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Abstract
Local signaling domains and numerous interacting molecular pathways and substrates contribute
to the whole-cell response of myocytes during β-adrenergic stimulation (βARS). We aimed to
elucidate the quantitative contribution of substrates and their local signaling environments during
βARS to the canine epicardial ventricular myocyte electrophysiology and calcium transient (CaT).
We present a computational compartmental model of βARS and its electrophysiological effects.
Novel aspects of the model include localized signaling domains, incorporation of β1 and β2
receptor isoforms, a detailed population-based approach to integrate the βAR and Ca2+/
Calmodulin kinase (CaMKII) signaling pathways and their effects on a wide range of substrates
that affect whole-cell electrophysiology and CaT. The model identifies major roles for
phosphodiesterases, adenylyl cyclases, PKA and restricted diffusion in the control of local cAMP
levels and shows that activation of specific cAMP domains by different receptor isoforms allows
for specific control of action potential and CaT properties. In addition, the model predicts
increased CaMKII activity during βARS due to rate-dependent accumulation and increased Ca2+

cycling. CaMKII inhibition, reduced compartmentation, and selective blockade of β1AR are
predicted to reduce the occurrence of delayed afterdepolarizations during βARS. Finally, the
relative contribution of each PKA substrate to whole-cell electrophysiology is quantified by
comparing simulations with and without phosphorylation of each target. In conclusion, this model
enhances our understanding of localized βAR signaling and its whole-cell effects in ventricular
myocytes by incorporating receptor isoforms, multiple pathways and a detailed representation of
multiple-target phosphorylation; it provides a basis for further studies of βARS under pathological
conditions.

1Abbreviations are defined in the online data supplement
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Introduction
Maximal β-adrenergic receptor (βAR) stimulation (βARS) in ventricular myocytes activates
the βAR/G-protein/adenylyl cyclase (AC)/cyclic AMP (cAMP)/protein kinase A (PKA)
pathway that results in the phosphorylation of numerous intracellular proteins (“substrates”)
including the L-type Ca2+ channel (ICa,L), slowly activating delayed rectifier K+ channel
(IKs), phospholamban (PLB) and the inhibitory troponin subunit (TnI). In addition, there are
several feedback loops, such as βAR desensitization, that control the temporal response of
βARS [1,2]. Observations in living myocytes using fluorescent techniques have
demonstrated the importance of localized signaling domains in βAR cascade function.
Moreover, many interdependencies were identified between PKA substrates that influence
the cardiac action potential (AP) and calcium transient (CaT) [3,4].

Localized signaling results from physical subcellular domains with restricted diffusion of the
second messenger cAMP (e.g., caveolae), from specific subcellular localization of signaling
molecules (e.g., cAMP and phosphodiesterases; PDEs) and from targeting of PKA to
specific substrates by A-kinase anchoring proteins (AKAPs) [5–7]. Localized signaling in
subcellular domains is essential for precise specific regulation (“local control”); it allows
multiple signaling cascades that affect cAMP to target specific substrates. This local
organization may change in pathologies such as heart failure [8]. The relative contribution of
each local signaling domain and substrate to the whole-cell electrophysiological response
during βARS is extremely difficult to determine experimentally, especially in large
mammals. Moreover, an increasing number of interactions between the βAR signaling
cascade and other signaling cascades, most prominently the Ca2+/Calmodulin kinase
(CaMKII), are discovered to play an important role in normal physiology and in pathology
[9]. Currently, our understanding of the complex interactions between signaling cascades
and substrates and their effects on cellular electrophysiology is rather limited.

Computational approaches have been employed to enhance our understanding of various
(patho)physiological processes [10]. The computational approach is particularly useful when
the system under investigation is complex, highly interactive and nonlinear, as is the case
with the βAR cascade and its effects on cellular electrophysiology. Quantitative studies of
cAMP signaling have been performed [11–13] but did not include electrophysiological
effects. Several studies have modeled different aspects of the adrenergic system in the
ventricular myocyte in various levels of detail [14–18]. However, none of these studies
described the effects of localized signaling domains or included all interacting PKA
substrates. Here, we present the first detailed computational model of βARS in the canine
ventricular myocyte that includes both localized signaling domains and a wide range of
electrophysiological substrates. We use this model to study the local effects of βARS on
subcellular targets and their consequences in terms of whole-cell electrophysiology and
CaT.

Methods
Details of the computational model (Figure 1) are provided in the online data supplement.
Key features are highlighted below.
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βAR signaling cascade
A recent compartmental model of cAMP signaling in ventricular myocytes served as starting
point for the βAR-signaling model of this study [11]. Three functional compartments
represent the caveolar (CAV), extracaveolar membrane (ECAV) and cytosolic (CYT)
signaling domains. Each compartment contains signaling proteins at local concentrations.
We extend the cAMP signaling cascade with differential localization of β1AR and β2AR,
local PKA activation (high affinity PKAI in CYT, lower affinity PKAII in CAV and
ECAV), PKA-dependent feedback loops, PKA targeting to ICaL, IKs and RyR by AKAPS,
and eight substrates of direct PKA-dependent phosphorylation. Figure 1B-D shows
schematics of the compartmental signaling cascades in the model. Substrates were placed in
CAV (ICaL INa, INaK, RyR) based on their association with caveolin-3. Other sarcolemmal
substrates (IKs, IKur) were placed in ECAV. The remaining substrates (PLB, TnI) were
located in CYT.

All biochemical reactions were modeled either as differential equations (e.g., cAMP
production, PKA activation, receptor desensitization) or as algebraic equations based on
steady-state assumptions for reactions occurring much faster than changes in cAMP and
substrate phosphorylation. Time-dependent concentrations of the βAR agonist isoproterenol
(ISO, in combination with blockade of either β1AR or β2AR in some simulations) and/or the
PDE inhibitor IBMX served as inputs to the adrenergic signaling cascade.

Analysis of cAMP compartmentation
Experimentally, compartmentation of cAMP is revealed by differential effects of signaling
pathways that affect cAMP on phosphorylation of cytosolic versus sarcolemmal proteins
[5,19], and by differences in cytosolic cAMP and subsarcolemmal cAMP levels measured
with fluorescent probes and cyclic nucleotide-gated channels [20], respectively. This has
illustrated that selective augmentation of cAMP in specific compartments occurs and is
critical for specific regulation of subcellular targets. Here, we focus on the effects of βARS.
Other signaling pathways affecting cAMP (e.g., the prostaglandin receptor PGE1) are not
included. Compartmentation has also been shown through differences in βAR isoform
stimulation. In mammalian ventricle, three isoforms have been reported. In canine,
approximately 80% are β1AR [21]. Functional effects of β2AR stimulation are highly
dependent on species and experimental conditions. In rodents, β2ARS only affects local
cAMP concentrations, whereas cAMP increases elicited by β1ARS diffuse throughout the
cell [22,23]. Studies in the failing canine ventricle show a reduction in β1AR without
changes in β2AR and consequently an important role of β2ARS [24]. Under normal
physiological conditions, differential effects of β2ARS on whole cell behavior have been
reported [24–26]. The model includes β1AR and β2AR with cell-wide and CAV localization
respectively, based on experimental data [8]. The functional significance of β3AR in large
mammals is incompletely understood and not included here [27]. Virtual knock-out models
of selected signaling proteins were created by setting their concentration to 0. Reduced
compartmentation was simulated by increasing the cAMP diffusion rates by a factor 1000.

CaMKII signaling cascade
The baseline model [28] includes phosphorylation of PLB and RyR by CaMKII. We
included populations for CaMKII-dependent phosphorylation of ICaL, INa and late INa (INa,L)
based on recently published formulations [29], as well as CaMKII-dependent changes in ITo
and IK1 (online supplement).CaMKII is activated by localized Ca2+ in the Ca2+ subspace,
consistent with previous modeling studies, but no further localization is included. Additional
crosstalk between βARS and CaMKII occurs via PKA-dependent activation of Inhibitor 1
and subsequent deactivation of PP1 that controls CaMKII deactivation, consistent with
experimental observations [9].
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Changes to electrophysiological substrates after phosphorylation
Phosphorylation effects were incorporated by including populations of phosphorylated and
non-phosphorylated channels with distinct properties for the eight substrates affected by
βARS. Properties of non-phosphorylated (baseline) substrates were based on the recently
published model of the canine epicardial ventricular myocyte [28] and properties of
phosphorylated channels were determined from experimental data in the presence of a
saturating dose of ISO. At each time instant, the current/flux for a given substrate is
determined for both (phosphorylated and non-phosphorylated) populations. The fraction of
phosphorylated channels, which is determined by the βAR cascade, is then used to
interpolate between these values to determine the net current/flux. We assume that
phosphorylation by PKA and CaMKII is independent and have integrated the βAR and
CaMKII cascades using four populations for these targets.

The population-based approach is based on the assumption that phosphorylation is a binary
process that is independent of channel gating. It captures the distinct conformations of
phosphorylated and non-phosphorylated channels as they coexist in the ventricular myocyte.
Most previous modeling approaches employed only one homogeneous population and
shifted model parameters (such as the V1/2 of activation) based on phosphorylation levels
[14,17]. Although both approaches coincide at phosphorylation levels of 0% and 100%, they
are different for other levels (Supplemental Figure S21).

Validation
The model is validated (Supplemental Figures S1–S20) with a wide range of experimental
data at the levels of the signaling cascade, individual electrophysiological components and
whole-cell response.

Results
Whole-cell effects of βARS on APD and CaT

Subcellular alterations of various substrates in response to βARS combine at the cellular
level to change the AP morphology and CaT. Figure 2A shows that βARS results in
shortening of APD and increase in AP plateau amplitude, consistent with experimental data
[30]. Experimentally, there is considerable cell-to-cell variation in the magnitude of the
response (Supplemental Figure S22) and model output is within this range. At cycle length
(CL) = 1000 ms, CaT amplitude is significantly enhanced and CaT decay is faster, as
observed experimentally (Figure 2B; Supplemental Figure S19). We analyzed the rate-
dependence of these APD and CaT changes by pacing the model to steady-state in absence
or presence of a saturating dose of ISO at various CL. APD shortening and increased CaT
amplitude are observed at all CL (Figure 2C,D). Changes in CaT amplitude and Ca2+

loading are most pronounced at fast rates.

Contribution of individual PKA substrates to whole-cell AP and CaT changes in response
to βARS

The relative contribution of a substrate was analyzed by pacing the model to steady-state in
the absence of βARS, in the presence of 1.0 μmol/L ISO and with 1.0 μmol/L ISO but with
the phosphorylation of the substrate of interest disabled. Figure 3 summarizes the effects of
phosphorylation of each substrate on APD (Figure 3A), CaT amplitude (Figure 3B) and CaT
rate of decay (Figure 3C) at CL = 350 ms (left) and CL = 2000 ms (right). AP and CaT
traces underlying this data can be found in Supplemental Figures S23 and S24.

IKs has only a small impact on steady-state APD under baseline conditions [28] but plays a
major role in APD shortening during βARS, consistent with experimental observations [30].
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Previous studies have identified kinetic channel states (termed available reserve) that
modulate the rate-dependent contribution of IKs to repolarization [31,32] and their alteration
by βARS [33,34]. Consistent with these studies, the model predicts an increased available
reserve during βARS in the canine ventricular myocyte (Supplemental Figure S25).
Consistent with simpler models [16] and experimental evidence [33,35], the model predicts
a major role for ICaL in the increased AP plateau potentials and increased inotropy observed
during βARS. PLB phosphorylation is primarily responsible for the increased rate of CaT
decay, particularly at slow rates. At fast rates, CaMKII phosphorylation (which is not
inhibited in Figure 3) reduces the impact of PKA-dependent phosphorylation. βARS
increases Ca2+ leak from the SR [36]. Consistent with this observation, disabling RyR
phosphorylation increases CaT, particularly at long CL.

The model provides new insights into the contribution of other substrates. Figure 3B
indicates that phosphorylation of INaK (through the accessory protein phospholemman)
reduces cardiac inotropy (i.e., inhibition of INaK phosphorylation increases CaT amplitude).
This was previously shown in mouse ventricular myocytes by Despa et al. [37] and we show
that similar mechanisms apply in the dog, despite significant differences in Ca2+ handling
between these species. The increase in CaT results from increased steady-state intracellular
Na+ levels that reduce Ca2+ extrusion via Na+-Ca2+ exchange. Similar Na+ accumulation
resulting from βARS in the absence of INaK phosphorylation was previously shown in a
model of the guinea-pig ventricular myocyte, although CaT amplitude was not quantified
[17]. Interestingly, despite a reduction in repolarizing INaK when phosphorylation is
inhibited, the increased CaT is accompanied by a shortening of APD (Figure 3A). This
occurs via reduced forward mode INaCa and enhanced Ca2+-dependent inactivation of ICaL.
When Ca2+-dependent inactivation was disabled for the final beat after pacing to steady
state, APD shortening in the absence of INaK phosphorylation was reduced from 7.7 ms to
2.4 ms (Supplemental Figure S27). Similarly, inhibition of INaCa reduced APD shortening to
2.5 ms.

Inhibition of IKur was recently predicted to have a significant APD-prolonging effect in
canine ventricular myocytes [38] and, as such, augmentation of IKur by phosphorylation is
expected to result in APD shortening. Interestingly, we do not find any effect on APD and
only a modest effect on AP plateau amplitude when comparing normal βARS to βARS in
the absence of IKur phosphorylation (Figure 3A,Supplemental Figure S23). However, in the
absence of IKs, inhibition of IKur phosphorylation results in a significant additional
prolongation of APD (2.7% increase compared to IKs block alone versus < 0.1% increase in
the presence of IKs,Figure 3A, inset), as expected based on the dependence of APD
prolongation on initial APD [39]. As such, IKur phosphorylation may still have important
effects in pathological conditions and provide “repolarization reserve” when IKs is
compromised by disease or drugs.

Localized cAMP signaling
Experimentally, it is established that cAMP levels are localized in subdomains. The control
model with normal compartmentation shows distinct cAMP concentrations in CAV, ECAV
and CYT domains at baseline, as well as in response to βARS (Figure 4A; top-left panel).
The relative distribution of cAMP at baseline (micromolar range for ECAV, high nanomolar
range for CAV and CYT) is consistent with that reported by Iancu et al. [11]. Activation of
different signaling pathways can elicit specific subcellular cAMP responses. For example,
β2AR are predominantly located in caveolae [8] and simulated β2ARS elevates CAV cAMP
with only modest effects on cAMP in ECAV and CYT domains (Figure 4A; bottom-left
panel). In contrast, when cAMP diffusion barriers are reduced (e.g., simulating application
of MβC, a cholesterol depleting agent that, among other things, disrupts local cAMP
domains), cAMP concentrations become uniform throughout the cell and βARS results in
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cell-wide increase in cAMP independent of the activated receptor isoform, consistent with
experiment [8] (Figure 4A; right panels). In the control (compartmental) model (left panels),
in contrast to APD shortening with whole-cell βARS, selective stimulation of β2AR
prolongs APD (Figure 4B; top-left panel). However, increases in CaT are present for both
types of βARS (bottom-left panel). When compartmentation is reduced (right), the
subsarcolemmal cAMP levels in CAV and ECAV are too small to allow regulation of APD
or CaT, which show a similar time-dependent change, independent of the receptor isoform
that is stimulated (Figure 4B; right panels). The mechanism underlying the distinct
responses to whole cell (β1+ β2) βARS and β2ARS-only in the compartmental model is
shown in Figure 4C. Whole cell βARS phosphorylates substrates throughout the cell,
including IKs, which is responsible for APD shortening (Figure 3). In contrast, β2ARS does
not phosphorylate IKs or PLB (Figure 4C; left panel). When compartmentation is reduced,
the differential control of phosphorylation by the two isoforms is lost (Figure 4C; right
panel). Since MβC application alters the distribution of other signaling molecules in addition
to cAMP diffusion, it is difficult to relate the predicted functional responses to experimental
measurements in the presence of MβC [23].

To identify the main signaling components involved in establishing local cAMP levels,
virtual knock-outs of these components were simulated in the absence and presence of
βARS (Figure 5). Specific sub-cellular distributions of PDEs, ACs and PKA cause inter-
domain differences in local cAMP concentrations. In the absence of βARS, PDE3 (and to a
lesser extent PDE4) and AC5/6 predominantly determine cAMP in CYT and CAV, while
AC4/7 determine cAMP in ECAV. As expected, cAMP levels increase in all compartments
upon βARS in control conditions and in all virtual knock-outs. In general, the localized
differences occurring in knock-outs remain present during βARS (Figure 5B). Several
negative feedback loops exist in the βAR signaling cascade. In these loops PKA activated by
cAMP modifies upstream elements in the cascade to limit excessive cAMP production. The
model predicts that PKA-dependent feedback loops have important effects on steady-state
cAMP levels and that this occurs in a localized manner (right-most bar graphs). There is a
prominent increase in cAMP in the absence of PKA during βARS (Figure 5B; far-right).
This increase occurs via several feedback loops (Figure 5C). Without PKA there is increased
availability of βAR (Figure 5C; left panel), due to reduced βAR desensitization. Moreover,
there is reduction in cAMP hydrolyzing activity of PDE3 and PDE4 (Figure 5C; middle
panel). PDE3 and PDE4 can be phosphorylated by PKA, thereby increasing their activity. In
the PKA knock-out model this negative-feedback on cAMP is removed, resulting in
increased cAMP levels. Finally, there is no activation of Gi (due to β2AR phosphorylation)
in the absence of PKA, reducing inhibition of AC5/6.

Downstream effects of βARS on CaMKII
In addition to cAMP compartmentation, Ca2+ signaling is also highly localized. High
subsarcolemmal Ca2+ concentrations in dyadic clefts (CaSS

2+) activate the CaMKII
signaling pathway which phosphorylates several substrates that are also targeted by PKA.
CaMKII activity in the model is rate-dependent, consistent with experimental observations
[40,41]. ISO increases CaMKII activity in a concentration-dependent manner, particularly at
fast rates (Figure 6A). Increased CaMKII is caused by a larger peak Cass

2+ transient and a
larger duration with Cass

2+ levels close to CaMKII affinity (Figure 6B). In addition, there is
an important role for reduction in PP1 via PKA-dependent activation of Inh1, since virtual
knock-out of Inh1 significantly reduces CaMKII activity during maximal βARS (Figure 6A;
dash-double dotted line), consistent with the effect of PP1 inhibition by okadaic acid in rat
ventricular myocytes [42]. The rate-dependent increase in CaMKII is more pronounced than
the increase due to enhanced Ca2+ cycling with βARS (e.g., CaMKII activity at CL = 350
ms without βARS is 0.15, compared to 0.06 at CL = 1500 ms with βARS). Therefore, the
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slow rate of CaMKII deactivation (time constant of deactivation is approximately 1500 ms
[40]), which results in accumulation of active CaMKII at fast rates (Figure 6C), has a larger
impact on steady-state CaMKII activity than enhanced activation due to βARS-dependent
increases in Ca2+ cycling. PLB is phosphorylated by PKA on Ser16 and by CaMKII on
Thr17. Hagemann et al. analyzed the rate- and adrenergic-stimulation dependent modulation
of PLB phosphorylation in rat ventricular myocytes [43]. The simulation results in Figure
6D show an important role of pacing rate for CaMKII-dependent phosphorylation of PLB,
whereas PKA-dependent phosphorylation is rate-independent, in agreement with
Hagemann’s experimental observations. Knock-out of Inh1 increases PP1 activity and
reduces both Ser16 and Thr17 PLB phosphorylation.

Calcium overload and delayed afterdepolarizations
For the final set of simulations, the model was extended with a formulation for store-
overload induced SR Ca2+ release. After cessation of pacing at CL = 500 ms in the presence
of 1.0 μmol/L ISO, the model shows four Ca2+ after- transients and corresponding delayed
afterdepolarizations (DADs; Figure 7A). DAD characteristics are consistent with those
measured in canine ventricular myocytes [44] (Figure 7B). The effects of βAR isoforms,
compartmental signaling and CaMKII on DADs are shown in Figure 7C for various pacing
CLs. At faster CL, Ca2+ load increases, more DADs are generated, their average amplitude
increases (Figure 7C) and coupling interval decreases (not shown). Inhibition of β1AR and,
to a lesser extent, reduced compartmentation (via increased cAMP diffusion) reduce the
number of DADs, in line with the lower CaT amplitudes observed in Figure 4, although
DADs were still observed at the fastest rates. Virtual knock-out of CaMKII, on the other
hand, prevented DADs even at the fastest rate (3 Hz) investigated. Although all conditions
reduce the incidence of DADs, this occurs via different mechanisms. β1AR blockade
predominantly affects PKA-dependent phosphorylation of PLB, reduced compartmentation
modestly reduces PKA-dependent phosphorylation of ICaL and RyR, and CaMKII inhibition
abolishes CaMKII-dependent phosphorylation of all substrates without altering the PKA-
dependent phosphorylation (Figure 7D). β1AR block or CaMKII inhibition strongly reduce
the maximum JSR Ca2+ levels (Figure 7E). This reduction in JSR Ca2+ explains the low
incidence of DADs in these conditions since the threshold for spontaneous release is reached
less often. To investigate which substrate has the largest impact on JSR Ca2+ levels and the
incidence of DADs, we selectively inhibited either the PKA- or CaMKII-dependent
phosphorylation of these 3 targets individually. The model predicts that PKA-dependent
phosphorylation of ICaL (in line with the strong reduction in CaT amplitude shown in Figure
3), and both PKA- and CaMKII-dependent modulation of SR Ca2+ uptake (via SERCA2a &
PLB phosphorylation) have the largest impact (not shown). Consistent with previous
modeling studies [45], when an effect of RyR phosphorylation (by CaMKII and/or PKA) to
lower the threshold for spontaneous Ca2+ release is included, this target also has a
significant impact, enhancing DAD incidence (not shown). However, the functional
consequences of RyR phosphorylation by both kinases are still actively debated in the
literature [46].

Discussion
This study investigates the interplay between compartmentalization of the β-adrenergic
signaling cascade and the different isoforms of the βAR in determining responses of whole-
cell electrophysiology and calcium transient to βARS. The main novel mechanistic insights
include: (i) compartmentation of cAMP is mainly controlled by PDEs, AC and PKA and
allows for selective effects of β1ARS and β2ARS (see below); (ii) INaK modulation by
phospholemman phosphorylation alters [Na+]i and consequently [Ca2+]i to limit inotropy in
large mammals; this alters APD via INaCa and Ca2+-dependent inactivation of ICaL; (iii) IKur
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phosphorylation enhances repolarization reserve when IKs is reduced, but does not affect
APD for control IKs; (iv) inhibition of CaMKII, blockade of β1AR and reduced
compartmentation reduce the incidence of DADs during βARS at fast rates.

Substrates experience local signaling environments depending on their subcellular
localization. The model identifies restricted diffusion and localized expression of PDEs, AC
and PKA as the main elements controling cAMP compartmentation. Knock-out of PKA has
a particularly strong effect on cAMP during βARS via disruption of 3 different negative-
feedback loops (βAR desensitization, PDE stimulation and Gi activation via β2AR
phosphorylation). Increased cAMP after PKA inhibition was also reported by Rochais et al.
in rat ventricular myocytes [47], although their increase is less pronounced. Differences
between specific PKA knock-out and (possibly incomplete) PKA inhibition with H89 may
explain this difference. Interestingly, H89 has also been shown to block βAR in human
airway cells [48], which would disable the disruption of one of the negative feedback loops.

Activation of specific cAMP domains by localized G-protein-coupled receptors can
modulate whole-cell responses such as APD and CaT selectively. For example, activation of
β2AR alone does not phosphorylate IKs or PLB and prolongs APD, but has a modest positive
inotropic effect. However, β1AR stimulation has a cell-wide response resulting in decreased
APD and increased CaT amplitude. This specific control is lost when compartmentation is
removed. Knowing which signaling components are affected by which receptors, and which
cAMP pools and downstream effectors they control, is a critical first step to develop
pharmaceutical compounds that act locally, thereby ensuring their specificity and avoiding
arrhythmogenic side-effects.

We integrated the novel compartmental cAMP/PKA pathway with the CaMKII pathway
present in the baseline model [28,40] via a physiological, population based approach. Soltis
and Saucerman [45] recently described a computational model that includes both CaMKII
and PKA pathways and identified a synergistic effect of these pathways on CaT amplitude.
Consistent with their data, we find that βARS enhances CaMKII activity and
phosphorylation of CaMKII substrates. This enhanced activity is due to enhanced Ca2+

cycling. In addition, we show that this effect is dose-dependent and more pronounced at fast
rates. Enhanced CaMKII activity with increasing pacing rate (due to the accumulation of
CaMKII activity) is larger than that due to βARS at a given rate, consistent with the concept
that CaMKII is predominantly a frequency sensor [41]. Because βARS has important
chronotropic effects in-vivo, a synergistic increase in CaMKII activity via both mechanisms
is predicted. Experimental techniques for real-time monitoring of CaMKII activity in
specific myocyte compartments are needed to fully characterize the βARS-CaMKII
interactions and their mechanisms. Other interactions, such as those via cAMP-dependent
activation of EPAC which has downstream effects on CaMKII, may be important. Recently,
Mangmool et al. showed that this interaction is β1AR-specific and involves translocation of
EPAC and CaMKII to the receptor complex via β-arrestin [49]. When more quantitative
aspects of EPAC-dependent CaMKII activation become available, the compartmental model
presented here will be able to include these localized and isoform specific interactions.

Comparison to existing models
Many simulation studies have included functional effects of βARS on cardiac
electrophysiology (see Section 1.8 In the online data supplement for model comparisons).
Most studies included only functional effects on substrates via a shift in parameters for a
single pathway. Saucerman et al. [14] were the first to integrate a global model of the cAMP
signaling cascade into a model of ventricular cell electrophysiology. Recently, these authors
expanded their model [45] by combining the effects of CaMKII and cAMP/PKA on
electrophysiological targets. Iancu et al. [11] were the first to develop a model which
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included localized aspects of cAMP signaling but not electrophysiological effects. These
pioneering studies formed the basis for the model presented here, whose main novel
characteristics include: (i) compartmental model of βARS and its effects on
electrophysiology and CaT in canine ventricular myocyte; (ii) incorporation of both β1AR
and β2AR isoforms to study physiological effects of compartmentation; (iii) a detailed
population-based approach to integrate the cAMP/PKA and CaMKII pathways and their
effects on a wide range of substrates.

Limitations
Due to the inherent complexity of the simulated system, the resulting model is complex and
involves many parameters. This is because it is based on the actual mechanistic interactions
between many proteins for both the signaling pathway and the electrophysiological model.
Parameter sensitivity analysis (Online Supplement section 1.6.1 and figures S28–S30)
provides insight into the contributions and relative importance of individual parameters. To
facilitate application of this model, model code, including validation protocols, is available
online in the Research Section of http://rudylab.wustl.edu. In addition, the model can be
decomposed into two simpler modules (signaling and electrophysiology) that are connected
through the phosphorylation levels. Thus, in investigations involving only
electrophysiological measures, the phosphorylation levels can simply be fixed and only the
electrophysiological module can be used. Similarly, other investigations may only require
the signaling pathway.

Not all parameters are currently available from experimental data. In addition, certain
characteristics of the βAR signaling cascade are only available for rodents or are determined
in biochemical reaction systems. However, major elements of the cascade (βAR density, AC
activity, cAMP levels, ICaL and IKs ISO concentration-dependence) and most
electrophysiological properties of PKA substrates are available from canine ventricular
myocytes. Nonetheless, a model based entirely on canine-specific experimental data is
currently not feasible. Importantly, all parameters have a physiological interpretation and
can in principle be determined experimentally. The parameter estimation procedure was
designed such that parameters were determined from data reflecting direct steps in the βAR
cascade whenever possible, in order to minimize uncertainties.

The exact effect of phosphorylation is still debated for some substrates, particularly the RyR
[50]. Because the substrate data are based on whole-cell properties in the presence of
maximal ISO stimulation, we do not distinguish between specific phosphorylation sites per
substrate. For example, the ICaL channel has multiple subunits with various PKA
phosphorylation sites. The model reproduces the net effect on ICaL of all phosphorylation
sites combined. However, we do distinguish between the phosphorylation mechanisms (i.e.,
CaMKII versus PKA) using separate populations. Once electrophysiological and signaling
data become available for individual phosphorylation sites, the population-based approach
introduced here can be readily extended to incorporate this level of detail.

Long pacing sequences must be simulated to capture the phosphorylation time course, which
means that it is computationally prohibitive to simulate microscopic Ca2+ events (e.g., Ca2+

sparks). As such, the model is limited to reproducing macroscopic Ca2+ properties.
Similarly, the model employs a macroscopic, threshold-based SR store-overload induced
Ca2+-release mechanism

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Schematic of the canine ventricular cell model including Ca2+ handling,
electrophysiology, CaMKII signaling pathway and βAR signaling domains. Substrates
modulated by PKA phosphorylation are indicated in red. Model CaMKII targets include
PLB/Serca and RyR. B-D, Detailed schematics of the interactions in the extracaveolar
(ECAV; B), cytosolic (CYT; C) and caveolar (CAV; D) signaling domains. Abbreviations
are defined in the section 1.1 of the Online Data Supplement. Model code is provided in the
Research Section of http://rudylab.wustl.edu.
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Figure 2.
Effect of βARS on whole-cell AP and CaT. Baseline shown in solid lines, maximal βARS in
dashed lines. A. Steady-state AP at CL = 1000. B. Simulated calcium transient at CL = 1000
ms in the presence of βARS shows increased amplitude and rate of relaxation compared to
baseline. C. Steady-state APD as a function of pacing CL. D. Steady-state CaT amplitude
rate-dependence.
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Figure 3.
Summary of contributions of individual substrates to APD and CaT changes in the presence
of ISO (complete data are provided in Supplemental Figures S23 and S24). A. Steady-state
APD at CL = 350 ms (left) and CL = 2000 ms (right) at baseline (no ISO), in the presence of
maximal βARS and during maximal βARS when PKA-dependent phosphorylation of a
specific substrate is disabled (e.g., indicated by ICaL P for inhibition of ICaL
phosphorylation). CaMKII phosphorylation remained intact. The horizontal dashed-dotted
line indicates the reference value during maximal βARS with all substrates phosphorylated.
Inset shows the % increase in APD when IKur phosphorylation is disabled (versus when it is
present) in the presence or absence of IKs. B. Similar to (A) for CaT amplitude. C. Similar to
(A) for the time-constant of CaT decay based on a monoexponential fit.
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Figure 4.
Compartmentation of βARS in the control model with normal compartments (left) or in
simulations with reduced compartmentation (right). A. Time dependent changes in cAMP
levels in CAV (solid line), ECAV (dashed) and CYT (dash-dotted) during stimulation with
100 nmol/L ISO (top) or in the presence of β2AR stimulation only (100 nmol/L ISO and
100% block of β1AR; bottom). B. Differential effects of combined (β1AR + β2AR)
stimulation (solid) or β2ARS only (dashed) on APD (top) and CaT amplitude (bottom) at a
cycle length of 1000 ms. C. Steady-state ICaL, IKs and PLB phosphorylation levels during
the simulations in (B).
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Figure 5.
Contribution of βAR signaling components to cAMP compartmentation. A. Effect of virtual
knock-outs of PDE3, PDE4, AC5/6, AC4/7 or PKA on steady-state cAMP concentration in
CAV, ECAV and CYT domains in the absence of βARS. B. Identical to A, in the presence
of 1.0 μmol/L ISO. Note separate y-scale for cAMP in ECAV and different y-scales in (A)
and (B). C. Mechanisms behind prominent cAMP increase resulting from virtual PKA
knock-out in the presence of βARS. Difference in βAR availability (left), PDE3/4 Activity
(at 1.0 μmol/L cAMP; middle) or Gi activity (right) in the presence and absence of PKA
during stimulation with 1.0 μmol/L ISO for each compartment.
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Figure 6.
A. Rate-dependence of steady-state CaMKII activity averaged per beat at baseline (solid
black) and in the presence of 10 nmol/L ISO (dash-dotted, grey), 1.0 μmol/L ISO (dashed,
grey) or 1.0 μmol/L ISO with virtual knock-out of Inh1 (dash-double dot, black). B. Steady-
state AP and subsarcolemmal Ca2+ transient in the dyadic cleft at baseline (solid black) and
during maximal βARS (dashed grey) at CL = 1000 ms. Horizontal line in magnified inset
indicates the half maximal Ca2+ level for CaMKII activation. C. Accumulation of CaMKII
activity during the first 25 seconds of pacing in the absence and presence of βARS at CL =
350 ms and CL = 1000 ms. Black lines indicate the average CaMKII per beat. Right part
shows corresponding steady state unaveraged CaMKII traces. D. Phosphorylation of PLB by
PKA at Ser 16 (left) and CaMKII at Thr 17 (right) at rest and during pacing in the absence
or presence of adrenergic stimulation in the model (white bars) and in rat ventricular
myocytes [43] (shaded bars).
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Figure 7.
A. DADs (top, indicated with #) and Ca2+ after- transients (bottom) after cessation of pacing
(CL = 500 ms; last paced beat shown) in the presence of 1.0 μmol/L ISO. B. Comparison of
DAD properties from A to experimental data from canine ventricular myocytes. DAD
amplitude (left), DAD coupling interval (middle) and number of DADs (right). C.
Modulation of number of DADs (left) and DAD amplitude (right) at different CLs by 1.0
μmol/L ISO (solid line), ISO + β1AR blockade (dashed), ISO with reduced
compartmentation (dash-dotted), or ISO + CaMKII inhibition (dash-double dot). D.
Phosphorylation of ICaL, SERCa2a & PLB (“SR Upt.”), and RyR by PKA (white bars) or
CaMKII (shaded bars) relative to 1.0 μmol/L ISO at CL= 500 ms, for the conditions in C. E.
Maximum JSR Ca2+ levels during β1AR blockade, reduced compartmentation, or CaMKII
inhibition, relative to 1.0 μmol/L ISO at CL= 500 ms. K.O.= knock out.
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