmodulin buffer is included
in the integrals evaluation, revealing the importance of the
buffering system in shaping the PCFR response. This result
is further amplified by the frequency-dependent increase
of DCa, as seen in TOT+DCa. Particularly, in the case
[Ca2+]o = 1.8 mM, the DCa induces a shift of the PCFR
biphasic turning point to lower frequencies, showing the
significant role of DCa in the PCFR.

Discussion

We have developed a biophysical model of rat ventricular
cardiac myocyte electrophysiology, parameterized, for the
first time to our knowledge, at a physiological temperature
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and capable of capturing Ca2+ and AP responses to
changes in pacing frequency. In the baseline DD model, we
have reported a biphasic PCFR, shifting from a negative
to positive staircase as the rat physiological frequency
range is approached, consistent with previously reported
studies (Koch-Weser & Blinks, 1963; Borzak et al. 1991;
Endoh, 2004). Using our modelling framework we have
shown that (1) changes in CAMKII-mediated SERCA
activity play a major role in shaping the biphasic PCFR;
(2) CAMKII-mediated SERCA, LCC and Ito activity
enhance the biphasic MCFR response; and (3) a reduction
of Na+/K+ affinity for Na+ induces a shift of the PCFR
and MCFR biphasic staircases. We suggest that the PCFR
is mainly driven by the combined effect of the rapid
calmodulin buffer and the frequency-dependent changes
in DCa.

Model development

The heterogeneity in species and temperature in available
measurements able to be used for model parameterization
is a notable limitation in the computational physiology
approach. This situation hampers model reliability and
obfuscates the translation of animal results into human

studies. For this reason, the first aim of our work was to
develop a species- and temperature-consistent rat electro-
physiological model at a physiological frequency and
temperature, using consistent experimental data whenever
possible. Using the result of this process, our goal was
to show the direct link between model parameters and
experimental sources.

The main advance of our model is that it significantly
reduces the dependency on data from other species and
non-physiological temperatures and introduces modified
components to reflect temperature effects, as shown in
the phylogenetic tree in Fig. 1C. In our model, 14 out
of 17 components were fitted using rat data and, among
those, 13 components were fitted using rat data at physio-
logical temperatures. This compares with 8 out of 16
components parameterized using rat data in previous
models.

Our model of the rat ventricular cardiac myo-
cyte electrophysiology matches the experimental
measurements that we performed in rat ventricular
myocytes at 37°C as seen in ‘Results, Comparison
between model results and experimental data’ and it
represents a robust framework to test Ca2+ responses to
changes in pacing frequency and [Ca2+]o.
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Figure 3. The calcium frequency response (CFR)
Rate-dependent changes in peak [Ca2+]i, diastolic [Ca2+]i (DCa), magnitude of peak [Ca2+]i relative variation
(�MPCa), and Ca2+ in the sarcoplasmic reticulum ([Ca2+]SR) due to changes in the extracellular Ca2+ concentration
([Ca2+]o). Each column represents a different model: the baseline model (DD), a model with inclusion of the
CAMKII mediation of LCC and Ito activity (CAMK), a model with inhibition of the CAMKII-mediated increase in
SERCA activity (NO CAMK) and a model with reduced Na+/K+ affinity to Na+ (RNaK). Different colours represent
different [Ca2+]o: 1.0 mM (light grey), 1.4 mM (dark grey) and 1.8 mM (black).
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Validation

Using the developed framework, the second aim of our
study was to observe the Ca2+ response of the model to
changes in frequency and [Ca2+]o, as a measure of the
FFR.

FFR and CFR measurements are not consistent across
the literature. This lack of consensus means that the
model cannot match all measurements. Model results
at [Ca2+]o = 1.8 mM are, however, consistent with the
experimental observations, showing an increase in peak
[Ca2+]i and DCa and a decrease in [Ca2+]i transient
magnitude when increasing frequency from 1 to 6 Hz.
It should be noted that while our model was developed
at 37°C, changes in temperature have been shown to
induce changes in channel behaviour that could also affect
the Ca2+ response to frequency. Furthermore, we used
calibrated measurements, in contrast to the majority of
publications in the literature, which only report ratio
measurements. If calibrated, ratio measurements would
be altered, thus also affecting the observations. To validate
our model’s predictions, we have compared the simulated
PCFR, DCFR and MCFR in our model with experimental
data in the literature.

The DD model in Fig. 3 shows a biphasic PCFR, negative
in the range 1 Hz to 2 or 3 Hz and positive in the range
2 or 3 Hz to 6 Hz, depending on [Ca2+]o. Borzak et al.

(1991) showed a biphasic FFR in rats negative in the range
0.1–1 Hz, flat in the range 1–2 Hz and positive in the
range 2–6 Hz, which agrees with the biphasic changes
in CFR shown in our model. In accordance with our
observations, previous work in rats has shown a negative
FFR at frequencies lower than 1–2 Hz (Koch-Weser &
Blinks, 1963; Capogrossi et al. 1986; Mubagwa et al. 1997;
Layland & Kentish, 1999). The positive PCFR predicted
by the model at high frequencies is consistent with the
measurements of Dibb et al. (2007) and Monasky &
Janssen (2009) that show respectively a positive PCFR in
rats at 37°C for frequencies in the range 4–8 Hz and a
positive PCFR in rats at 37°C when increasing frequency
from 4 to 8 Hz at [Ca2+]o = 1.5 mM.

In the DD model, the MCFR shows a biphasic staircase.
Our results replicate the MCFR response that we reported
in the experimental data at [Ca2+]o = 1.8 mM and are
in accordance with Frampton et al. (1991) and Picht
et al. (2007), who showed a negative MCFR respectively
in rat for frequencies in the range 0.2–2 Hz and mouse
in the range 0.2–4 Hz. Other published works showed a
positive MCFR response (Layland & Kentish, 1999; Dibb
et al. 2007; Monasky & Janssen, 2009). Among those,
experiments of Monasky & Janssen (2009) in rats at 37°C
showed a positive MCFR increasing frequency from 4 to
8 Hz at [Ca2+]o = 1.5 mM, in accordance with our findings.
Layland & Kentish (1999) showed a positive MCFR for
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Figure 4. The intracellular and extracellular fluxes behind CFR
DD model intracellular and extracellular current variation of integrals (�I) as a function of frequency (1–6 Hz).
A, DD model without rapid calmodulin buffer. B, DD model with rapid calmodulin buffer. In both cases the integrals
were evaluated from time = 0 to time = Tpeak, where Tpeak is the time to peak of the correspondent simulated
Ca2+ transient. Colours represent different extracellular Ca2+ concentrations: 1 mM (light grey), 1.4 mM (dark grey)
and 1.8 mM (black). The most important fluxes, plotted in the figure are the following: ryanodine receptors (RyR),
Ca2+-ATPase (SERCA), troponin buffer (TRPN), total current (TOT) and total current plus diastolic Ca2+ (TOT+DCa).
The other observed fluxes, L-type Ca2+ channel (LCC), background Ca2+ current (CaB), reverse mode Na+/Ca2+
exchanger (NCXR), forward mode Na+/Ca2+ exchanger (NCXF), Ca2+ pump (PMCa) and SR leak current (SRl) were
one or more orders of magnitude smaller, and therefore we did not include them in the figure.
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all frequencies from 1 to 6 Hz at 30°C and [Ca2+]o =
1.0 mM. Interestingly, when increasing [Ca2+]o to 8 mM,
they reported negative PCFR and MCFR in the range
1–2 Hz, thus demonstrating a clear dependency of their
observations on the experimental conditions.

DCFR is less often reported and shows a much more
consistent behaviour, increasing with frequency in many
previous publications (Layland & Kentish, 1999; Dibb et al.
2007; Monasky & Janssen, 2009). Consistent with those
experiments, our DD model predicts a positive DCFR
across frequencies.

Increasing [Ca2+]o caused a general increase in peak
[Ca2+]i and [Ca2+]i transient magnitude. This result is
consistent with the findings reported by Bouchard & Bose
(1989), showing an increase in peak [Ca2+]i in rats, when
increasing [Ca2+]o from 0.5 to 2.5 mM. When [Ca2+]o is
increased, our model shows a decrease in DCa at 1–2 Hz
followed by an increase at 2–6 Hz. Layland & Kentish
(1999) reported an increase in DCa with [Ca2+]o at all
frequencies, in disagreement with our observations in
the range 1–2 Hz. Interestingly, Frampton et al. (1991b)
reported a slight decrease in DCa when increasing [Ca2+]o

from 0.5 to 1 mM at 1 Hz frequency in rat measurements
at 24°C followed by an increase when further increasing
[Ca2+]o to 3 and 6 mM.

The [Ca2+]SR hypothesis and analysis of the
intracellular and extracellular fluxes behind CFR

Bers (1989) hypothesised that changes in [Ca2+]SR are
responsible for changes in the FFR response, where an

increase in [Ca2+]SR induces a positive FFR response and
a decrease in [Ca2+]SR induces a negative FFR response.
In the DD model at [Ca2+]o = 1.0 mM, the [Ca2+]SR

has a biphasic response, negative at lower frequencies
and positive at higher frequencies. The [Ca2+]SR decreases
with frequency for the remaining tested values of [Ca2+]o.
These DD model results contradict this hypothesis by
showing positive PCFR and negative [Ca2+]SR–frequency
response.

To observe the role of each of the ion channels on the
CFR in the DD model and test how the fast calmodulin
buffer affects the response, in Fig. 4 we analysed the
variation of the integrals of each one of the Ca2+ fluxes
in two cases: with and without fast calmodulin buffering.
These results showed that the biphasic PCFR response is
mainly driven by changes in the RyR flux with frequency at
low [Ca2+]o and the effect of the rapid calmodulin buffer at
high [Ca2+]o. In all cases, changes in RyR efflux modulate
the frequency-dependent increase in DCa that, along with
the non-linear behaviour of the buffering curve, induces
changes in the PCFR.

In Fig. 5, we propose a schematic representation of the
mechanism behind changes in the PCFR, due to the DCa
and the non-linearity of the buffering curve. Assuming
that the DCai increases with frequency (DCai,1Hz <

DCai,6Hz), the DCaTOT will increase with frequency
(DCaTOT,1Hz < DCaTOT,6Hz). The same change in CaTOT

(�CaTOT,1Hz = �CaTOT,6Hz), due to the non-linearity of
the buffering curve, will translate to a greater change in the
Cai (�Cai,1Hz < �Cai,6Hz). In particular, even a smaller
change in CaTOT (�CaTOT,6Hz < �CaTOT,1Hz) can result in
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Figure 5. Changes in PCFR due to changes
in diastolic calcium and buffering
Schematic diagram showing how changes in
diastolic Ca2+ (DCa) and a shift of the buffering
curve (black curve in figure) affect the PCFR.
Assuming that the DCai increases with
frequency (DCai,1Hz < DCai,6Hz), the DCaTOT

will increase with frequency (DCaTOT,1Hz <

DCaTOT,6Hz). The same change in CaTOT

(�CaTOT,1Hz = �CaTOT,6Hz), due to the
non-linearity of the buffering curve, will
translate to a greater change in the Cai

(�Cai,1Hz < �Cai,6Hz). In particular, even a
smaller change in CaTOT (�CaTOT,6Hz <

�CaTOT,1Hz) can cause an increase in the Cai

change (�Cai,1Hz < �Cai,6Hz). In this way the
PCFR response is altered by two distinct
mechanisms: the change in DCa and the
buffering curve.
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increased Cai change (�Cai,1Hz < �Cai,6Hz). In this way
the PCFR response is altered by two distinct mechanisms:
the change in DCa with frequency and the buffering curve.
The effects of the buffering curve on the PCFR were shown
to be particularly prominent with increasing [Ca2+]o. As
we have reported in our results, increased [Ca2+]o trans-
lates to increased [Ca2+]i, which, in turn, causes a shift
towards a shallower area of the buffering curve, where this
mechanism is more accentuated.

Overall, these results show that the biphasic PCFR
is caused by the biphasic staircase of the RyR efflux
at [Ca2+]o = 1.0 mM. However, the flattened biphasic
behaviour of the RyR release is balanced by the increase
of SERCA activity with frequency and is not sufficient to
generate a biphasic PCFR response at [Ca2+]o = 1.4 and
1.8 mM. In our analysis, the biphasic PCFR response is
caused by the non-linearity of the buffering curve. The
RyRs and SERCA operate by modulating DCa, which
further amplifies the behaviour. Notably, this mechanism
is model independent, as both the increase in DCa with
frequency and the non-linearity of the buffering curve
are well-known properties of ventricular myocytes. The
mechanism behind PCFR changes, shown in Fig. 5,
explains how the buffering system and DCa affect the
PCFR response.

Model variants still reveal the importance
of the buffering system on the PCFR

As already discussed, previous works in rats proposed the
hypotheses that CAMKII regulation of the L-type channel,
Ito current and SERCA activity and a reduction of the
Na+/K+ pump affinity to Na+ could be responsible for
alterations in the FFR and CFR responses. In our work
we tested these hypotheses by altering the DD model to
simulate those conditions.

Results of the CAMK model in Fig. 3 show that the
PCFR is qualitatively the same as that of the DD model,
although we report a positive PCFR at [Ca2+]o = 1.8 mM

and a clear enhancement of the MCFR positive staircase.
Additional simulations revealed the same mechanism
already presented for the DD model in the previous section
(‘Discussion, The [Ca2+]SR hypothesis and analysis of
the intracellular and extracellular fluxes behind CFR’),
showing that the PCFR is mainly driven by the RyR flux,
with a clear effect of the rapid calmodulin buffer and
DCa on the response, especially at high levels of [Ca2+]o

(for further details see section 6.1 of Appendix). Inter-
estingly, previous studies showed positive MCFR response
(Layland & Kentish, 1999; Dibb et al. 2007; Monasky
& Janssen, 2009) that was not replicated in our DD
model but is significantly enhanced in the CAMK model,
highlighting the importance of CAMKII regulation on
the MCFR. These results show that CAMKII-mediated

activity, directly acting on Ca2+ release from the RyR,
enhances the positive MCFR staircase.

Analysis of the NO CAMK model reveals that CAMK
inhibition mainly affects the PCFR, MCFR and [Ca2+]SR.
Compared with the biphasic behaviour in the DD model,
the NO CAMK model in Fig. 3 reveals a flattened PCFR
staircase, negative MCFR in all cases and a notable
increase in [Ca2+]SR at low frequencies compared with
the DD model, which in turn activates more Ca2+
release from the RyR. Consistent with our results of
the DD model, additional simulations showed that the
RyR flux and the dependent increase in DCa are the
main responsible for the PCFR staircase in this case (for
further details see section 6.2 of Appendix). Our results are
consistent with Wu et al. (2012) who showed that CAMKII
inhibition flattens the FFR response in mice. These
results show that CAMKII up-regulated SERCA modulates
the shift from negative to positive PCFR by altering
the [Ca2+]SR, inducing changes in the RyR frequency
response.

Compared with the DD model, results of the RNaK
model in Fig. 3 show a shift of the turning point of the
biphasic PCFR and MCFR responses to lower frequencies,
reduced [Na+]i for frequencies < 2 or 3 Hz and augmented
[Na+]i for frequencies > 2 or 3 Hz depending on
[Ca2+]o. The biphasic PCFR response here reveals the
same mechanism as demonstrated in the DD model (for
further details see section 6.3 of Appendix). Decreasing the
Na+/K+ pump affinity for Na+, our model shows positive
PCFR and MCFR for frequencies > 2 or 3 Hz depending
on [Ca2+]o, highlighting the role of [Na+]i in enhancing
the positive staircase effect at physiological frequencies, as
suggested by Langer et al. (1975).

Conclusions

In our work, we have concluded that a biphasic
PCFR response in rats at 37°C is due to the biphasic
behaviour of the RyR efflux at low [Ca2+]o and the
combined effect of the Ca2+ buffering mechanism and
the frequency-dependent increase in DCa at higher levels
of [Ca2+]o. This result is consistent with the observation
of a shift from negative to positive FFR when approaching
the rat physiological range of frequencies. We have shown
that CAMKII-mediated SERCA, LCC and Ito activity,
directly acting on Ca2+ release from the RyR, enhances the
positive MCFR staircase. Absence of a CAMKII-mediated
increase in SERCA activity affects the CFR by altering
the [Ca2+]SR frequency response, which in turn affects
RyR release, flattening the PCFR and inducing negative
MCFR. Reduced Na+/K+ affinity to Na+ acts on the CFR,
increasing [Na+]i and [Ca2+]i at high frequencies and
inducing a shift of the biphasic PCFR and MCFR turning
point to lower frequencies.
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Appendix: Development of the DD model,
the parameter fitting procedure and further
information about model’s alterations
and limitations

To achieve a model that captures rat cardiac electro-
physiology and can simulate graded response, we
combined the Pandit electrophysiology framework
(Pandit et al. 2001) with the Hinch calcium dynamics
model (Hinch et al. 2004). Figure 6 shows the components
taken from the Pandit model (in black) and the
Hinch model (in grey). Section 1 describes the model
development and parameter refitting procedure. In this
section we show how we developed the reconciliation of
units between the two models, we describe choices for
cell, SR volume and capacitance parameters, intracellular
and extracellular Na+ and K+ concentrations, fixed ionic
concentrations and buffers, and we describe the parameter
fitting procedure for all the fitted channels within the
model. Section 2 describes the results for all simulated
Ca2+ and AP phenotypes at frequencies from 1 to 6 Hz
with step 1 Hz. In sections 3 and 4 we show the effects of
changes in [K+]o and AP on the PCFR, DCFR, MCFR and
[Ca2+]SR frequency response. Section 5 describes how we
included CAMKII alteration of L-type channel and trans-
ient outward K+ current in the CAMK model. Sections 6
and 7 provide insight about the differences in CFR in the
CAMK, NO CAMK and RNaK model compared with the
DD model.

Model development and parameter refitting

We explain in detail the coupling between the Pandit
(Pandit et al. 2001) and Hinch (Hinch et al. 2004)
models and the parameter fitting procedure that we
adopted to reparametrize the developed electrophysiology
framework.

Model development

Unit and structural consistency. The movement of ions
across the cell membrane can be represented in terms of
ion fluxes or whole-cell current. In the Hinch model all the
ionic transports are expressed in terms of calcium ions flux
in millimolar per millisecond whereas in the Pandit model
all the cell currents are represented in nanoamps. This type
of inconsistency cannot be simply solved using an auto-
mated conversion between equivalent units but instead
requires additional information regarding the volume of
the myocyte or the valence of the species. Using the
same approach developed by Terkildsen et al. (2008),
we converted the Hinch calcium fluxes into compatible
calcium currents using the formula:

INew = jzFV myo, (A1)

where j is the flux (in Hinch), z is the valence, F is the
Faraday constant and Vmyo is the volume of the myocyte
(see Table 3).

In general, units are expressed in ms, mV, mM, μA,
μF, mS.

L-type Ca2+

Troponin
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reticulum
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SR leakage
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Figure 6. Inheritance of components in
our model
Schematic showing the coupling between
Pandit and Hinch models. Components are
highlighted in black when their equations
were kept from Pandit, in grey when their
equations were kept from Hinch.
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Table 3. Capacitance and volumes

Parameter Unit Definition

CM = 0.0001 μF Membrane capacitance
Vmyo = 25, 850 μm3 Volume of the myocyte
VmyouL = 2.585 × 10−5 μL Volume of the myocyte
VSRuL = 2.098 × 10−6 μL Volume of the SR

Cell, SR volume and capacitance. The membrane
capacitance Cm was kept from the original Pandit model,
based on experimental measurements in rat ventricular
cells (Clark et al. 1993). The cell and SR volumes were
maintained from Hinch et al. (2004), based on Greenstein
& Winslow (2002) (see Table 3).

Na+ and intracellular and extracellular concentrations.
We assumed [Na+]i = 10 mM at 1 Hz, consistent with
experiments developed in rats at 37°C (Harrison et al.
1992). Following the hypothesis by which increase in rate
might produce increase in intracellular sodium ([Na+]i)
(Woodbury, 1963; Cohen et al. 1982; Maier et al. 1997), we
assumed [Na+]i = 14 mM at 6 Hz. Extracellular sodium
([Na+]o) was held fixed to a value of [Na+]o = 140 mM

following experiments conducted in rats. Extracellular
potassium ([K+]o) was set to a value of [K+]o = 5.4 mM at
all frequencies. Experimentally measured intracellular and
extracellular Na+ concentrations in previous works can be
observed in Table 4 while intracellular and extracellular
concentrations in previous works can be observed in
Table 5.

Fixed ionic concentrations and buffers. The Ca2+-
binding proteins included in our model are troponin,
calmodulin and EGTA. Total cytosolic calmodulin
concentration (BCMDN) and half-saturation constant
(KCMDN) values were taken from the comprehensive model
of canine ventricular myocyte developed by Greenstein &
Winslow (2002). Ca2+ buffering to TRPN was modelled as
described by Hinch et al. (2004). All troponin parameters
were obtained from the model of ferret ventricular myo-
cytes at room temperature (Bondarenko et al. 2004). The
effects of the intracellular Ca2+ buffer EGTA were also
modelled as described by Pandit, following an adaptation
from (Winslow et al. 1999) mimicking the experimental
conditions developed in Shimoni et al. (1995).
The Ca2+-binding protein parameters are shown in
Table 6.

Parameter refitting procedure

Membrane Ca2+ extrusion: Na+/Ca+ exchanger (INCX) and
Ca2+ pump (IPMCa). In single cell experiments, caffeine
triggers full release of [Ca2+]SR, with subsequent increase

of [Ca2+]i (Blayney et al. 1978; Klein et al. 1990; Sitsapesan
& Williams, 1990; Meissner et al. 1997; Herrmann-Frank
et al. 1999). There are three main mechanisms of Ca2+
extrusion from the cytosol: INCX, IPMCa and ISERCA. The
presence of caffeine assures inhibition of the SERCA
pump, which is no longer able to drive Ca2+ back to the
SR allowing the assumption, exploited for the purposes of
model fitting, that no Ca2+ SR reuptake occurs. This leaves
only two currents actively contributing to Ca2+ extrusion:
INCX and IPMCa. During caffeine-induced transients in rats,
NCX and PMCa account for approximately 80–90% and
10–20% of the Ca2+ extrusion from the cell, respectively
(Bassani et al. 1992; Choi & Eisner, 1999; Bers, 2001).

In our work, the experimental caffeine-induced Ca2+
transients at 1 and 6 Hz were converted to the total cyto-
solic Ca2+ concentration ([Ca2+]TOT)using the following
fast buffering approximation proposed by Trafford et al.
(1999):

[Ca2+]TOT = [Ca2+]i + [Ca2+]buffered = [Ca2+]i

+
∑

B buffer
[Ca2+]i

([Ca2+]i + K buffer)
, (A2)

where Kbuffer is the affinity of the buffer and Bbuffer

is its concentration (the buffers used in our model
are troponin, calmodulin and EGTA). This type of
conversion is necessary because the calibrated fluorescence
measurements describe the change in intracellular
free Ca2+ ([Ca2+]i) and for our fitting purposes we
are interested in the total flux of Ca2+ ions across the
membrane ([Ca2+]TOT). After defining Peak[Ca2+]TOT

as the maximum value of [Ca2+]TOT, each converted
caffeine transient was separated into an early release
phase, which occurred prior to Peak[Ca2+]TOT, and a later
exponential decay, occurring after Peak[Ca2+]TOT, where
the membrane calcium transporters extrude Ca2+ from
the cytosol. The change in total amount of Ca2+ over time
can be described as a differential equation:

d[Ca2+]TOT

dt
∼= J IN − J OUT, (A3)

where J IN = J LCC + J RYR and J OUT = J SERCA + J NCX +
J PMCa. Focusing on the later exponential decay of the
caffeine-induced [Ca2+]TOT transient and assuming that
only IPMCa and INCX are active, this reduces to:

d[Ca2+]TOT

dt
∼= −J NCX − J PMCa. (A4)

For this reason, we fitted the Ca2+-dependent kinetics
of the remaining two transporters to the later exponential
decay of the curve. We assumed that the contribution of
IPMCa to the decay is comparatively small and we attributed
90% of the total Ca2+ extrusion to INCX. The flux through
the NCX exchanger was modelled using the formulation
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Table 4. Na+ Intracellular and extracellular concentrations
NR: not reported

Publication Temperature (°C) Frequency (Hz) [Na+]i (mM) [Na+]o (mM)

Polimeni (1974) NR NR 21 ± 1 140 ± 2
Polimeni & Al-Sadir (1975) NR NR NR 134 ± 1
Shattock & Bers (1989) 30 1 16.71 ± 0.6 NR
Harrison et al. (1992) 37 1 10.26 ± 0.23 NR
Borzak et al. (1992) 37 NR 14 ± 2 NR
Donoso et al. (1992) 27 1 10.7 ± 1.2 NR
Levi et al. (1994) 30 1 10.9 ± 0.74 NR
Baartscheer et al. (1997) 37 8 9.6 ± 0.4 NR
Despa et al. (2002) 25 Rest 11.1 ± 0.7 NR

Table 5. K+ intracellular and extracellular concentrations
NR: not reported

Publication Temperature (°C) Frequency (Hz) [K+]i (mM) [K+]o (mM)

Page & Page (1968) 22–24 NR 151 NR
Polimeni (1974) NR NR 151 ± 2 3.6 ± 0.1
Polimeni & Al-Sadir (1975) NR NR NR 4.6 ± 0.2
Powell (1980) 37 NR 120.8 ± 1.7 NR

Table 6. Fixed ionic concentrations and buffers

Parameter Unit Definition

BCMDN = 0.05 mM Total cytosolic calmodulin concentration
KCMDN = 2.382 × 10−3 mM Half-saturation constant of calmodulin
K trpn+ = 0.04 × 103 mM−1 ms−1 Binding rate of calcium to troponin
K trpn− = 0.04 ms−1 Dissociation rate of calcium to troponin
KmEGTA = 1.5 × 10−4 mM Calcium half-saturation constant for EGTA

from Hinch et al. (2004), developed by Luo & Rudy
(1994):

J NCX =
g NCX

(
eηFV

RT [Na+]3
i [Ca2+]o − e(η−1) FV

RT [Na+]3
o[Ca2+]i

)
(
K 3

mNa + [Na+]3
o

)
(K mNa + [Ca2+]o) +

(
1 + K sate(η−1) FV

RT

) ,

(A5)

where gNCX is the pump rate of NCX, η is the parameter
describing the dependence of NCX flux on voltage, F is
the Faraday constant, V is voltage, R is the universal gas
constant, T is temperature, KmNa is the Na+ half-saturation
of NCX, KmCa is the Ca2+ half-saturation of NCX, Ksat is
the low potential saturation factor of NCX and [Na+]i,
[Ca2+]i, [Na+]o and [Ca2+]o are the intracellular and
extracellular Na+ and Ca2+ concentrations, respectively.
All the parameters involved in the NCX formulation,
except for gNCX, where kept from Hinch et al. (2004).
Because [Na+]i is unlikely to change during the period

that NCX is active, [Na+]i was assumed constant for
the fitting, with a value [Na+]i = 10 mM. This implies
that the equation takes the form of a first-degree poly-
nomial having two parameters: J NCX = a[Ca2+]i + b.
As no major changes in NCX behaviour at different
frequencies are reported in the literature, we fitted a
linear relation along the two data sets at 1 and 6 Hz and
evaluated the conductivity of the exchanger to be gNCX =
0.0515 mM ms−1.

Current through the Ca2+ pump was modelled using
the formulation from Hinch et al. (2004), first published
in Luo & Rudy (1994):

IPMCa = g PMCa[Ca2+]i

K PMCa + [Ca2+]i
, (A6)

where gPMCa is the maximal pump rate and KPMCa is
the half-saturation rate. In our simulations, IPMCa makes
approximately 10% of the NCX job at both 1 and 6 Hz
frequencies, which agrees with the reported percentage
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in the literature (Bers, 2001). Therefore, there was no
need to re-parameterize the pump. Parameter values were
maintained from the Hinch model (Hinch et al. 2004):
gPMCa = 5 × 10−6 mM ms−1 and KPMCa = 0.00035 mM.

Sarco/endoplasmic reticulum Ca2+-ATPase (SERCA). We
assumed that during a field stimulated Ca2+ transient
there are two sources of [Ca2+]i (ILCC and IRYR) and
three [Ca2+]i sinks currents (INCX, IPMCa and ISERCA).
Fluorescence experiments in rats, performed under
whole-cell voltage-clamp conditions and in the presence
of EGTA to detect Ca2+ sparks (Song et al. 1998), revealed
that after 80–100 ms, both ILCC and IRYR Ca2+ pathways
are closed and the cell predominantly extrudes Ca2+ from
the cytosol through INCX, IPMCa and ISERCA. This implies
that the effects of [Ca2+]i influx through ILCC and [Ca2+]i

release through IRYR can be neglected when analysing the
later part of the [Ca2+]i transient. Furthermore, using
the models of INCX and IPMCa described above, we can
remove their effects on the change in Ca2+ to isolate
the extrusion of Ca2+ attributed to SERCA. It must be
noted that at higher pacing the pump’s uptake becomes
faster to facilitate frequency-dependent acceleration of
relaxation, a process mediated by Ca2+/calmodulin kinase
II (CaMKII) that still remains unclear (Li et al. 1998;
Hagemann et al. 2000; Huke & Bers, 2007).

In our work, the experimentally recorded Ca2+ trans-
ients were first converted to the total cytosolic Ca2+
concentration [Ca2+]TOT (see eqn (A2)) and then used
for fitting purposes. The behaviour of the pump was
studied taking into account the decay phase of the [Ca2+]i

transients elicited by field stimulation at 1 and 6 Hz,
integrated with the previously fitted models for INCX and
IPMCa. To characterize SERCA, the [Ca2+]i fluxes from
157 [Ca2+]i transients measured in five cells at 1 Hz and
217 [Ca2+]i transients measured in five different cells at
6 Hz were calculated after 110 ms (at 1 Hz) and 80 ms (at
6 Hz) had elapsed from the peak of the [Ca2+]i trans-
ient. The flux through SERCA (ISERCA) was modelled
using the formulation from Hinch et al. (2004), previously
published in Jafri et al. (1998):

ISERCA = g SERCA
[Ca2+]2

i

K 2
SERCA + [Ca2+]2

i

, (A7)

where gSERCA and KSERCA are the maximum pump rate
and the half-saturation of the SERCA pump, respectively.
Plotting the change in total flux of Ca2+ across the
membrane in time (d[Ca2+]TOT/dt) against the [Ca2+]free

we fitted the function y = a x2

b2+x2 through our data and we
evaluated the parameters a and b, respectively representing
gSERCA and KSERCA. The SERCA formulation within the
Hinch model (Hinch et al. 2004) did not take into account
the frequency-dependent behaviour. To approximate the
lack of calmodulin up-regulation of SERCA at different

electrophysiological frequencies, we fitted the conductivity
of the pump at 1 Hz (gSERCA1 = 0.47 × 10−3 μM3 ms−1) and
6 Hz (gSERCA6 = 0.68 × 10−3 μM3 ms−1) by assuming that
the affinity parameter (KSERCA = 0.45 × 10−3 mM) did
not change with frequency, consistent with the findings
previously reported in the literature (Picht et al. 2007).
Following the approach already used by Li et al. (2010),
we included a CaMKII regulation model in the developed
framework to simulate the effects of pacing frequency. The
model, proposed by Hund and Rudy for canine ventricular
myocytes (Hund & Rudy, 2004) and adapted from more
recent finding by Li et al. (2010), includes three states
representing the fractional occupancies of active CaMKII
(fa), bound CaMKII (fb) and trapped CaMKII (ft):

df t

dt
= αf b (f b + f t) − βf t, (A8)

f b = f 0 (1 − f t) .
1

1 + K mCaM

[Ca2+]i

, (A9)

f a = f b + f t, (A10)

where α (0.05 ms−2) and β (0.0002 ms−1) are the
phosphorylation and dephosphorylation rates of CaMKII,
respectively, f0 (5%) is the fraction of active CaMKII
binding sites at equilibrium and KmCaM (0.7 μM) is
the [Ca2+]i concentration at half-maximum CaMKII
activation. Using the experimental representative Ca2+
transients at 1 and 6 Hz, we measured the level of
active CaMKII at both frequencies and we modelled the
dependence of ISERCA on the kinase by defining gSERCA and
KSERCA as a function of fa:

ISERCA = g SERCA · [Ca2+]2
i

K 2
SERCA + [Ca2+]2

i

, (A11)

g SERCA = �g CaMK · f a

K m,CaMK − f a
, (A12)

where �gCaMK is the maximum increase in gSERCA due to
CaMKII and Km,CaMK is the half-saturation coefficients.
The line of best fit for gSERCA plotted against fa resulted in
Km,CaMK = 2.224 and �g CaMK= 0.001158.

L-type Ca2+ channels (LCCs) and Ryanodine Receptors
(RyR). The function of the LCC was investigated using
the experimentally recorded peak ILCC–V relationship
curve. During the peak ILCC–V experiment the membrane
potential is held fixed at −40 mV and then clamped
between −40 mV and 40 mV with 10 mV steps (see Fig. 2E
and F). INa contribution is negligible, since the holding
potential around −40 mV assures inactivation of the
Na+ channel and the K+ currents are pharmacologically
blocked. The peak transmembrane current is recorded at
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each membrane potential and gives an approximation of
the ILCC current.

In our work, the current through the L-type channels
was modelled using the formulation from Hinch et al.
(2004), a simplified Markovian model of the Jafri et al.
(1998) model. The ILCC representation presents three
states, I (inactivated), C (closed) and O (open), with the
respective probabilities to move from one state to another:

α+ = e
(V−VL)

�VL

tL

(
e

(V−VL)
�VL + 1

) , (A13)

α− = φL

tL
, (A14)

ε+
(
[Ca2+]ds

) =
[Ca2+]ds

(
e

(V−VL)
�VL + a

)

τLK L

(
e

(V−VL)
�VL + 1

) , (A15)

ε− =
b

(
e

(V−VL)
�VL + a

)

τL

(
be

(V−VL)
�VL + a

) , (A16)

where VL is the potential when 50% of the LCCs channels
are open, �VL is the width of opening potentials, ϕL is the
proportion of time the channels are still closed but in open
mode, tL is the time switching between closed and open
states, TL is the inactivation time, KL is the concentration
when the LCCs inactivate, a and b are the biasings to make
inactivation a function of V and JL is the permeability of
a single channel (see Fig. 7). A Goldman–Hodgkin–Katz
equation is then used to model the open channel current:

J LCC = J LδV · [Ca2+]oe−δV − [Ca2+]ds

1 − e−δV
, (A17)

Figure 7. LCC representation
The figure is a schematic representation of the LCC model. There are
three possible states, I (inactivated), C (closed) and O (open), with
the respective probabilities to move from one state to another α+,
α_, ε+ and ε_.

where δ = zF/RT , z is the valence for Ca2+, F is the Faraday
constant, R is the universal gas constant, T is temperature,
JL is the permeability of the channel, V is voltage, and
[Ca2+]o and [Ca2+]ds are respectively external Ca2+ and
Ca2+ in the dyadic space. It must be noted that [Ca2+]ds is
evaluated using the rapid equilibrium approximation:

[Ca2+]ds
∼= [Ca2+]i +

J RyR + J LCC

g D
, (A18)

where JRyR is the current through the rynoadine receptors
and gD is the Ca2+ flux permeability from the dyadic space
to the cytosol. This approximation is one of the crucial
steps in the Hinch model simplification (Hinch et al. 2004).
This yields to the following equation for ILCC:

ILCC = −2J LCCF VmyouL, (A19)

where VmyouL is the volume of the myocyte in microlitres.
The model, despite its simplifying assumptions, still

has nine parameters. We reproduced the peak ILCC–V
experiment in silico and we performed a sensitivity analysis
to evaluate the contribution of each of the nine parameters
to the quality of the fit. The experiment was found to be
primarily sensitive to the following parameters: VL, the
potential when 50% of the LCC channels are open; JL, the
permeability of a single channel; and ϕL, the proportion
of time the channels are still closed but in open mode.
In particular the parameters JL and ϕL scale the I–V
curve while VL determines the slope. We then fitted the
parameters to the available experimental data (Fig. 2A).

The current through the RyR channels (IRYR) was
modelled using the formulation from Hinch et al. (2004),
a simplified Markovian model of Scheme 6 in Stern et al.
(1999). The majority of experiments used to parameterize
IRyR in Hinch were conducted in isolated SR. This means
that they do not capture the process of Ca2+-induced
Ca2+-release and are not consistent with our modelling
framework (Chu et al. 1993; Sitsapesan & Williams, 1994;
Mejı́a-Alvarez et al. 1999). The flux through the RyR was
modulated to match the experimentally measured time to
peak of the Ca2+ transients at 1 and 6 Hz. In particular,
the half-concentration at activation of the RyR channel
(KRyR) was increased from 0.041 to 0.065 mM. It must
be noted that we increased the parameter representing
the Ca2+ flux rate from the dyadic space to the cytosol
(gD) from 0.065 μM3 ms−1 to 0.099 μM3 ms−1 to allow
more Ca2+ to move between the compartments. This is
reasonable as we are dealing with much bigger Ca2+ trans-
ients than those represented in Pandit et al. (2001). In fact,
in the Pandit model, the peak of the simulated Ca2+ trans-
ients approximately spanned from 0.3 μM in the epicardial
model to 0.6 μM in the endocardial model. The simulated
results were compared with rat experimental traces in
Bouchard et al. (1995) showing much higher Ca2+ trans-
ients with peak Ca2+ � 1.2 μM in normal conditions.
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In our model, we took into account the notable increase
in peak Ca2+ and amplitude by refitting the whole Ca2+
dynamic system.

The leak from the SR current ISR: evaluation of [Ca2+]SR.
During a caffeine transient all Ca2+ is released from the SR
and it is extruded from the cell via INCX and IPMCa. There
is no change in voltage, and therefore the L-type channels
remain in the closed state and SERCA is not pumping Ca2+
back to the SR. By integrating the flux of INCX + IPMCa we
can estimate an upper bound on the amount of Ca2+ in
the SR. Furthermore, during a normal [Ca2+]i transient,
Ca2+ is pumped back into the SR by SERCA. At a limit cycle
the Ca2+ released by the SR must be replaced via SERCA.
Integrating ISERCA over a cycle provides a lower bound
estimate of the fraction of Ca2+ in the SR. With these
assumptions we were able to estimate reasonable ranges
for [Ca2+]SR at both 1 and 6 Hz: [Ca2+]SR � [1.13 × 10−3,
2.62 × 10−3] mM at 1 Hz and [Ca2+]SR � [0.97 × 10−3,
3.48 × 10−3] mM at 6 Hz. We then scaled the parameter
representing the conductivity of the leak SR current,
gSRL = 7.11 × 10−6 ms−1, in order to keep [Ca2+]SR within
these plausible ranges.

The sodium potassium pump (INaK). In the Pandit model
the INaK formulation was inherited as a variant of the
NKA model by Luo & Rudy (1994), developed using
a spectrum of different species and temperatures (see
Fig. 1A). In our model, the current through INaK was
modelled using the formulation from Lewalle et al. (2014),
directly parameterized from rat data at 37°C:

INaK = INaKmax · (γ + 1)

ν1
, (A20)

where

ν1 = γ

(
1 + K dNaio

[Na+]i

)2 (
1 + K dNais

[Na+]i
e(− δFVT

1000R )

+
(

1 + α

K e

)2
(

1 + [Na+]o

K dNaes
e(− (1−δ)FVT

1000R )
))

.

(A21)

The maximum pump rate of INaK was increased to a
value INaK = 0.00138 μA to maintain the intracellular
Na+ gradients within the values found in the literature
(see Table 4).

Other K+ and Na+ currents. The original Pandit electro-
physiology model was fitted to Ca2+ data at room
temperature and is unable to repolarize sufficiently fast
at 6 Hz, causing the model to fail at faster pacing rates.
A potential contributor to this particular issue is the
transient outward potassium current (Ito), which opens
immediately after the AP has reached its upstroke and

together with the inwardly rectifying K+ current (IK) plays
a significant role in rat repolarization, shaping the AP
(Amin et al. 2010; Chae et al. 2012). Furthermore, during
systole the entrance of Ca2+ in the myocyte is driven by the
electrical force influenced by Ito (Sah et al. 2003). In our
model, we took into account the notable increase in peak
Ca2+ and amplitude by refitting the entire Ca2+ dynamic
system (see Fig. 2) and this inevitably required some major
changes in Ito. The Ito current was tuned to obtain AP
repolarization at 6 Hz, maintaining the simulated Ca2+
transients. To ensure the AP recovered at higher pacing
frequencies we refitted the peak current, activation and
recovery rates for Ito. With detailed literature research we
found Ito τ of inactivation values to be much lower in rat
experimental data compared with the values used in Pandit
(see Table 7). We reduced the values to τs � 50 ms and τsslow

� 1100 ms consistent with values reported by Apkon &
Nerbonne (1991) and Varro et al. (1993) and τr � 0.01 ms.
This modification significantly improved the ability of the
model to repolarize at 6 Hz. The Ito peak density was
maintained around 2.1 nA at 1 Hz, consistent with the
findings in Wickenden et al. (1997). Both the equations for
IK and the steady state outward K+ current (Iss) were kept
from Pandit. The IK conductivity parameter was scaled to a
value of gK1 =4×10−5 mS to take into account the changes
in the IK current with temperature reported by McLarnon
et al. (1993) (Q10 = 1.4 from 10°C to 20°C and Q10 = 1.6
from 20°C to 30°C). The Iss conductivity parameter was
chosen to be gss = 1.2 × 10−5 mS, to obtain a peak current
value equal to the mean value between the epicardial and
endocardial Pandit model’s peak current measurements.
The background K+ current (IBK) was unchanged. The
Na+ current (INa) conductivity parameter was fitted to
achieve the peak of the AP at 1 Hz. The background Na+
current (IBNa) and the hyperpolarized activated current
(If) were unchanged.

Summary of fitted parameters. A summary of all the
fitted parameters within the model is shown in Tables 8
and 9.

Simulated Ca2+ and AP phenotypes at all
tested frequencies for data-driven (DD)
model

For the sake of completeness, in Tables 10 and 11 we report
the results of all simulated Ca2+ and AP phenotypes for
all tested frequencies from 1 to 6 Hz with step 1 Hz.

Changes in extracellular potassium
concentration

The initial model is parameterized to experimental
measurements where [K+]o was set to 5.4 mM. However,
lower [K+]o values between 3.3 and 5.8 mM were reported

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



4212 S. Gattoni and others J Physiol 594.15

Table 7. Summary of I to current measurements reported in the literature

Publication T (°C) F (Hz) Amplitude (nA) τr (ms) τs (ms) τsslow (ms)

Apkon & Nerbonne (1991) 23 ± 1 NR 1.4 0.96 41.0 ± 14.5 1238 ± 566
Varro et al. (1993) 20–25 0.33 47.4 ± 4.0 1185 ± 102
Wickenden et al. (1997) 23 ± 1 1 2.10 ± 0.18 31.7 ± 2.7
Wickenden et al. (1997) (N) 23 ± 1 1 1.01 ± 0.15 64.3 ± 8.8 8216 ± 2396
Pandit et al. (2001) (endo) 22–24 1 1.22 0.14 514 2985
Pandit et al. (2001) (epi) 22–24 1 2.44 0.14 254 3325
Huang et al. (2014) 22–24 0.33 1.67 ± 0.02

N, neonatal cells; epi, epicardial cells; endo, endocardial cells.

Table 8. Summary of all the fitted Ca2+ current parameters

Parameter Unit Definition

gNCX = 0.0515 × 10−3 μM3 ms−1 Pump rate of NCX
gPMCa = 0.005 × 10−3 μM3 ms−1 Maximum pump rate of sarcolemmal pump
KPMCa = 0.35 × 10−3 mM Half-saturation of sarcolemmal pump
gSERCA1 = 0.47 × 10−3 μM3 ms−1 Maximum pump rate of SERCA at 1 Hz
K SERCA1 = 0.45 × 10−3 mM Half-saturation of SERCA at 1 Hz
gSERCA6 = 0.68 × 10−3 μM3 ms−1 Maximum pump rate of SERCA at 6 Hz
K SERCA6 = 0.45 × 10−3 mM Half-saturation of SERCA at 6 Hz
J L = 7 × 10−4 μM3 ms−1 Permeability of single LCC
K L = 0.0006 mM Concentration at inactivation LCC
VL = −9 mV Potential when half LCC open
δVL = 7 mV Width of opening potential
φL = 11.5 Unitless Proportion of time closed in open mode LCC
τL = 1450 mS Inactivation time
KRyR = 0.065 mM Half concentration of activation
gD = 0.099 μM3 ms−1 Permeability of the leak current from the dyadic space
gSRL = 7.11 × 10−6 ms−1 Rate of leak from the SR to the cytosol
gCaB = 5.10875 × 10−8 mM mV−1 ms−1 Background Ca2+ current rate

Table 9. Summary of the Na+and K+currents parameters

Parameter Unit Definition

gt = 1.96 × 10−5 mS Transient outward potassium current conductivity
gK1 = 4 × 10−5 mS Inwardly rectifying current conductivity
gss = 1.2 × 10−5 mS Steady-state outward K+ current conductivity
gNa = 0.0007 mS Inward Na+ current conductivity
gBK = 0.000138 × 10−3 mS Background K+ current conductivity
gBNa = 0.00008015 × 10−3 mS Background Na+ current conductivity

in vivo, as reviewed by Niederer (2013). To test if changes
in [K+]o could affect our CFR results we have simulated
frequency-dependent changes in PCa, DCa, �MPCa and
[Ca2+]SR in the base model with [K+]o = 4.2 mM and
[K+]o = 4.5 mM as shown in Figs 8 and 9, respectively. No
major changes in the calcium–frequency behaviour have
been reported in these cases.

Fixed AP simulations

To study the effects of changes in AP on the
calcium–frequency response, in Fig. 10 we have simulated

frequency-dependent changes in PCa, DCa, �MPCa and
[Ca2+]SR when clamping the AP to 1 Hz morphology at all
frequencies. Compared with the results in the DD model,
no major changes in the calcium–frequency behaviour
have been reported in this case.

CAMKII alteration of L-type channel and
transient outward K+ current (CAMK model)

CAMKII alteration of ILCC

Previous studies in rats have shown a CAMKII-mediated
increase in ILCC magnitude of approximately 10–20% and
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Table 10. Simulated Ca2+phenotypes at all tested frequencies

Phenotype Unit 1 Hz 2 Hz 3 Hz 4 Hz 5 Hz 6 Hz

Peak [Ca2+]i μM 1.420 1.331 1.314 1.331 1.372 1.439
DCa μM 0.1056 0.1141 0.1369 0.1663 0.2014 0.2445
RT50 ms 111 80 68 63 60 61
Tpeak ms 27 26 25 24 24 25

Table 11. Simulated AP phenotypes at all tested frequencies

Phenotype Unit 1 Hz 2 Hz 3 Hz 4 Hz 5 Hz 6 Hz

Resting membrane V mV −83.06 −83.19 −83.26 −83.28 83.24 −83.16
Peak V mV 38.52 37.45 36.03 34.2 31.8 28.8
APD20 ms 2.6 2.6 2.6 2.7 2.9 3.0
APD50 ms 15.7 17 17.6 18.2 19.1 20.6
APD70 ms 33.0 33.3 33.1 33.1 33.6 34.6
APD90 ms 50.6 49.2 48.3 47.9 48 48.9

APD, action potential duration.

accelerated recovery from inactivation (Xiao et al. 1994;
Guo & Duff, 2006). In accordance with these findings,
results in human models by O’Hara et al. (2011) have
also shown an increase in peak current and faster recovery
from inactivation of ILCC when phosphorylated by CAMK.
Following those studies, to obtain an increased magnitude
and slowed inactivation in the CAMK model, we increased
the LCC permeability by 20% and we doubled the τL of

inactivation. CAMKII activation of the L-type channel
was developed using the same approach we have used for
CAMKII SERCA activation:

J L = �J L · f a

K m,JL + f a
, (A22)

τL = �τ · f a

K m,τ − f a
, (A23)
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Figure 8. PCa, DCa, �MPCa and [Ca2+]SR changes with [Ca2+]o when [K+]o = 4.2 mM

No major changes in the calcium–frequency behaviour have been reported in this case.
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where fa is the fractional occupancies of active CaMKII,
�J L = 0.002575, Km,JL = 1.72, �τ = 1153 and
Km,τ = 1.153. Results in Fig. 11 show an increase
in the current magnitude and slowed inactivation
comparable with results digitalized from Xiao et al.
(1994). Interestingly, Dibb et al. (2007) found no
evidence for frequency-dependent facilitation of ILCC in
rat experiments at 37°C and they showed that peak
ILCC decreases with increasing stimulation frequency.
Consistent with these studies, our DD model shows
decreased peak ILCC with increasing frequency as shown
in Fig. 12.

CAMK alteration of Ito

Experiments by Colinas et al. (2006) in rat cardiac
myocytes have revealed a direct regulation of the fast
Ito component by CAMKII. Furthermore, inhibition of
CAMKII with KN-93 resulted in acceleration of Ito

inactivation, thought to be caused by a reduction in the
Ito slow component with no physiologically significant
changes on the constants of inactivation. More recent
experiments developed by Wagner et al. (2009) in
mouse showed that CAMKII does not produce regulation
of Ito amplitude or activation, although it accelerates
recovery from inactivation for both the fast and slow Ito

components.

Following these studies, in the CAMK model we altered
the Ito steady state inactivation with a 15 mV shift in the
depolarizing direction, to reduce both the fast and the slow
inactivating components, and we introduced CAMKII
activation of the Ito τ of inactivation, to accelerate recovery
from inactivation:

s infinity = sslowinfinity = 1
1+e(V+α)

6.8841

, (A24)

α = �a · f a

K a − f a
, (A25)

where fa is the fractional occupancies of active CaMKII,
�a = −14.57 and Ka = 0.435.

τs = βe−( V+70
25 )2 + δ, (A26)

τsslow = γe−( V+70
30 )2 + δ, (A27)

β = �b · f a

K b − f a
, (A28)

γ = �g · f a

K g + f a
, (A29)

1.8

0.9

0.1

0.2

0

–0.2

1 3.5 6

Frequency [Hz]

1 3.5 6

Frequency [Hz]

1 3.5 6

Frequency [Hz]

1 3.5 6

Frequency [Hz]

0.34

0.17

0

2.9

2.2

1.5

D
C

a
 [
μM

]
[C

a
2
+
] S

R
  [

m
M

]]

P
e
a
k 

[C
a

2
+
] i 

[μ
M

]
Δ

M
P

C
a
 [
μM

]

[K]o = 4.5 mM

Figure 9. PCa, DCa, �MPCa and [Ca2+]SR changes with [Ca2+]o when [K+]o = 4.5 mM

No major changes in the calcium–frequency behaviour have been reported in this case.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



J Physiol 594.15 The calcium–frequency response in the rat ventricular myocyte 4215

δ = �d · f a

K d + f a
, (A30)

where �b = 14.87, Kb = 1.118, �g = 3069, Kg = 0.8757,
�d = 19.9 and Kd = 1.007. Results in Fig. 13 show slowed
Ito inactivation compared with the DD case and no changes
in Ito amplitude or activation concordant with results by
Colinas et al. (2006) and Wagner et al. (2009).

Mechanisms behind the CFR in model
variants

In our work we have simulated the PCFR, DCFR, MCFR
and [Ca2+]SR frequency response in the DD model and
three model variants: CAMK, NO CAMK and RNaK
models (Fig. 3). Here for completeness, we report the
frequency-dependent changes in those phenotypes for all
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Figure 10. PCa, DCa, �MPCa and [Ca2+]SR changes with [Ca2+]o when fixing the AP to 1 Hz morphology
No major changes in the calcium–frequency behaviour have been reported in this case.
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A, ILCC experimental current data in control (grey) and CAMK (black) cases, digitalized from Xiao et al. (1994).
B, ILCC simulated current in control (grey) and CAMK (black) cases in our model.
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model variants (in Table 12) and we describe the effects of
model variants on the CFR.

CAMK model

In the CAMK model, we introduced equations for
CAMKII-mediated LCC and Ito activity and tested how
this mechanism affected the CFR. Note that CAMK SERCA
modulation is also modelled in the CAMK model, as it is
already included in the DD model. Table 12 shows that
the PCFR in the CAMK model is qualitatively the same
as that of the DD model, although we report a positive
PCFR at [Ca2+]o = 1.8 mM. In the CAMK model the
MCFR is biphasic at [Ca2+]o = 1.0 and 1.4 mM; however,
compared with the DD model we see an increased positive
staircase for higher frequencies and a shift of the turning
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Figure 12. ILCC simulations in the DD model at 1 Hz (grey) and
6 Hz (black)
Results show decreased peak ILCC with increasing frequency.
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Figure 13. Ito current in control and CAMK cases
Ito simulated data in control (grey) and CAMK (black) cases. Results
show slower inactivation of the Ito current when including the
effects of CAMKII compared with the control case.

point to lower frequencies. MCFR is positive at [Ca2+]o =
1.8 mM.

Following the same approach we have used for the DD
model, to observe how single fluxes affect the CFR, we
simulated the changes in all Ca2+ fluxes with [Ca2+]o

and frequency in two cases: with and without rapid
calmodulin buffering. Simulation results in Fig. 14 reveal
the same mechanism already presented for the DD model
in ‘Discussion, The [Ca2+]SR hypothesis and analysis of
the intracellular and extracellular fluxes behind CFR’.
The PCFR is mainly driven by the RyR flux, with a
clear effect of the rapid calmodulin buffer and DCa
on the response, especially at high levels of [Ca2+]o.
We report biphasic RyR response with frequency at all
values of [Ca2+]o. The biphasic RyR explains the biphasic
PCFR at [Ca2+]o = 1.0 and 1.4 mM. The positive PCFR
staircase at [Ca2+]o = 1.8 mM only appears when the
effect of the rapid calmodulin buffer is included in the
integrals evaluation, showing the clear role of the buffering
system in shaping the PCFR response. These results
show that CAMKII-mediated activity, directly acting on
Ca2+ release from the RyR, enhances the positive MCFR
staircase.

NO CAMK model

In the NO CAMK model, we inhibited CAMKII
up-regulation of SERCA with frequency to observe the
effects on the CFR, by fixing the SERCA conductivity
parameter to its value at 6 Hz. Fixing SERCA conductivity
at 1 Hz resulted in alternans for frequencies > 4 Hz. Results
of the NO CAMK model in Table 12 reveal that removal
of SERCA CAMKII dependency mainly affects the PCFR
and MCFR. Compared with the biphasic behaviour in the
DD model, the NO CAMK model shows a flattened PCFR
staircase and a negative MCFR in all cases. In Fig. 15 we
observed how single fluxes affect the CFR by simulating
the changes in all Ca2+ fluxes with [Ca2+]o and frequency
in two cases: with and without rapid calmodulin buffering.
Compared with the DD model, where we saw increased
SERCA activity with frequency, in the NO CAMK model
we report a decrease in SERCA flux with frequency from
1 to 5 Hz and a slight increase from 5 to 6 Hz which
in turn modulates the [Ca2+]SR and the RyR flux. In
the NO CAMK model the flattened RyR flux is mainly
responsible for the PCFR staircase and we see the effect
of the frequency-dependent increase in DCa, inducing a
shift to a positive PCFR at high frequencies. In particular,
in Fig. 8 we see a notable increase in [Ca2+]SR at low
frequencies in the NO CAMK model compared with the
DD model, which in turn activates more Ca2+ release
from the RyR. Compared with the RyR flux in the DD
model, in the NO CAMK model we report more Ca2+ flux
at low frequencies and less Ca2+ flux at high frequencies
leading to an increase in [Ca2+]i at low frequencies and
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Table 12. PCFR, DCFR, MCFR and [Ca2+]SR frequency relationship ([Ca2+]SR FR) for the DD, CAMK, NO CAMK and RNaK models

DD MODEL CAMK MODEL NO CAMK MODEL RNaK MODEL

Phenotype [Ca2+] (mM) Negative Positive Negative Positive Negative Positive Negative Positive

PCFR 1.0 1–2 Hz 2–6 Hz 1–2 Hz 2–6 Hz 1–4 Hz 4–6 Hz 1–2 Hz 2–6 Hz
1.4 1–3 Hz 3–6 Hz 1–2 Hz 2–6 Hz 1–5 Hz 5–6 Hz 1–2 Hz 2–6 Hz
1.8 1–3 Hz 3–6 Hz 1–6 Hz 1–4 Hz 4–6 Hz 1–2 Hz 2–6 Hz
1.0 1–6 Hz 1–6 Hz 1–2 Hz 2–6 Hz l–6 Hz

DCFR 1.4 1–6 Hz 1–6 Hz 1–6 Hz l–6 Hz
1.8 1–6 Hz 1–6 Hz 1–6 Hz l–6 Hz
1.0 1–3 Hz 3–6 Hz 1–2 Hz 2–6 Hz 1–6 Hz 1–2 Hz 2–6 Hz

MCFR 1.4 1–4 Hz 4–6 Hz 1–3 Hz 3–6 Hz 1–6 Hz 1–2 Hz 2–6 Hz
1.8 1–4 Hz 4–6 Hz 1–6 Hz 1–6 Hz 1–3 Hz 3–6 Hz
1.0 1–3 Hz 3–6 Hz l–4 Hz 4–6 Hz 1–6 Hz 1–2 Hz 2–6 Hz

[Ca2+]SRFR 1.4 1–6 Hz 1–6 Hz 1–6 Hz 1–3 Hz 3–6 Hz
1.8 1–6 Hz 1–6 Hz 1–6 Hz 1–2 Hz 2–6 Hz

a decrease in [Ca2+]i at high frequencies, responsible
for the negative MCFR. These results show that CAMK
up-regulated SERCA modulates the shift from negative to
positive PCFR by altering the [Ca2+]SR, inducing changes
in the RyR frequency response.

It could be argued that pinning SERCA to its 6 Hz
value does not appear to correspond with inhibition but

rather over-expression of CaMKII, since SERCA would
presumably be less active at slower rates. Thus for the
sake of completeness, we performed the same simulations
in the range 1–4 Hz by fixing the SERCA conductivity
parameter at 1 Hz. Results in Fig. 16 do not show
relevant changes in the PCFR, DCFR and MCFR in this
case.
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Figure 14. Integral variations in the CAMK model
CAMK model intracellular and extracellular current variation of integrals (�I) as a function of frequency (1 to 6 Hz).
A, CAMK model without buffer. B, CAMK model with buffer. In both cases the integrals were evaluated from
time = 0 to time = Tpeak, where Tpeak is the time to peak of the corresponding simulated Ca2+ transient. Colours
represent different extracellular Ca2+ concentrations: 1.0 mM (light grey), 1.4 mM (dark grey) and 1.8 mM (black).
The most important fluxes, plotted in the figure, are ryanodine receptors (RyR), Ca2+-ATPase (SERCA), troponin
buffer (TRPN), total current (TOT) and total current plus diastolic Ca2+ (TOT+DCa). The other observed fluxes,
L-type Ca2+ channel (LCC), background Ca2+ current (CaB), reverse mode Na+/Ca2+ exchanger (NCXR), forward
mode Na+/Ca2+ exchanger (NCXF), Ca2+ pump (PMCa) and SR leak current (SRl) were one or more orders of
magnitude smaller, and therefore we did not include them in the figure.
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RNaK model

In the RNaK model we reduced the Na+/K+ affinity to
Na+ to test the effects on the CFR. Results of the RNaK
model in Table 12 show a shift of the turning point of the
biphasic PCFR and MCFR responses to lower frequencies
compared with the DD model. We report reduced [Na+]i

for frequencies < 2 or 3 Hz and augmented [Na+]i

for frequencies > 2 or 3 Hz depending on [Ca2+]o. In
particular, at [Ca2+]o = 1.8 mM, we report an [Na+]i

increase of �10% at 3 Hz and �30% at 6 Hz.
To observe how single fluxes affect the CFR in the RNaK

model, in Fig. 17 we simulated the changes in all Ca2+
fluxes with [Ca2+]o and frequency in two cases: with and
without rapid calmodulin buffering. As NCX kinetics are
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Figure 15. Integral variations in the NO CAMK model
NO CAMK model intracellular and extracellular current variation of integrals (�I) as a function of frequency (1
to 6 Hz). A, NO CAMK model without buffer. B, NO CAMK model with buffer. In both cases the integrals were
evaluated from time = 0 to time = Tpeak, where Tpeak is the time to peak of the correspondent simulated Ca2+
transient. Colours represent different extracellular Ca2+ concentrations: 1.0 mM (light grey), 1.4 mM (dark grey)
and 1.8 mM (black). The most important fluxes, plotted in figure, are ryanodine receptors (RyR), Ca2+-ATPase
(SERCA), troponin buffer (TRPN), total current (TOT) and total current plus diastolic Ca2+ (TOT+DCa). The other
observed fluxes, L-type Ca2+ channel (LCC), background Ca2+ current (CaB), reverse mode Na+/Ca2+ exchanger
(NCXR), forward mode Na+/Ca2+ exchanger (NCXF), Ca2+ pump (PMCa) and SR leak current (SRl) were one or
more orders of magnitude smaller, and therefore we did not include them in the figure.
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Figure 16. Ca2+ phenotype changes with
[Ca2+]o when inhibiting CAMKII
up-regulation of SERCA with frequency, by
fixing the SERCA conductivity parameter to
its value at 1 Hz
Results do not show main changes in the CFR
response.
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dependent on [Na+]i and [Ca2+]i, at lower [Na+]i levels
(i.e. at lower frequencies), NCX operates less in reverse
mode and more in forward mode inducing a reduction
in [Ca2+]i, in the RNaK model compared with the DD
model. Conversely at higher [Na+]i levels (i.e. at higher
frequencies) NCX operates more in reverse mode and less
in forward mode inducing an increase in [Ca2+]i in the
RNaK model compared with the DD model. Changes in
[Ca2+]i are sensed by the RyR. Compared with the RyR flux
in the DD model, in the RNaK model at [Ca2+]o = 1.0 and
1.4 mM we report less Ca2+ flux at low frequency and more
Ca2+ flux at high frequencies leading to a reduction in
[Ca2+]i at low frequency and an increase in [Ca2+]i at high
frequencies, responsible for the enhanced positive MCFR
in this model (Fig. 17). At [Ca2+]o = 1.8 mM, we report
a decrease in the RyR flux with frequency, due to the very
high increase in DCa, which leads to a decrease in SERCA
flux with frequency. Results at [Ca2+]o = 1.8 mM still
show enhanced biphasic MCFR response due to the lower
[Ca2+]i levels at low frequency in the RNaK compared
with the DD model. The RNaK model biphasic PCFR
response reveals the same mechanism as demonstrated in
the DD model in ‘Discussion, The [Ca2+]SR hypothesis
and analysis of the intracellular and extracellular fluxes
behind CFR’. When [Ca2+]o < 1.8 mM, the biphasic PCFR
staircase is due to the biphasic RyR flux, amplified by the

rapid buffering system and DCa as shown in Fig. 17. At
[Ca2+]o = 1.8 mM the RyR staircase results are negative
with frequency. Here the biphasic PCFR staircase only
appears when the rapid buffering coefficient is included in
the simulation, revealing the importance of the buffering
system in the PCFR staircase. Decreasing the Na+/K+
affinity to Na+, our model shows positive PCFR and
MCFR for frequencies > 2 or 3 Hz depending on [Ca2+]o,
highlighting the role of [Na+]i in enhancing the positive
staircase effect at physiological frequencies.

Intracellular and extracellular fluxes in the
CAMK, NO CAMK and RNaK models

Changes in CFR with alterations in [Ca2+]o are due to
changes in the balance of Ca2+ fluxes and the degree of
buffered Ca2+. For the sake of completeness, in Figs 14,
15 and 17 we show the variation of the integrals of fluxes
with changes in [Ca2+]o and frequency in the CAMK, NO
CAMK and RNaK models, respectively.

Limitations

The choice of performing experiments at 37°C, although
interesting from the physiological point of view, could
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Figure 17. Integral variations in the RNaK model
RNaK model intracellular and extracellular current variation of integrals (�I) as a function of frequency (1 to 6 Hz).
A, RNaK model without buffer. B, RNaK model with buffer. In both cases the integrals were evaluated from time
= 0 to time = Tpeak where Tpeak is the time to peak of the corresponding simulated Ca2+ transient. Colours
represent different extracellular Ca2+ concentrations: 1.0 mM (light grey), 1.4 mM (dark grey) and 1.8 mM (black).
The most important fluxes, plotted in the figure, are ryanodine receptors (RyR), Ca2+-ATPase (SERCA), troponin
buffer (TRPN), total current (TOT) and total current plus diastolic Ca2+ (TOT+DCa). The other observed fluxes,
L-type Ca2+ channel (LCC), background Ca2+ current (CaB), reverse mode Na+/Ca2+ exchanger (NCXR), forward
mode Na+/Ca2+ exchanger (NCXF), Ca2+ pump (PMCa) and SR leak current (SRl) were one or more orders of
magnitude smaller, and therefore we did not include them in the figure.
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represent a limitation in our model as previous literature
studies have shown the presence of voltage clamp artifacts
when performing experiments at temperatures greater
than 30°C. Increasing temperature causes reactions to
become faster and it is more difficult to accurately control
the clamped voltage. To address this problem, we have
used data that have employed low resistance pipettes
and a rapid switching frequency, which enables improved
voltage control. These methods are considered to be widely
employed and reliable.

In our experiments we have used [Ca2+]o = 1.8 mM

and [K+]o = 5.4 mM. This choice represents a limitation,
as the concentration of free calcium in rat plasma
remains contentious. Previous studies have measured the
extracellular free calcium concentration to be between 1
and 1.3 mM in rats (Moore, 1970; Polimeni, 1974) and the
plasma concentrations of potassium to be between 3.3 and
5.8 mM, as reviewed in Niederer (2013). Our simulated
results are consistent with the experimental data at
[Ca2+]o = 1.8 mM and [K+]o = 5.4 mM and we pre-
dicted how changes in [Ca2+]o affect the CFR response
in our model. To study the effects of changes in [K+]o

concentration on the calcium–frequency response, in
Figs 8 and 9 we have simulated frequency-dependent
changes in PCa, DCa, �MPCa and [Ca2+]SR in the base
model with [K+]o = 4.2 mM and [K+]o = 4.5 mM and we
have shown that those do not affect the conclusions of our
work.

The interplay between calcium, TnC and tension
generation is not included in our analysis and represents
a limitation in our model. The inclusion of a sarcomere
model with tension-dependent Ca2+ buffering feedback
would address this, albeit with a significant increase in
model complexity. However, due to the relative timing
of the tension and the Ca2+ transient, the largest effect
of tension-dependent buffering will occur during the
relaxation of the Ca2+ transient with limited impact on
the peak or magnitude of the Ca2+ transient.

Another important consideration is the significant
variability of data. Our computer model is deterministic
and thus contrasts sharply with the high levels of intra-
and intermyocyte variability in action potentials and Ca2+
transient measurements. The challenge of interpreting
the experimental results is further compounded by the
uncoupled measurement of action potential and Ca2+
transients. It is also not known which action potential
pairs with which Ca2+ transient. This lack of information
on covariation of data and high variability motivated us
to fit the model to representative traces.

The parameters describing the SR geometry and Ca2+
buffering represent a limitation in our model. The SR
geometry parameters are assumed to be temperature
independent and were thus maintained unchanged from
the Hinch model (Hinch et al. 2004) based on data
in canine ventricular myocytes (Greenstein & Winslow,

2002). Interestingly, Page et al. found the SR volume to be
3.5% of the cell volume (Page et al. 1971; Page, 1978) in
rats, slightly lower than the value used in our model. We
tested how such a reduction could affect the results and we
found no qualitative or quantitative change in the Ca2+
transient characteristics. Buffering remains an important
but poorly experimentally characterized property of
cardiac myocytes, in part due to the need to measure
both voltage and calibrated free calcium to characterize
the steady state properties of the system. Bers (2001) found
that these parameters did not vary significantly between
measurements when averaged, although buffering in
individual myocytes has been reported to vary significantly
(Hove-Madsen & Bers, 1993). The current data are derived
from ferret and canine measurements (Greenstein &
Winslow, 2002; Bondarenko et al. 2004).

Changes in action potential duration might also
contribute to FFR (Endoh, 2004), although they appear
to be a consequence of changes in [Ca2+]i. To observe
how changes in AP could affect the CFR, we clamped
the AP to 1 Hz morphology when simulating at different
frequencies. Figure 10 shows that no major changes in the
CFR response were detected.

In our experimental data set, AP early repolarization,
recorded at 6 Hz, is very different among different
cells. Furthermore, the early repolarization phase of the
AP appears to be faster in some of the experiments
compared with our model’s predictions. There are a
number of possible reasons for this. One reason could
be due to changes in the Ito current in different cell
types (epicardial/endocardial) that where not accounted
for in the model and could explain this variation in AP
early repolarization (Fedida & Giles, 1991; Clark et al.
1993). Another reason could be due to the fact that
AP measurements were recorded in the presence of a
small but significant EGTA calcium buffer concentration.
The shape of the AP is definitely altered by changes
in the intracellular calcium concentration, especially
in the early repolarization phase and the presence of
a calcium buffer during the experimental recording
phase could alter the AP measurements. The effects of
changes in EGTA concentration were included when
simulating AP in our model although the EGTA model
was not re-parameterized for experiments in rats at 37°C.
Furthermore, it is not known which AP pairs with which
Ca2+ transient. This can be a problem, due to the very
high variability of the Ca2+ experimental data.
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Frisk M, Koivumäki JT, Norseng PA, Maleckar MM, Sejersted
OM & Louch WE (2014). Variable t-tubule organization and
Ca2+ homeostasis across the atria. Am J Physiol Heart Circ
Physiol 307, H609–H620.

Greenstein JL & Winslow RL (2002). An integrative model of
the cardiac ventricular myocyte incorporating local control
of Ca2+ release. Biophys J 83, 2918–2945.

Guo J & Duff HJ (2006). Calmodulin kinase II accelerates
L-type Ca2+ current recovery from inactivation and
compensates for the direct inhibitory effect of [Ca2+]i in rat
ventricular myocytes. J Physiol 574, 509–518.

Hagemann D, Kuschel M, Kuramochi T, Zhu W, Cheng H &
Xiao RP (2000). Frequency-encoding Thr17 phospholamban
phosphorylation is independent of Ser16 phosphorylation in
cardiac myocytes. J Biol Chem 275, 22532–22536.

Harrison SM, McCall E & Boyett MR (1992). The relationship
between contraction and intracellular sodium in rat and
guinea-pig ventricular myocytes. J Physiol 449,
517–550.

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society

http://link.springer.com/10.1007/978-94-010-0658-3


4222 S. Gattoni and others J Physiol 594.15
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