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Abstract. Ca2+ is an important mediator in the β-adrenergic-induced cardiac hypertrophy. The 
β-adrenergic stimulation alters the Ca2+ transient characteristics including its oscillation frequency, 
diastolic and systolic levels which lead to the CaN activation and subsequent NFAT-dependent hyper-
trophic genes transcription. Moreover, β-adrenergic-induced alterations in PKA and GSK3β kinase 
activities in both the cytosol and the nucleus regulate NFAT nuclear translocation and contribute 
in its hypertrophic response. Due to the complex nature of CaN/NFAT signaling in cardiac cells, we 
use a computational approach to investigate the β-adrenergic-induced CaN/NFAT activation in the 
cardiac myocytes. The presented model predicts well the main physiological characteristics of CaN/
NFAT signaling in accordance with the experimental observations. The presented model establishes 
the previous experimental and mathematical results on the principal role of Ca2+ oscillation frequency 
in the CaN/NFAT signaling and shows that increase in Ca2+ oscillation frequency enhances CaN 
activity and its sensitivity to low ISO concentrations. The model illustrates that in addition to the 
known ISO effect on Ca2+ transient amplitude, ISO-induced alterations in Ca2+ oscillation frequency, 
PKA and GSK3β kinase activities also greatly affect the β-adrenergic-induced NFAT activity. We 
also found that PKA has both pro-hypertrophic and anti-hypertrophic effects on NFAT activation 
and is the main kinase in ISO-induced NFAT activation.
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Introduction

The β-adrenergic signaling is one of the main players in the 
neurohumoral control of the heart which mediates vari-
ous physiological and pathological responses (Saucerman 
and McCulloch 2006). In contrast to acute β-adrenergic 
stimulation which enhances cardiac functions, sustained 
β-adrenergic stimulation leads to the hypertrophy and 
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heart failure (Engelhardt et al. 1999). Ca2+ as a  central 
second messenger in cardiomyocytes mediates a  major 
part of β-adrenergic effects on cardiac functions and plays 
a  fundamental role in the cardiac excitation-contraction 
(E-C) coupling (Zhang and Brown 2004). It is well estab-
lished that alterations in intracellular calcium concentration 
regulate cardiomyocyte growth (hypertrophy), apoptosis 
and transcriptional gene expression (Fearnley et al. 2011; 
Kang 2013). Although initial changes in the cardiac cal-
cium cycling are advantageous, they could be detrimental 
in heart failure (Roderick et al. 2007). The chronic changes 
in calcium signaling leads to the activation of transcription 
factors including the ones which cause hypertrophic genes 
expression (Molkentin 2006), in a process known as excita-
tion–transcription (E-T) coupling (Zhang and Brown 2004).

Cardiac myocytes contain Ca2+-dependent kinases and 
phosphatases which regulate E-T coupling (Dolmetsch 
2003). Among them, Ca2+/calmodulin-dependent protein 
kinases (CaMKs) and calcineurin (CaN) play the major 
role in transducing the hypertrophic signal (Bers 2008). 
CaMKII (δ  isoform) is the predominant CaMK type in 
the heart (Colomer et al. 2003) which contributes to the 
regulation of calcium homeostasis and electrical activity in 
the heart (Onal et al. 2014). In the β-adrenergic signaling, 
due to the increased intracellular calcium level and heart 
rate, CaMKII activation is common (Erickson et al. 2011; 
Yang and Saucerman 2011), but its role in β-adrenergic-
induced cardiac hypertrophy is controversial (Grimm and 
Brown 2010; Mattiazzi et al. 2015). On the other hand, 
CaN, a  calcium- and calmodulin (CaM)-dependent ser-
ine/threonine phosphatase, is a well-established mediator 
for β-adrenergic-induced cardiac hypertrophy (Sanna et 
al. 2005; Shin et al. 2008). Upon activation by CaM, CaN 
dephosphorylates cytoplasmic nuclear factor of activated 
T cells (NFAT), a known hypertrophic transcription factor, 
and promotes its translocation to the nucleus and subse-
quent transcriptional activity. In contrast to CaN, several 
kinases such as glycogen synthase kinase 3 beta (GSK3β) 
and protein kinase A (PKA) phosphorylate NFAT in the 
cytosol and the nucleus and facilitate its nuclear export 
(Wilkins and Molkentin 2004). 

The mechanism of CaN/NFAT activation in response 
to changes in intracellular calcium has been investigated 
thoroughly during last decades. But, due to the substantial 
complexity in calcium signaling in excitable cells such as 
cardiomyocytes, conventional experimental approaches 
have limitations in understanding the CaN/NFAT signaling 
in these cells (Goonasekera and Molkentin 2012). Nowa-
days, using systems biological approaches has been covered 
these shortcomings to an acceptable extent and provide 
an apparatus to investigate complex signaling networks 
such as CaN/NFAT signaling (Kang et al. 2016). In this 
regard, Fisher et al. (2006) simulated the NFAT activation 

in T lymphocytes (T cells) and showed that NFAT activity 
is not sensitive to the low frequencies of Ca2+ oscillations. 
They also demonstrated that Ca2+ oscillations could en-
hance the NFAT activity at low intracellular calcium level. 
In an ongoing research study (Shin et al. 2006, 2008, 2011), 
authors presented a mathematical model for NFAT cycling 
to study the dual regulatory role of MCIP1 in hypertrophic 
signaling. MCIP1 is a binding cofactor which its positive 
and negative regulatory effects on CaN activation have been 
reported (Shin et al. 2006). In a following study, Cui and 
Kaandrop (2008) expanded Shin’s model (2006) to investi-
gate calcium-CaN-MCIP1-NFAT signaling network in the 
cardiomyocytes for non-oscillatory calcium response. To 
capture the oscillatory nature of calcium handling in the 
heart, Cooling et al. (2009) presented a parsimonious model 
of CaN/NFAT signaling which replicates cardiac myocytes 
sensitivity to Ca2+ oscillations and CaN overexpression. 
Finally, in a recent study (Winslow et al. 2016), authors ex-
tended Saucerman-Bers model (Saucerman and Bers 2008) 
of Ca2+-dependent signaling to capture the dynamics of 
NFAT activity and its transport to the nucleus. The authors 
showed that active NFAT in the nucleus is more sensitive 
to the frequency of Ca2+ transients rather than diastolic 
Ca2+. Among the researchers that utilized computational 
approaches to investigate CaN/NFAT signaling, only Shin 
et al. (2011) take into account the CaN/NFAT activation by 
β-adrenergic signaling. Nevertheless, Shin and coauthors 
only constructed a minimal model of the main ERK and 
PI3K pathways of several hypertrophic signaling including 
β-adrenergic and did not consider Ca2+ oscillations and the 
role of PKA in the CaN/NFAT signaling (Shin et al. 2011).

The purpose of this study is to investigate the β-adrenergic-
induced cardiac hypertrophy through the CaN/NFAT 
pathway. We consider the effects of β-adrenergic stimula-
tion on the 1) frequency and amplitude of Ca2+ transient, 
2)  CaN activation by Ca2+/CaM complex, 3)  PKA and 
4) GSK3β kinase activities in the cytosol and the nucleus, and 
5) NFAT phosphorylation and translocation to the nucleus. 
We validate our results with available experimental data 
and results of systems studies that investigated CaN/NFAT 
signaling. We illustrate that ISO-induced increase in Ca2+ 
frequency comprises a considerable part of NFAT activa-
tion and increases the sensitivity of CaN activity to low ISO 
concentrations. Also, we show that PKA plays a greater role 
than GSK3β in regulating NFAT activity after β-adrenergic 
stimulation through activation and inhibition of NFAT via 
different mechanisms.

Materials and Method

The model of CaN/NFAT pathway in β-adrenergic signal-
ing is shown schematically in Figure 1. The model involves 
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signaling components in two compartments: the cytosol 
and the nucleus. The model considers the ratio of nucleus 
to cytosol volume (~2% in mouse atrial and rat ventricular 
cells (Bers 2001)) in nucleocytoplasmic shuttling of signal-
ing components. 

In our previous study (Khalilimeybodi et al. 2017), we 
developed a computational model to investigate the effects 
of β-ARs stimulation through classical (Gs/Ac/cAMP/PKA) 
and non-classical (Gi/PI3K/Akt/GSK3β and Gi/Src/Ras/Raf/
MEK/ERK) pathways on non Ca2+-dependent hypertrophic 
transcription factors and validated our model with wide 
range of cardiac myocytes experimental data. In the current 

study, we used a part of our previous model to determine the 
ISO-induced variations of four mediators including cAMP, 
cytosolic PKA (PKAc,), double phosphorylated Akt (Akt-pp) 
which is the fully activated form of Akt and cytosolic GSK3β 
(GSK3βc), see Fig. S1 in Supplementary Materials, to develop 
the model of Ca2+-CaN/NFAT pathway in β-adrenergic 
signaling. The detailed description of our model for ISO-
induced CaN/NFAT signaling (Fig.  1) and its equations 
and parameters are explained in Supplementary Materials.

The model of Ca2+-dependent CaN/NFAT signaling 
comprises 15 state variables (Table S1) and 43 parameters 
(Table S2). Among the model parameters, 20 of them were 

Figure 1. Schematic diagram of 
β-adrenergic signaling and CaN/
NFAT pathway in the model. Cardiac 
myocyte is modeled in two compart-
ments including the cytosol and 
the nucleus. Solid arrows represent 
kinetic reactions including mass ac-
tion and Michaelis-Menten kinetics 
and dashed arrows illustrate nucleo-
cytoplasmic shuttling of signaling 
components (β1-AR, β1-adrenergic 
receptor; β2-AR, β2-adrenergic 
receptor; GRK2, G protein-coupled 
receptor kinase  2; Gi, inhibitory 
G  protein; PI3K, phosphoinositide 
3-kinase; GSK3βc, cytosolic GSK3β; 
GSK3βn, nuclear GSK3β; Gs, stimu-
latory G  protein; AC, adenylyl cy-
clase; PKAc, cytosolic PKA; PKAn, 
nuclear PKA; PDE, phosphodies-
terase; PKI, protein kinase inhibitor; 
Ca2+, cytosolic free calcium; CaNc, 
cytosolic CaN; CaNn, nuclear CaN; 
NFATc, cytosolic dephosphorylated 
NFAT; NFATn, nuclear dephospho-
rylated NFAT; NFATc-p, cytosolic 
phosphorylated NFAT; NFATn-p, 
nuclear phosphorylated NFAT). 
The area with dashed line perimeter 
shows the upstream β-adrenergic 
pathways that were developed in 
our previous study (Khalilimeybodi 
et al. 2017). 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjD19LCrbTXAhUByKQKHcACCGgQFggmMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPhosphoinositide_3-kinase&usg=AOvVaw0_cxYvOf_KN5S1FSRLZH1Q
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjD19LCrbTXAhUByKQKHcACCGgQFggmMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPhosphoinositide_3-kinase&usg=AOvVaw0_cxYvOf_KN5S1FSRLZH1Q
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obtained directly from the literature and 23 of them were 
calibrated by fitting the simulated results to the experimen-
tal data through minimizing the objective function value 
which is sum of the squared residuals between experimental 
measurements and the model results. After developing the 
model equations, we use ode15s solver of MATLAB software 
to solve the system of ordinary differential equations. We 
obtain the initial conditions for state variables by running 
the model to steady-state without ISO stimulation, see Table 
S1 (Supplementary Materials).

Results and Discussion

β-adrenergic signaling effects on Ca2+ dynamics

In cardiac myocytes, Ca2+ response to different stimuli regu-
lates many of cellular events such as growth, differentiation 
and excitation-contraction coupling. This response could be 
in different formats. Under specific circumstances, both level 
and frequency of the intracellular calcium are regulated by 
multiple stimuli including β-adrenergic receptor agonists. 
The β-AR-induced elevation in cytosolic Ca2+ level and 
frequency enhance cardiac contractility and hypertrophic 
signaling. However, differentiation between contractile Ca2+ 
oscillations and signaling Ca2+ is complicated and still not 
fully understood. In this regard, several hypotheses which 
consider regulation of signaling Ca2+ through increased Ca2+ 
amplitude, systolic level, diastolic level, and/or frequency are 
suggested (Goonasekera and Molkentin 2012). Investigating 
these hypotheses and various aspects of the complex β-AR-
induced calcium signaling in cardiac myocytes requires uti-
lization of a calcium transient model with relevant features. 
To do so, a simple modified model of calcium transient in 
the heart is presented. This model simulates calcium oscil-
lations with different frequencies and reproduces the main 
characteristics of calcium transient in the cardiac myocytes 
as shown in Figure 2.

Ca2+ oscillation frequency plays a key role in transduc-
ing Ca2+ signals to hypertrophic effectors specially in CaN/
NFAT signaling (Xia et al. 2000). So, calcium model should 
be able to predict the frequency-dependent response of car-
diomyocytes Ca2+ transient, see Fig. 2A. In this regard, the 
presented model captures the variations of Ca2+ transient 
characteristics such as peak time, half-width, decay time 
constant, diastolic and systolic levels in response to the Ca2+ 

oscillation frequency. In general, there are considerable 
variations among experimental results from cardiomyocytes 
Ca2+ transient and the range of Ca2+ oscillations is wide 
(0.1–1 µM) (Bers 2001). Thus, we chose experimental data 
of frequency-dependent Ca2+ diastolic and systolic levels of 
mice cardiomyocytes (Pall et al. 2003) to estimate the modi-
fied model parameters. Then, we validated our model with 

comparing the simulated frequency-dependent aspects of 
cardiac Ca2+ transient with the experimental data. As seen 
from Fig.  2, the simulated responses are in line with the 
calcium experimental responses from mouse cardiac myo-
cytes and calcium model is able to reproduce the relevant 
physiological phenomena.

On the one hand, due to the effects of pacing frequency 
on SR Ca2+ loading and Ca2+ release flux through RyRs 
(Bers 2001), increase in the Ca2+ oscillation frequency leads 
to the approximately linear elevation in both Ca2+ diastolic 
and systolic levels, but the effect of increased frequency on 
the amplitude of calcium transient (systolic minus diastolic 
levels) is less significant which is in accordance with An-
toons et al. (2002) and Tavi et al. (2004) studies, see Fig. 2B. 
On the other hand, increased Ca2+ frequency results in the 
reduction of temporal characteristics of Ca2+ transient such 
as peak time (Fig. 2C), half-width (Fig. 2D) and decay time 
constant (Fig. 2E) which is a plausible adaptive response to 
increased frequency.

As shown in Fig. 2C, the increase in pacing frequency 
from 1 Hz to 8 Hz reduces Ca2+ transient peak time 21% 
and 19% in simulated and experimental results, respectively. 
For half-width, this reduction is 55% and 63%. For results 
on decay time constant, the simulated rate of reduction is 
more than experimental rate for frequencies below 3  Hz 
but for high frequencies, it closes to the experimental rate 
which is also seen in the Bondarenko (2014) study on cardiac 
Ca2+ transient. The frequency-dependent reduction of Ca2+ 
transient temporal characteristics is important in faster re-
laxation at higher heartbeats known as frequency-dependent 
acceleration of relaxation (FDAR) and allows the heart to 
refill faster than normal (Bers 2001).

Ca2+ transient in cardiac myocytes is not regulated 
only by variations in pacing frequency. The β-adrenergic 
receptors stimulation also contributes in regulating Ca2+ 
transient by modifying its amplitude and decay time. It is 
established that β-ARs stimulation by ISO enhances the 
amplitude and speeds up Ca2+ transient decline (Benkusky 
et al. 2007). The impacts of β-adrenergic signaling on Ca2+ 
transient are mediated mainly through cAMP and PKA 
which affects Ca2+ handling proteins such as LTCCs, PLB 
and RyRs. These modulations result in the more Ca2+ en-
tering during excitation via LTCC phosphorylation and 
larger cytosolic Ca2+ uptake into SR during relaxation via 
PLB phosphorylation which is expected to increase SR Ca2+ 
load. The SR Ca2+ release could be enhanced by elevated 
Ca2+ current and SR Ca2+ load. All of these events results 
in the large increase in Ca2+ transient amplitude and rate 
of decline (Bers 2001). 

Our model simulates the β-adrenergic signaling effects on 
Ca2+ transient in accordance with experimental results. As 
seen in Fig. 3A, the β-ARs stimulation by ISO (1 µM) leads to 
an increase in the Ca2+ systolic level. Also, it has been found 
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that β-ARs stimulation does not change the Ca2+ diastolic 
level considerably (Despa et al. 2008; Knollmann et al. 2003; 
Song et al. 2012), that is in agreement with our simulations. 
After β-ARs stimulation, Ca2+ transient amplitude rapidly 
increases to its maximum in 150 s (Fig. 3B) and then slowly 
declines to its steady-state value (Fig. 3C). Despa (Despa et 
al. 2008) also record the similar transient response for ISO-
induced Ca2+ amplitude. This transient response is due to 
the rapid initial activation of β-ARs and consequent elevation 
of intracellular cAMP level which raises Ca2+ systolic level 
and then β-ARs desensitization leads to the soft decline of 
systolic level to its steady-state.

To verify our model results on ISO-induced alterations 
in Ca2+ transient, we compare the simulation and experi-
mental results of Ca2+ transient amplitude, and decay time 

constant after ISO stimulation. Fig. 3D compares the simu-
lated and experimental results of the steady-state increase in 
Ca2+ transient amplitude after ISO stimulation. Our model 
predicts 3.96 and 3.23 amplification of Ca2+ amplitude in 
maximal and steady-state response of Ca2+ transient after 
β-ARs stimulation by 1 µM ISO, respectively.

In Fig. 3E, the simulated and experimental Ca2+ transient 
amplitude as a function of ISO concentration is illustrated. 
Also, after ISO stimulation (1  µM), the simulated Ca2+ 
transient decay time constants decrease from 127, 86 and 
68 ms to 76, 59 and 50 ms at 1, 2 and 3 Hz pacing frequency, 
respectively. The ratios of simulated decay time constants 
without and with ISO stimulation at different pacing fre-
quency are compared with experimental data in Fig. 3F. As 
shown in Figure 3, our model could reproduce the different 

Figure 2. Simulated and ex-
perimental response of Ca2+ 
transient characteristics 
to pacing frequency in the 
cardiac myocytes. A. Simu-
lated Ca2+ transients for 
1 Hz (solid line) and 3 Hz 
(dashed line) stimulation. 
B. Diastolic and systolic 
calcium levels as a  func-
tion of pacing frequency. 

A

C
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E
Simulated values (triangles) are compared with cardiomyocyte experimental 
results (EXP1: squares (Pall et al. 2003) and (Antoons et al. 2002). C. Simulated 
time to peak as a function of pacing frequency. Simulated values (triangles) are 
compared with cardiomyocyte experimental results (Pall et al. 2003) (squares). 
D. Simulated half-width as a function of pacing frequency. Simulated values 
(triangles) are compared with cardiomyocyte experimental results (Layland 
and Kentish 1999) (squares). Half-width is defined as time from one-half peak 
value during calcium increase to one-half peak value during calcium decrease. 
E. Simulated decay time constant τ as a function of pacing frequency. Simu-
lated values (triangles) are compared with cardiomyocyte experimental results 
(Benkusky et al. 2007) (squares).
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physiological aspects of the β-ARs stimulation impacts on 
Ca2+ transient in consistent with the experimental data from 
cardiac myocytes.

In addition to alterations in Ca2+ transient amplitude 
and decay time, β-ARs stimulation results in the positive 
chronotropic (increased heartbeats) that calcium acts as an 
important player in its regulation. The experimental obser-
vations indicate that changes in Ca2+ SR release through 
RyR contributes in the β-adrenergic chronotropic effects 

in sinoatrial nodal pacemaker cells (SANCs) in the studied 
species (Vinogradova et al. 2002). Since the role of both 
Ca2+ transient level and frequency is established in CaN/
NFAT signaling, we included the β-adrenergic effects on the 
heartbeat rate and Ca2+ frequency in our model. To do so, 
we obtained the equation for ISO-induced increase in the 
heartbeat (see Supplementary Materials, section 3) by fitting 
a sigmoid plot to the experimental results on ISO-induced 
changes in the heartbeat presented by Vinogradova et al. 

A

E

G

C

B

F

D

Figure 3. Simulated and 
experimental cardiac Ca2+ 
transient after β-ARs stim-
ulation by ISO. A. Time 
course of Ca2+ transient 
before and after 1 µM ISO 
stimulation (at minute  2) 
at 1 Hz pacing frequency. B. 
Ca2+ transient with (dashed 
line) and without (solid 
line) ISO for one cycle time 
at maximal Ca2+ transient 
amplitude (150  s   after 
stimulation). C. Ca2+ tran-
sient with (dashed line) 
and without (solid line) 
ISO for one cycle time after 
Ca2+ transient amplitude 
reaches to its ISO-induced 
steady-state value. D. Ca2+ 
transient amplitude amplifi-
cation after ISO stimulation 
in the model (steady-state 
value: ISO = 1 µM at 1 Hz) 
and experimental results 
(Wang et al. 2008), (EXP2: 
ISO = 1 µM at 1 Hz, Liu et 
al. 2011), (Knollmann et al. 

2003) and (Despa et al. 2008). E. Normalized Ca2+ amplitude as a function of 
ISO concentration in model (triangles) and experimental result (Amanfu and 
Saucerman 2014) (squares). F. Decrease in the decay time constant τ after ISO 
stimulation. The ratio of ISO-induced decay time constant to control value for 
the model (ISO = 1.0 µM at 1 Hz), (Benkusky et al. 2007), (Knollmann et al. 
2003), (Wang et al. 2008) and (Song et al. 2008). G. Increase in the heartbeat 
as a function of ISO concentration. The simulated increase in heartbeat (line) 
and experimental data (Vinogradova et al. 2002) (squares) are illustrated for 
different ISO concentration.
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(2002). The experimental data and our model predictions 
are illustrated in Fig. 3G. According to the Vinogradova et 
al. (2002) study, the heartbeat rapidly elevates to its steady-
state value in 30 s after ISO stimulation which is very fast 
in comparison with frequency-dependent CaN activation 
time response. Thus, we do not consider this transient in 
our model.

β-AR-induced CaN activation

In contrast to the most hypertrophic mediators, it is estab-
lished that CaN acts as both essential and sufficient mediator 
for pathological cardiac hypertrophy and could be activated 
by sustained increase in intracellular calcium level (Molken-
tin 2004). There are several hypotheses with experimental 
evidences about the main mechanism of Ca2+-dependent 
CaN activation. One of them relates the CaN activation 
to the frequency of Ca2+ oscillations and considers CaN 
as an integrator of cardiac calcium signals (Colella et al. 
2008; Colella and Pozzan 2008). The other relates it to the 
amplitude of the Ca2+ transient (Bers and Guo 2005). A hy-
pothesis also explains that CaN responds to the sustained 
alterations in diastolic Ca2+ concentration rather than Ca2+ 
transient frequency or amplitude (Dolmetsch et al. 1997). 
But at present, the main mechanism is ambiguous due to 
the dependence between Ca2+ transient characteristic and 
difficulty in accurate measuring of these characteristics in 

beating cardiomyocytes. For example, elevating the Ca2+ 
transient frequency alters its diastolic level, systolic level, 
amplitude and the integral of Ca2+ transient (Goonasekera 
and Molkentin 2012). So, it is necessary to consider all of 
the Ca2+ transient alterations to fully analyze the Ca2+-
dependent CaN activation in β-adrenergic signaling.

As mentioned before, β-AR stimulation alters both Ca2+ 
transient frequency and amplitude and leads to the CaN 
activation (Zou et al. 2001). So, we analyzed the effects of 
Ca2+ intracellular level and its oscillation frequency on CaN 
activation in this section. As illustrated in Fig. 4A, activated 
CaN increases with the elevation of calcium intracellular 
concentration in both simulated and experimental results 
(Stemmer and Klee 1994). Also, with the increase in CaM 
total concentration, the plot shifts to the left and CaN will 
be activated at lower calcium concentration which could 
results in the cell hypertrophic response in the normal Ca2+ 
cycling. The experimental observation which indicates the 
cardiomyocytes growth and hypertrophy after overexpres-
sion of CaM supports this notion (Gruver et al. 1993).

In addition to increased calcium intracellular level, the 
elevation of Ca2+ transient frequency also leads to the 
CaN activation. As shown in Fig. 4B, the activated CaN 
accumulates to its steady-state value within 40 min and 
elevation in frequency results in the higher CaN activity. 
To analyze the mediators of this response, we compared the 
simulated frequency-induced CaN activation with constant 

Figure 4. Ca2+-dependent 
CaN activation. A. CaN acti-
vation as a function of intra-
cellular Ca2+ concentration 
at different CaM concentra-
tion. The normalized con-
centration of activated CaN 
for CaM = 0.3 µM (dashed 
line) and 3 µM (solid line) 
in model are compared with 
experimental data for CaM 
= 0.3 µM (circles) and 3 µM 
(squares) of Stemmer and 
Klee (Stemmer and Klee 
1994) study at different cal-
cium concentration. B. Time 
course of simulated CaN 
activation at different pacing 
frequency (1–5 Hz). C. Com-
parison of CaN activation at 
physiological (circles) and 
artificial (without elevation 
in measured Ca2+ diastolic 
level: squares) conditions.

A

B C
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diastolic level, artificial response, with physiological CaN 
activation in Fig. 4C. Through comparing the steady-state 
CaN activations in Fig. 4C, we found that in addition to the 
frequency-induced elevation in Ca2+ measured diastolic 
level (responsible for 50–60% of CaN activation), integrating 
effect of Ca2+ transient frequency forms a considerable part 
of frequency-induced CaN activation which is also demon-
strated in Tavi et al. (2004) and Saucerman and Bers (2008) 
studies. Actually, CaN activation after sustained increase 
in Ca2+ signal could be related to the elevation in the Ca2+ 
transient frequency which is responsible for increase in the 
integral of Ca2+ signal and subsequent elevation in effective 
Ca2+ diastolic level (Dolmetsch et al. 1997).

So far, we showed that in our model, CaN activation is 
dependent on both intracellular calcium level and oscil-
lation frequency (Goonasekera and Molkentin 2012). In 
ISO-induced CaN activation, both of these factors act 
together. To investigate that, we simulated ISO-induced 
CaN activation in two states: (i)  with and without ISO 
chronotropic response (Fig. 5A, B); (ii) at different pacing 
frequency (Fig. 5C, D).

As indicated in Fig. 5A, the CaN activity rises to its maxi-
mum value within 30 min and then decrease slowly to its 
steady-state value and this transient is more pronounced in 
high ISO concentration (greater than 10 nM). Figure 5B il-

lustrates the CaN activation in response to ISO in two modes 
of stimulation: with and without ISO chronotropic response. 
In physiological mode, with chronotropic, the simulated 
values of CaN activation which were determined at 5 min 
and steady-state were compared with experimental results 
for different ISO concentration. According to the Fig. 5B, 
our model could predict the ISO-induced CaN activation in 
accordance with experimental results. Also, the comparison 
between CaN activities with and without ISO chronotropic 
response indicates that the chronotropic response to ISO 
forms a  significant proportion of ISO-induced CaN acti-
vation in high ISO concentration due to the considerable 
increase in Ca2+ transient frequency, see Fig. 3G.

Since the Ca2+ oscillation frequency varies between 
different species, we analyzed the effect of Ca2+ transient 
frequency on ISO-induced CaN activation. According to 
the Fig. 5C, increase in the calcium frequency significantly 
shifts upwards the CaN activity dose-response curve to the 
more CaN activation. Also, as seen in Fig 5D, the elevated 
calcium frequency from 1 to 5 Hz increases the CaN sensi-
tivity to low ISO concentration and decreases its EC50 from 
42 nM to 22 nM. Since the effects of ISO on CaN activation 
mediates through the Ca2+ transient, it can be concluded 
that increasing Ca2+ frequency enhances the CaN activity 
at low intracellular Ca2+ level.

Figure 5. CaN activation 
after ISO stimulation. A. 
Time course of ISO-in-
duced CaN activation with 
ISO chronotropic effect 
for different ISO concen-
trations with 1 Hz basal 
frequency for ISO  = 0.001 
to 10 μM. B. Increase in the 
simulated CaN activation 
in response to ISO stimula-
tion with and without ISO 
chronotropic effect with 
1  Hz basal frequency. The 
experimental data (Zou et 
al. 2001) (EXP1) are for 
CaN activation after 5 min 
stimulation at different ISO 
concentration with 1 Hz ba-
sal frequency. C. Activated 
CaN as a  function of ISO 
concentration for differ-
ent pacing frequencies. D. 

Normalized activated CaN (concentration of activated CaN) dose-response curves for different pacing frequencies. The simulated 
curves are at 1 Hz (circles), 3 Hz (squares) and 5 Hz (triangles) frequencies.
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β-AR-induced NFAT activation

The activation of NFAT as a hypertrophic transcription fac-
tor is regulated by several factors in β-adrenergic signaling 
including: Ca2+ level and frequency through CaN activation, 
Akt/PI3K pathway through GSK3β inhibition and transloca-
tion, β-adrenergic classical pathway through Ca2+ transient 
modulation and PKA activation. Since GSK3β in both cyto-
sol and nucleus play as the main kinase in regulating NFAT 
signaling, we estimated the GSK3β shuttling parameters to 
reproduce Shin et al. (2011) experimental data on GSK3β 
distribution in the H9C2 cells. In unstimulated cells as 
shown in Fig. 6A, endogenous GSK3β is mainly localized 

into the cytosol (nuclear/cytosol ratio: 0.21 ± 0.02). After 
pre-incubation with the PI3K-specific inhibitor LY294002 
(LY29) or Crm1-specific inhibitor leptomycin  B  (LMB), 
GSK3β accumulates in the nucleus (nuclear/cytosol ratio 
for LY29: 0.82 ± 0.15 and LMB: 1.84 ± 0.11). LY29 inhibits 
Akt activation and its subsequent effects on GSK3β nuclear 
exit and LMB blocks GSK3β nuclear exit.

In the following, we calibrated our NFAT model to repro-
duce the experimental time course of total nuclear NFAT 
(NFATn and NFATn-p) after electrical stimulation. Since 
the suitable NFAT signaling data for cardiac myocytes was 
unavailable, we used Shen et al. (2007) experimental data 
from skeletal myocytes which are excitable and similar to 

Figure 6. Calibration of NFAT model with experimental data. 
A. Simulated and experimental results (Shin et al. 2011) of GSK3β 
distribution across the cell in the control, with LY29 (PI3K inhibi-
tor) and with LMB (Crm1 inhibitor). B., C., D. Simulated and 
experimental (Shen et al. 2007) time course of nuclear NFAT dur-
ing the electrical stimulation and subsequent recovery in control 
(EXP1: NaCl with 1 μM CsA, EXP2: DMSO with 1 μM CsA) 
and with 20 mM GSK3β inhibitor LiCl and 5 μM PKA inhibitor 
KT5720, respectively. E. Comparison of simulated and experi-
mental percent of increase in the nuclear NFAT concentration at 
the end of recovery in plots C, D.
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cardiac myocytes from various aspects to estimate model 
parameters. As shown in Fig. 6B, 5 s train of 10 Hz stimuli 
with a period of 50 s  for 60 min and subsequent 90 min 
recovery in the presence of the 1 µM CaN inhibitor cyclo-
sporine A (CsA) results in a transient increase in nuclear 
NFAT during stimulation and its subsequent decline dur-
ing the recovery. One of the characteristic of this transient 
response is the nuclear NFAT ongoing rise for 10 min after 
cessation of stimulation. As described in the Tomida et al. 
(2003) study, this behavior shows NFAT signaling ability 
to act as a memory for upstream Ca2+ signaling and inde-
pendence of NFAT translocation to the nucleus from Ca2+ 
signaling. To obtain the main contributing parameter in this 
response, we accelerated the NFAT import to the nucleus 
or CaN deactivation by altering the related parameters. Ac-
cording to the results, accelerating the NFAT translocation 
to the nucleus slightly decreases the duration of nuclear 
NFAT increase after cessation of stimulation, but accelerat-
ing of CaN deactivation greatly diminishes this duration.

Also, we used Shen et al. (2007) experimental data on 
nuclear NFAT with the blockade of GSK3β and PKA activity 
to calibrate our model for kinase effects on NFAT signaling. 
Figures 6C and 6D illustrate the time course of nuclear NFAT 
in addition to the GSK3β and PKA inhibitor during recovery 
mode, respectively. As expected, inhibition of the GSK3β and 
PKA kinase activity results in the slower decline of nuclear 

NFAT than control and more nuclear accumulation of NFAT 
at the end of recovery time. As indicated in Fig. 6E, the role 
of GSK3β kinase activity in the NFAT regulation (39.2 ± 6% 
increase) is more effective than PKA (6.5 ± 5.5% increase) 
in their basal concentration. 

To verify the model ability to predict NFAT activation 
after different stimulations by Ca2+ and analyze the effects 
of Ca2+ stimulation characteristics such as its duration and 
the interval of its repetition on NFAT activity, we compared 
the steady-state nuclear NFAT after two modes of stimula-
tion by calcium with experimental results from Tomida et 
al. (2003) study on BHK cells, see Figs. 7A, B. We used the 
Ca2+ protocol in their study to simulate NFAT translocation 
to the nucleus. Since in the Tomida et al. (2003) study, nuclear 
NFAT comprises both phosphorylated and dephosphoryl-
ated NFAT, we used the total of these components as nuclear 
NFAT in simulated results in Figure 7. In the first mode, 
cells are stimulated by Ca2+ transient with 30 s duration at 
different intervals between 90 and 900 s.

According to the Fig. 7A, the simulated and experimen-
tal NFAT nuclear translocation decrease with the elevation 
of Ca2+ stimulation interval. This response confirms the 
experimental and mathematical results on the main role of 
Ca2+ oscillation frequency in NFAT activation (Dolmetsch 
et al. 1998; Fisher et al. 2006). Also, it shows that due to 
the difference in the kinetics of NFAT signaling such as 

Figure 7. Comparison of simulated and experi-
mental results on NFAT signaling (Tomida et al. 
2003). A. Simulated and experimental steady-
state nuclear NFAT translocation after Ca2+ 
stimulation with different intervals (90–900 s). 
B. Simulated and experimental peak of nuclear 
NFAT transient after one Ca2+ stimulation with 
different durations (90–1800  s). C. Simu-
lated and experimental time course of cytosolic 
dephosphorylated NFAT (solid line) and nuclear 
NFAT (dashed line) during Ca2+ stimulation.
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NFAT fast dephosphorylation, slow rephosphorylation and 
extremely slow nuclear translocation; NFAT will be signifi-
cantly activated if the Ca2+ stimulation interval is shorter 
than dephosphorylated NFAT lifetime (Tomida et al. 2003).

In the second mode, cells were stimulated via a single Ca2+ 
transient with different duration from 90 to 1800 s. As seen 
from Fig. 7B, increase in the Ca2+ transient duration results 
in the increase in the peak concentration of nuclear NFAT. 
This response is expected due to the more CaN activation 
and consequent more NFAT dephosphorylation and translo-
cation to the nucleus when there is more sustained calcium 
stimulation. Although our model was calibrated by Shen et 
al. (2007) results on the skeletal myocytes which is differ-
ent with Tomida et al. (2003) study on BHK cells in various 
aspects, our model results are consistent with experimental 
data to an acceptable level.

Also, Tomida et al. (2003) showed that because of the 
mentioned different in NFAT signaling kinetics, dephos-
phorylated NFAT initially accumulates in the cytosol during 
Ca2+ stimulation and then its translocation to the nucleus 
results in its reduction. Figure 7C illustrates the simulated 
and experimental time course of cytosolic dephosphorylated 
NFAT (NFATc) and nuclear NFAT during Ca2+ stimulation 
for 30 min. Despite the differences between quantitative 
results, our model prediction of NFATc and nuclear NFAT 
time course are qualitatively similar to Tomida et al. (2003) 
results. Cooling et al. (2009) suggested that this difference 

(returning NFATc concentration to its initial value after 
30 min even with ongoing Ca2+ stimulation) could be due 
to the neglecting the inhibitory effects of MCIP1 as a NFAT 
signaling regulator. But in the NFAT signaling model by 
Shin et al. (2006) which specifically studies the role of 
MCIP1 in NFAT signaling, the authors showed that MCIP1 
affects cytosolic NFAT with a significant delay and despite 
its inhibitory effect, NFATc does not come back to its initial 
value. Thus, MCIP1 could not produce an NFATc time course 
same as experimental one in Fig. 7C and there must be fac-
tors other than MCIP1 for making this response. The other 
disagreement between our model result and experiment in 
Fig. 7C is the initial conditions issue. Although, first, we 
run the model without ISO stimulation to obtain nonzero 
values for our model initial conditions, the obtained values 
are not similar to the initial conditions in experiment. This 
disagreement has many reasons, but the main reasons are 
1) not considering other cellular components and reactions 
which regulate the concentration of a specific component 
in the cell and 2) the specific experimental conditions for 
every experimental data.

So far, we showed that our model could predict NFAT 
activation in response to alterations in calcium transient 
characteristics such as calcium interval and duration in 
accordance with experimental results. In the following, the 
sensitivity of dephosphorylated nuclear NFAT (NFATn), the 
responsible component for gene transcription, to calcium 

Figure 8. Sensitivity of NFAT 
activity to its mediators. A. 
Comparison of simulated 
steady-state NFATn and ex-
perimental NFAT- reporter 
gene expression (Dolmetsch 
et al. 1998) sensitivities to 
Ca2+ concentration for con-
stant calcium stimulation. 
Data are normalized to the 
value at 1000 nM calcium 
concentration (Model: trian-
gles, EXP: circles). B. Simu-
lated NFATn steady-state 
concentration as a  function 
of Ca2+ frequency. C. Simu-
lated NFATn steady-state 
concentration as a  function 
of CaN total concentra-
tion. D. Simulated NFATn 
steady-state concentration 
as a  function of CaM total 
concentration.
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concentration for constant Ca2+ stimulation is illustrated 
in Fig. 8A. Despite a little more sensitivity to calcium level 
in the simulated results than experimental data (Model: 
EC50 = 263 nM, EXP: EC50 = 295 nM), our model results are 
in good agreement with experimental NFAT-reporter gene 
expressions from Dolmetsch et al. (1998) study on Jurkat 
T cells. Also, the dependence of steady-state concentration 
of NFATn to Ca2+ frequency is displayed in Fig. 8B. As ex-
pected, increase in the Ca2+ frequency (involving increase 
in Ca2+ diastolic level) results in the more NFAT nuclear 
localization and more hypertrophic gene transcription by 
NFATn (Goonasekera and Molkentin 2012).

Several experimental studies demonstrated that overex-
pression of CaM or CaN without alteration in Ca2+ transient 
results in the NFAT translocation to the nucleus and its acti-
vation (O’Keefe et al. 1992; Gruver et al. 1993). To investigate 
this subject by our model, we simulate NFAT activity in the 
presence of different total concentration of CaM and CaN. 
As shown in Figs. 8C and D, CaN and CaM overexpression 
leads to the substantial increase in the NFAT activity. The 
2-fold increase in the nominal total concentration of CaN 
and CaM in our model results in the 2.33-fold and 2.26-fold 
increase in the NFAT activity, respectively. 

ISO stimulation affects NFAT signaling through dif-
ferent mediators including CaN, PKA and GSK3β. As 
mentioned earlier, in the CaN activation by ISO, both 
Ca2+ frequency and amplitude elevation contribute in 

CaN activation and consequently NFAT activation. As 
shown in Fig. 3G, maximum ISO stimulation results in the 
1.4-fold increase in Ca2+ frequency. According to the Fig. 
8B, in cells with 1, 2, and 3 Hz base frequency, maximum 
ISO stimulation results in the 1.626, 1.32 and 1.128-fold 
increase in the NFATn concentration, respectively. To de-
termine the contribution of ISO chronotropic response in 
ISO-induce NFAT activation, the dose-response of NFAT 
activity (NFATn concentration) with and without ISO 
chronotropic response with 1 Hz Ca2+ base frequency is 
illustrated in Fig. 9A. According to this figure, in maxi-
mum ISO stimulation, ISO chronotropic effect amplifies 
NFAT activity (NFATn concentration) 1.15-fold. Also, the 
ISO chronotropic effect on NFAT activity is distinguish-
able only for ISO concentrations higher than 10 nM and 
could be neglected in the low ISO stimulations.

In addition to the effect of ISO on Ca2+ frequency, the 
dose-response of NFAT activity with and without ISO ef-
fects on PI3K/GSK3β pathway (by blocking ISO-induced 
Akt activation) is illustrated in Fig. 9B to obtain the GSK3β 
contribution in ISO-induced NFAT nuclear translocation 
and activity. The PI3K/Akt activation by ISO decreases the 
GSK3β kinase activity in the cytosol and the nucleus by 
GSK3β phosphorylation and nuclear export, respectively. 
This reduction attenuates GSK3β inhibitory effect on NFAT 
signaling in both the cytosol and the nucleus which renders 
the increase in NFATn concentration and transcriptional 

Figure 9. Comparison of simu-
lated dose-response of steady-
state NFAT activity in normal 
condition with artificial condi-
tions. A. Blocking ISO effects 
on Ca2+ frequency (chrono-
tropic effect). B. Blocking the 
effect of ISO stimulation on 
GSK3β kinase activity through 
PI3K/Akt pathway by blocking 
ISO-induced Akt activity. This 
results in more active GSK3β 
and its inhibitory effects on 
NFAT activity. C. Blocking 
the inhibitory effects of PKA 
on NFAT signaling after ISO 
stimulation. The effects of 
PKA on Ca2+ transient after 
ISO stimulation (its prohyper-
trophic effects) is not blocked 
in panel C. D. Contribution of 
PKA and GSK3β effects and 
increase in Ca2+ frequency on 
ISO-induced NFAT activity 
at maximum ISO stimulation 
(10 μM).
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activity in normal state as shown in Fig. 9B. The effect of 
GSK3β on NFAT activity is nearly equal to the chronotropic 
effect of ISO in high ISO stimulations (greater than 1 μM). 
But, in contrast to ISO effect on Ca2+ frequency, its effect 
on GSK3β influences NFAT transcriptional activation even 
in the low concentrations of ISO.

Most of the studies on the NFAT signaling emphasize 
on the GSK3β influence on NFAT rephosphorylation 
rather than PKA. But, in the ISO-induced NFAT activa-
tion due to the substantial increase in the PKA kinase 
activity, it seems that PKA plays the major role. We 
simulated the ISO-induced NFAT activity as a function 
of ISO concentrations with and without PKA inhibi-
tory effect on NFAT rephosphorylation in Fig. 9C and 
compared its effect on NFAT activity with GSK3β and 
ISO chronotropic effects in Fig. 9D. PKA has a greater 
influence on the ISO-induced NFAT activity than GSK3β 
(23.7% vs. 18.9%), but their difference is not significant. 
Also, the main effect of PKA activation on NFAT activity 
is through Ca2+ amplitude amplification and consequent 
CaN activation. Therefore, PKA has a  far greater effect 
than GSK3β in ISO-induced NFAT activity. Moreover, our 
model predicts 3.63-fold increase in steady-state NFATn 
concentration after maximum ISO stimulation in normal 
state which is in the experimental range of ISO-induced 
NFAT translocation to the nucleus (1.85-fold increase in 
rat cardiomyocytes (Dai et al. 2014) and 4.5-fold increase 
in mice cardiomyocytes (Li et al. 2014)).

To analyze the ISO-induced NFAT activation, we illus-
trated the time course of NFAT model components during 
1 μM ISO stimulation with 1 Hz Ca2+ base frequency in 
Figure 10. On the one hand, after ISO stimulation, the 
cytosolic phosphorylated NFAT (NFATc-p) dephosphoryl-
ates into the cytosolic NFAT (NFATc) through increase in 
the CaN activation and decrease in the GSK3βc inhibitory 
effect and its concentration decreases slowly to its steady-
state value. But, NFATc concentration rapidly elevates to its 
maximum due to the fast kinetic of NFAT dephosphoryla-
tion and then slowly translocates to the nucleus, see Fig. 
10A. On the other hand, NFATn slowly accumulates in 
the nucleus but phosphorylated nuclear NFAT (NFATn-p) 
initially decreases due to the fast CaNn activation and 
GSK3βn nuclear exit and then slowly elevates to its steady-
state value due to the increase in the PKAn activation and 
NFATn accumulation as shown in the Fig. 10B. In contrast 
to the slower activation of PKA in the nucleus than cytosol 
due to its slow diffusion through the nucleus (Fig. 10C), 
GSK3βn concentration declines faster than GSK3βc due 
to the Aktpp-induced promotion of GSK3β nuclear exit 
(Fig. 10D) (Shin et al. 2011).

Despite our model ability to predict correctly the main 
physiological responses of NFAT signaling and reproduce the 
available experimental data on different cells with oscillatory 
Ca2+, the model has several limitations. Firstly, we could not 
determine our model abilities to predict NFAT signaling 
response in cardiomyocytes due to unavailability of suitable 

Figure 10. Time course of 
NFAT signaling components 
after ISO (1 µM) stimulation. 
A. Cytosolic phosphorylated 
(NFATc-p: solid line) and 
dephosphorylated NFAT 
(NFATc: dashed line) time 
course. B. Nuclear phospho-
rylated (NFATn-p: dashed 
line) and dephosphorylated 
NFAT (NFATn: solid line) 
time course. C. Cytosolic 
PKA (PKAc: solid line) and 
nuclear PKA (PKAn: dashed 
line) catalytic subunit time 
course. D. Cytosolic GSK3β 
(GSK3βc: solid line) and 
nuclear GSK3β (GSK3βn: 
dashed line) time course.
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cardiomyocytes experimental data for NFAT signaling which 
consider Ca2+ frequency. Secondly, there are other regula-
tors in ISO-induced NFAT activation such as MCIP1, ERK5 
and Atrogin1 (Shin et al. 2008) that are not considered in 
our model due to their little or complex influences on ISO-
induced NFAT activity and could affect the accuracy of our 
model to predict CaN/NFAT signaling responses. Thirdly, 
for the sake of simplicity, we do not consider the buffering 
ability of Ca2+-binding components like troponin C (TnC) 
in our model that could influence the Ca2+/CaM signaling 
and consequently CaN/NFAT signaling. Finally, several re-
searchers indicated that excitation-transcription coupling in 
the heart is mainly mediated by Ca2+ transient in the specific 
compartments of cardiac myocytes rather than free cytosolic 
Ca2+ transient (Saucerman and Bers 2008). One of these 
compartments is dyadic cleft which its Ca2+ transient has 
an extremely high amplitude (Saucerman and Bers 2008). 
But, Saucerman and Bers showed that in beating myocytes, 
CaN is constitutively active in dyadic cleft compartment and 
could not be a mediator for hypertrophic signals. Another 
important compartment is the nucleus which, as mentioned 
earlier, is not a notable compartment in ISO-induced NFAT 
activity. So, this limitation is not a significant problem for 
our specific subject.

Conclusion

In the current study, we presented a computational model 
to investigate β-adrenergic-induced cardiac hypertrophy 
through Ca2+-dependent CaN/NFAT signaling. The 
model is calibrated and verified against the experimental 
data to predict the CaN/NFAT response to Ca2+ tran-
sient characteristics including its oscillation frequency 
and amplitude. We examined the different hypotheses 
about transducing Ca2+ signaling in the background of 
Ca2+ oscillation and showed that Ca2+ frequency plays 
a significant role in the CaN/NFAT activation and CaN 
and NFAT act as an integrator and a memory for their 
upstream Ca2+ signaling, respectively. We determined 
the contribution of different mediators in ISO-induced 
NFAT activation such as GSK3β and PKA and the contri-
bution of ISO chronotropic response in CaN and NFAT 
activation. By comparing the mediators’ contribution, 
we also showed that in unstimulated cells, GSK3β is the 
main kinase in regulating NFAT signaling, but after ISO 
stimulation PKA plays this role. 
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S u p p l e m e n t a r y  M ate r i a l 

1. Model description

1.1. β-adrenergic signaling model

In the β-adrenergic classical signaling, β-ARs stimulation by 
agonist results in the activation of Gs proteins. Activated Gs 
proteins stimulate adenylyl cyclase (AC) which subsequently 
activates cyclic AMP (cAMP). The raised level of cAMP 
stimulates PKA and leads to the PKA substrates phospho-
rylation. In parallel with classical pathway, PKA-mediated 
coupling of β2-AR to Gi proteins activates β-adrenergic 
non-classical pathways involving PI3K/Akt/GSK3β and 
Src/Ras/Raf/MEK/ERK. In the PI3K/Akt/GSK3β pathway, 
promotion of PI3K kinase activity by Gi leads to production 
of phosphatidylinositol-3,4,5-trisphosphate (PIP3) and sub-
sequent Akt activation through phosphorylation on Thr308 
and Ser473. Fully activated Akt phosphorylates GSK3βc 
and attenuates its kinase activity. Among the β-adrenergic 
pathways, direct and indirect impacts of AC/cAMP/PKA 
and PI3K/Akt/GSK3β pathways components on calcineu-
rin/NFAT signaling have been established (Shin et al. 2011; 
Wilkins and Molkentin 2004). 

The main intracellular kinase acts as a downstream of Gi 
subunits in ISO-induced ERK1/2 activation is tyrosine ki-
nase Src (Ma et al., 2000). Giα proteins directly stimulate Src 
activity, but for Giβγ proteins, it is reported that Giβγ subunit 
activates Src through PI3K (Luttrell et al., 1996). In the ac-
tivation of ERK1/2 by β2-AR, activated Src phosphorylates 
Shc adaptor protein. Then, phosphorylated Shc recruits the 
growth factor receptor-binding protein 2 (Grb2) and Son of 
Sevenless homologue protein (Sos) to form Shc-Grb2-Sos 
complex. Also, phosphorylated Shc could bind with Grb2-
Sos (GS) complex to form Shc-Grb2-Sos. Shc-Grb2-Sos com-
plex activates Ras by enhancement of GDP–GTP exchange 
on Ras proteins through guanine nucleotide exchange factor 
Sos (Zou et al., 1999). In ERK1/2 signaling, activated Ras 
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induces activation of Raf via phosphorylation. Activated Raf 
acts as MEK kinase and catalyzes activation of MEK by its 
phosphorylation on defined serine/threonine residues. On 
the other hand, PP2A deactivates the MEK by its dephos-
phorylation. Double phosphorylated MEK (MEKPP) phos-
phorylates and activates ERK1/2. Also, MAPK phosphatase 
3 (MKP3) negatively regulates MAP kinases (ERK1/2) by 
double dephosphorylation of ERKPP (Hatakeyama et al., 
2003). For Src/Ras/Raf/MEK/ERK pathway, although there 
are evidences on the cross-talks with calcineurin/NFAT 
pathway in β-AR-induced cardiac hypertrophy (Zou et al., 
2001), Sanna et al. (2005) found that these interactions are 
independent of calcineurin and changes in NFAT nuclear 
localization and mainly origin from NFAT associations with 
GATA4 and Activator protein 1 (AP-1) transcription factors 
which is not in our study scope.

In addition to the cytosolic components of β-adrenergic 
signaling including cyclic AMP (cAMP), PKAc, Akt and 
GSK3βc which their ISO-induced variations are shown in Fig 
S1, it is found that nuclear kinases such as GSK3βn and PKAn 
contribute in NFATn phosphorylation and promote its nu-
clear export (Wilkins and Molkentin, 2004). So, to consider 
the nucleocytoplasmic shuttling of PKA and GSK3β in our 
model, we assume that PKA catalytic subunits diffuse slowly 
into the nucleus after β-AR stimulation. Our assumption is 
based on the Yang et al. (2014) study which showed that in 
β-adrenergic signaling, slow diffusion of PKA catalytic subu-
nits results in the differences in cytosolic and nuclear PKA 
dynamics. For GSK3β, Morisco et al. (2001) demonstrated 
that ISO stimulation leads to the nuclear export of GSK3β. 
Also, it is found that GSK3β can be localized to the cytosol or 
the nucleus and PI3K signaling promotes its nuclear export 
(Shin et al., 2011). So, we assume that β-AR-induced Akt 
activation enhances GSK3β nuclear export and GSK3β is 
mainly localized to the cytosol in unstimulated cells (Shin 
et al., 2011).
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1.2. Ca2+ model

In general, intracellular free calcium level in cardiac 
myocytes varies beat-to-beat in the range of 0.1–1 µM and 
isoproterenol infusion alters its amplitude and frequency. 
In this regard, It has been shown that cardiomyocytes 
stimulation by isoproterenol increases the heart beating rate 
and leads to a rapid and marked elevation in systolic and 
diastolic levels of intracellular calcium (Zou et al., 2001). 
However, the detailed mechanism of this elevation is com-
plicated and depends on many factors. In a PKA-dependent 
mechanism during β-AR stimulation, phosphorylation of 
L-type Ca2+ channels (LTCCs), phospholamban (PLB), and 
ryanodine receptors (RyRs) by PKA results in a rapid eleva-
tion in cytoplasmic Ca2+ (Bers, 2001; Xiang and Kobilka, 
2003). Moreover, there exist PKA-independent pathways 
which mediate β-adrenergic effects on Ca2+ transient such 
as cAMP/Epac/CaMKII pathway (Grimm and Brown, 
2010). It is found that elevation of cAMP level after β-AR 
stimulation is adequate to activate Epac and its activation 
reduces the amplitude of the cytoplasmic Ca2+ transient 
and increases its decay time through RyRs phosphoryla-
tion via CaMKII (Pereira et al., 2007; Pereira et al., 2012). 
In addition to the cytosolic Ca2+ transient, nuclear Ca2+ 

transient could also be a mediator for transducing hyper-
trophic signals. It is established that nuclear Ca2+ follows 
cytosolic Ca2+ transient in each oscillation due to the rapid 
passive diffusion of Ca2+ through nuclear pore complexes 
(NPCs) and its amplitude is smaller than cytosolic Ca2+ 
transient and also declines slower than cytosolic Ca2+ 
transient (Ljubojević et al., 2011). In the signaling pathways 
which IP3 receptors are activated, nuclear Ca2+ transient 
plays a great role in hypertrophy. But in the β-adrenergic 
stimulation by ISO, IP3 activation is not a noticeable con-
tributing factor and as Cooling et al. (2009) showed that 
activated NFAT sensitivity to nuclear Ca2+ transient is not 
significant. Thus, we neglect the effects of nuclear Ca2+ 
transient on NFAT signaling in our study.

In this study, for the sake of simplicity, we model the 
Ca2+ transient in the cardiomyocytes based on the hypo-
thetical calcium model presented by Negroni and Lascano 
(1996). We modified this model to take into account im-
portant phenomena such as frequency dependence of Ca2+ 
transient characteristics including diastolic and systolic 
levels, peak time, half-width and decay time constant, and 
the effects of β-AR stimulation on the amplitude and fre-
quency of Ca2+ transient. Since the detailed mechanism of 
cAMP and PKA effects on Ca2+ transient is complex and 

 
Figure S1. The ISO-induced time courses of four main cytosolic components of β-adrenergic signaling. The diagrams were obtained 
through our previous model for different ISO concentration (10 nM, 100 nM, 1 µM).
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ISO-induced PKA dynamics is dependent and similar to 
cAMP dynamics, we modified the basic model by adding 
a cAMP level-dependent term to include β-ARs stimula-
tion effects in our model. We calibrate the adding term’s 
parameter to obtain ISO-induced Ca2+ transient amplitude 
in the range of experimental results. The other calcium 
model parameters are obtained directly from the literature 
or estimated from experimental data.

1.3. Calcineurin model

Alterations in intracellular calcium concentration usually 
affect downstream pathways through Ca2+-binding proteins. 
Calmodulin (CaM) is a  ubiquitous Ca2+-binding protein 
which mediates diverse cellular events such as hypertrophic 
growth of cardiomyocytes (Zou et al., 2001). Calmodulin 
binds four calcium ions. The two of them bind to the C-
terminal EF hand and afterwards two bind to the N-terminal 
EF hand. This sequence is due to the higher Ca2+ affinity for 
sites in the C-terminal domain than those in the N-terminal 
domain (Linse et al., 1991; Saucerman and Bers, 2008). 
Ca2+-saturated calmodulin (CaMCa4) binds to calcineurin 
at exceptionally high affinity and activates it (Quintana et al., 
2005). Activated calcineurin could shuttle between cytosol 
and nucleus and dephosphorylate signaling components 
including NFAT proteins in both compartments (Shibasaki 
et al., 1996).

Since the dissociation rate of calcium ions from C-
terminal domain (10 s-1) is slower than N-terminal domain 
(500 s-1) (Klee, 1988), it is possible that the variation in 
calcium transient frequency affects the fraction of C- and 
N-terminal occupancy by calcium ions and consequently 
alters CaN activity (Chiba et al., 2008). So, we use a sequen-
tial four-step Ca2+ binding model for calmodulin activation 
based on the model presented by Holmes (2000). The model 
considers Ca2+ cooperative binding within each domain 
and the sequence of Ca2+ binding to the C-terminal and 
N-terminal sites. The model parameters is obtained from 
previous studies or estimated to fit experimental data on 
CaN activity (Stemmer and Klee, 1994). The rate of Ca2+/
CaM association and dissociation from calcineurin is ob-
tained from Quintana et al. (2005) study with Kd = 28 pM. 
Also, the rate of active calcineurin import and export from 
the nucleus is determined from Shibasaki et al. (1996) study 
on calcineurin/NFAT nuclear shuttling.

1.4. NFAT model

Nuclear factor of activated T cells (NFAT) is a key tran-
scription factor that integrates intracellular Ca2+ signals 
and hypertrophic genes expression. There exist four NFAT 
isoforms (NFATc1-4) in the mammalian hearts which 
are regulated by Ca2+-dependent calcineurin activation 
(Rinne et al., 2010). In unstimulated cells, NFATc factors 
are usually localized to the cytoplasm in a phosphoryl-
ated state. Calcineurin dephosphorylates NFAT which 
results in the unmasking of nuclear localization signals 
(NLS) and, consequently, translocation of NFAT proteins 
to the nucleus. On the other hand, protein kinases such 
as GSK3β, and PKA phosphorylate NFATc and antago-
nize calcineurin phosphatase activity and NFATc nuclear 
import. NFAT translocation to the nucleus activates the 
transcription of downstream targets. In the nucleus, al-
though nuclear kinases such as PKAn and GSK3βn phos-
phorylate free nuclear NFATn and stimulate its nuclear 
export through exposing a nuclear export signal domain, 
activated calcineurin in the nucleus (CaNn) resists against 
the NFATn phosphorylation by kinases and tries to main-
tain the nuclear NFATn transcriptional activity (Wilkins 
and Molkentin, 2004).

In our NFAT model, in the initial state, all of NFAT pro-
teins are phosphorylated and localized in the cytoplasm. 
The dephosphorylation of NFATc by active calcineurin 
and its rephosphorylation by PKAc and GSK3βc are de-
scribed by Michaelis–Menten kinetic model. We use the 
same model for the phosphorylation of NFATn by nuclear 
kinases PKAn and GSK3βn and its dephosphorylation by 
nuclear active calcineurin (CaNn) in the nucleus. The 
NFAT nuclear import and export use the Ran cycle and 
hence are considered irreversible in our model (Cool-
ing et al., 2009). The rates of NFAT nuclear import and 
export are obtained directly from Shibasaki et al. (1996) 
study. Also, according to the Shin et al. (2006) study, the 
expression of MCIP1 under ISO infusion is negligible 
and MCIP1 hardly inhibits active calcineurin. Therefore, 
we do not consider NFAT-mediated MCIP1 expression 
and its regulatory effect on calcineurin activation in our 
model. The model parameters are estimated by fitting 
the simulation results to the experimental nuclear NFAT 
transients in excitable cells (Shen et al., 2007). 
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Model parameters:
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3. Model Equations
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