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Abstract
β-adrenergic signaling is spatiotemporally heterogeneous in the cardiac myocyte, conferring
exquisite control to sympathetic stimulation. Such heterogeneity drives the formation of protein
kinase A (PKA) signaling microdomains, which regulate Ca2+ handling and contractility. Here, we
test the hypothesis that the nucleus independently comprises a PKA signaling microdomain
regulating myocyte hypertrophy. Spatially-targeted FRET reporters for PKA activity identified
slower PKA activation and lower isoproterenol sensitivity in the nucleus (t50 = 10.60±0.68 min;
EC50 = 89.00 nmol/L) than in the cytosol (t50 = 3.71±0.25 min; EC50 = 1.22 nmol/L). These
differences were not explained by cAMP or AKAP-based compartmentation. A computational
model of cytosolic and nuclear PKA activity was developed and predicted that differences in
nuclear PKA dynamics and magnitude are regulated by slow PKA catalytic subunit diffusion,
while differences in isoproterenol sensitivity are regulated by nuclear expression of protein kinase
inhibitor (PKI). These were validated by FRET and immunofluorescence. The model also
predicted differential phosphorylation of PKA substrates regulating cell contractility and
hypertrophy. Ca2+ and cell hypertrophy measurements validated these predictions and identified
higher isoproterenol sensitivity for contractile enhancements (EC50 = 1.84 nmol/L) over cell
hypertrophy (EC50 = 85.88 nmol/L). Over-expression of spatially targeted PKA catalytic subunit
to the cytosol or nucleus enhanced contractile and hypertrophic responses, respectively. We
conclude that restricted PKA catalytic subunit diffusion is an important PKA compartmentation
mechanism and the nucleus comprises a novel PKA signaling microdomain, insulating
hypertrophic from contractile β-adrenergic signaling responses.

1. Introduction
In healthy humans, the body responds to deficiencies in blood flow by releasing
catecholamines and acutely increasing contractility in the heart [1]. However, chronic
sympathetic stimulation can initiate cardiac remodeling events such as hypertrophy and
fibrosis, driving the heart failure phenotype [2]. Over time, these effects can further
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stimulate catecholamine release and drive further electromechanical dysfunction and sudden
cardiac death.

Many groups, including our own, have observed spatiotemporal heterogeneity in β-
adrenergic signaling in the cardiac myocyte, suggesting compartmentation may underlie β-
adrenergic signaling specificity [3–6]. Common to these studies is the hypothesis that
spatially heterogeneous cAMP gradients [5–7] or A-kinase anchoring proteins (AKAPs) [8,
9] restrict the activity of PKA catalytic subunit to small local signaling microdomains. Here,
we test a complementary hypothesis that compartmentation of PKA catalytic subunit itself
may also regulate β-adrenergic signaling.

We combined live-cell imaging with computational modeling and high-throughput
hypertrophy imaging to examine nuclear PKA compartmentation in primary cardiac
myocytes. We observed differences in cytosolic and nuclear PKA signaling dynamics and
sensitivity to isoproterenol (ISO), which were not explained by cAMP or AKAP
compartmentation. Using a computational model, we inferred roles for rate-limiting PKA
catalytic subunit diffusion and nuclear PKI expression for regulating nuclear PKA signaling,
which are consistent with subsequent validation experiments. By over-expressing PKA
catalytic subunit in either the cytosol or nucleus, we found nuclear PKA compartmentation
may differentially regulate cardiac myocyte contractility and hypertrophy.

2. Materials and Methods
2.1 Cardiomyocyte Isolation and Culture

Neonatal rat ventricular myocytes were isolated from the hearts of 1–2 day old Sprague-
Dawley rats using the Cellutron Neomyt Cardiomyocyte Isolation kit (Cellutron Life
Technologies, Baltimore, MD) and cultured on Surecoat-treated 35 mm glass-bottom dishes
(MatTek, Ashland, MA), Surecoat-treated 6-well plates or CellBIND-coated 96-well plates
(Corning, Corning, NY) as described previously [10]. All procedures were performed in
accordance with the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health and approved by the University of Virginia Institutional
Animal Care and Use Committee.

2.2 Spatially Targeted PKA Over-Expression
mCherry-labeled PKA catalytic subunits containing a C-terminal nuclear export sequence (-
NES) or nuclear localization sequence (-NLS) were constructed by ligating the PKA-NES or
PKA-NLS segments from CMV-EGFP-PKA-NES or CMV-EGFP-PKA-NLS [11] into the
mCherry-C1 expression vector (Clontech, Mountain View, CA) at the BSPEI/BamHI
restriction sites. Transfection was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA).

2.3 Ca2+ Imaging
Two days after isolation, myocytes cultured in 35 mm glass-bottom dishes were transferred
to serum-free media for 24 hours. One day later, cultured myocytes were loaded with Fluo-4
AM (Invitrogen, Carlsbad, CA). Loaded myocytes were paced at 1 Hz using the C-Pace EP
Culture Pacer (IonOptix, Milton, MA) and stimulated with isoproterenol (ISO; Tocris,
Minneapolis, MN) dissolved in Tyrode’s solution. Paced myocytes were imaged on an
IX-81 inverted microscope (Olympus, Center Valley, PA) with a Digital CCD C9300-221
camera (Hamamatsu, Bridgewater, NJ) at 10 Hz using MetaMorph® Automation and Image
Analysis Software (Molecular Devices, Sunnyvale, CA). Cells were segmented in ImageJ
(National Institutes of Health, Bethesda, MA) and analyzed in MATLAB (Mathworks,
Natick, MA).
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2.4 Hypertrophy Measurements
Two days after isolation, myocytes cultured in 96-well plates were transfected with cTnT-
EGFP plasmid [12] using Lipofectamine 2000. Expressing myocytes were imaged on an
Olympus IX-81 inverted microscope with an automated stage (Prior Scientific, Rockland,
MA) and an Orca-AG CCD camera (Hamamatsu, Bridgewater, NJ) using IPLab
(Scanalytics, Fairfax, VA), as described previously [10]. Images were segmented
automatically and analyzed in MATLAB using custom automated image processing
algorithms.

2.5 FRET Imaging
Two days after isolation, myocytes cultured in 35 mm glass-bottom dishes were transfected
with CMV-AKAR-NES, CMV-AKAR-NLS, CMV-ICUE-NES or CMV-ICUE-NLS [13,
14] plasmid using Lipofectamine 2000. Expressing myocytes were imaged on an Olympus
IX-81 inverted microscope with an Orca-AG CCD camera using IPLab. Tyrode’s Solution
was used as a negative control at the beginning of each experiment and a cocktail of 50
μmol/L forskolin (FSK; Tocris, Minneapolis, MN) and 100 μmol/L 3-isobytl-1-
methylxanthine (IBMX; Sigma-Aldrich, St. Louis, MO) was used as a positive control at the
end of each experiment. FRET computations were performed in MATLAB using the PFRET
algorithm [15]. Cells were segmented in ImageJ and FRET responses were normalized to
positive and negative controls in MATLAB. Where indicated, myocytes were pre-incubated
in Tyrode’s solution with 20 μg/mL wheat germ agglutinin (WGA; Sigma-Aldrich, St.
Louis, MO) before stimulation with either ISO or FSK+IBMX.

2.6 Computational Modeling
Nuclear PKA activity was modeled by modifying our previously published ordinary
differential equation implementation of cardiac β-adrenergic signaling [16, 17] to include
nuclear PKA transport, PKI transport and AKAR expression/phosphorylation (Supplement).
The expanded model was implemented in MATLAB and constrained to parameters
estimated from published literature. The final model contained 34 state variables and 104
parameters. Before each simulation, new initial conditions were generated by running the
model to steady-state without ISO stimulation.

2.7 Immunofluorescence
Two days after isolation, myocytes cultured in 35 mm glass-bottom dishes were fixed in 4%
paraformaldehyde (Fisher Scientific, Pittsburgh, PA) and permeabilized with 0.2% Triton
X-100 (MP Biomedicals, Solon, OH). PKIα was detected using rabbit polyclonal anti-PKIα
primary antibodies (Lifespan Biosciences, Seattle WA) and goat anti-rabbit secondary
antibodies conjugated with Alexa488 (Invitrogen, Carlsbad, CA). Following washout, cells
were imaged on an Olympus IX-81 inverted microscope with an Orca-AG CCD camera
using IPLab and analyzed in ImageJ.

2.8 Western Blots
Two days after isolation, myocytes cultured in 6-well plates were treated with ISO for 30
minutes and lysed with Pierce RIPA Buffer (Thermo Scientific, Rockford, IL) supplemented
with Complete Protease Inhibitor Cocktail Tablets (Roche, Indianapolis, IN) and Halt
Phosphatase Inhibitor Cocktail (Thermo Scientific). To quantify nuclear PKA catalytic
subunit accumulation, cells were fractionated into nuclear and cytosolic fractions using NE-
PER Nuclear Protein Extraction Kit (Thermo Scientific) supplemented with Protease
Inhibitor Cocktail. Samples were electrophoresed on 10% SDS-PAGE gels and then
electrotransferred onto PVDF membranes at 100 V for 1 hour. The membranes were probed
with affinity-purified rabbit polyclonal antibodies specific for PKA Cα (Cell Signaling
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Technology, Danvers, MA). Mouse anti-fibrillarin antibodies (Abcam, Cambridge, England)
were used as nuclear loading controls, while mouse anti-α-tubulin antibodies (LI-COR
Biosciences, Lincoln, NE) were used as cytosolic loading controls. To quantify CREB and
phospholamban (PLB) phosphorylation, samples were resolved on 15% SDS-
polyacrylamide gels by electrophoresis and then transferred to Immobilon-FL PVDF
membranes (Millipore, Billerica, MA). Blots were probed using rabbit anti-phospho-PLB
(Ser16/Thr17) or rabbit anti-phospho-CREB (Ser133) antibodies (Cell Signaling
Technology). Mouse anti-α-tubulin antibodies (LI-COR Biosciences) were used as protein
loading controls. Phosphorylated PLB and CREB were visualized using goat anti-rabbit
IRDye800 CW secondary antibodies, while α-tubulin was detected using goat anti-mouse
IRDye680 CW secondary antibodies (LI-COR Biosciences). All membranes were scanned
on a LI-COR Odyssey scanner. Signal intensities for each experiment were quantified using
Image Studio Lite (LI-COR Biosciences). All bands were normalized to their respective
loading controls.

2.9 Statistics
All statistical analyses were performed using Prism 5.0 (GraphPad, La Jolla, CA). EC50s for
ISO-stimulated Ca2+ enhancements, hypertrophy, FRET responses and PLB and CREB
phosphorylation were fitted to a variable slope dose-response curve. Unpaired t-tests were
performed on ICUE and AKAR t50s. A one-way ANOVA was performed on Western blot
measurments of nuclear PKA catalytic subunit enrichment. Non-parametric Mann-Whitney
tests were performed on hypertrophy measurements. Hypertrophy measurements are
reported as median±standard error of median. All other statistics are reported as mean
±standard error of mean.

3. Results
3.1 PKA Activity is Compartmented and Differentially Sensitive to ISO

We recently showed that the nucleus comprises a PKA signaling microdomain in HEK293
cells [18]. To determine if PKA signaling is similarly compartmented in cardiac myocytes,
we expressed PKA-specific FRET reporters targeted to either the cytosol (AKAR-NES) or
nucleus (AKAR-NLS) in neonatal rat ventricular myocytes (Fig. 1A). Treating these
myocytes with ISO, we identified significant differences between cytosolic and nuclear
PKA in both dynamics and ISO sensitivity. Stimulation with 1 μmol/L ISO induced almost
3-fold faster PKA responses in the cytosol (t50 = 3.71±0.25 min) than in the nucleus (t50 =
10.60±0.68 min) (Fig. 1B). Subsequent treatment with 10 μmol/L propranolol (PRO), a non-
selective beta blocker, reversed PKA activity (faster in the cytosol than the nucleus) (Fig.
1B). Stimulating over a range of ISO concentrations, we observed more sensitive PKA
activity in the cytosol (EC50 = 1.22 nmol/L) than in the nucleus (EC50 = 89.00 nmol/L) (Fig.
1C, 1D). Differences in cytosolic and nuclear PKA sensitivity were surprising because
differential regulation of PKA substrate phosphorylation is thought to be regulated by
AKAPs, which directly localize PKA substrates to PKA holoenzyme [19]. However, no
endogenous AKAPs are expected to have affinity for AKAR-NES or AKAR-NLS.

3.2 Nuclear PKA Compartmentation is Not Explained by cAMP Compartmentation
cAMP compartmentation by phosphodiesterases (PDEs) is thought to be an important
regulator of PKA compartmentation; and we have previously shown nuclear PKA activity in
HEK293 cells may be regulated by a nuclear PDE-PKA-AKAP complex [18]. To test if
cAMP compartmentation similarly explains these differences in cytosolic and nuclear PKA
dynamics in cardiomyocytes, we treated myocytes with 50 μmol/L forskolin (FSK), an
adenylyl cyclase activator, and 100 μmol/L 3-isobutyl-1-methylxanthine (IBMX), a non-
selective phosphodiesterase inhibitor. In myocytes expressing cAMP-specific FRET
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reporters targeted to either the cytosol (ICUE-NES) or nucleus (ICUE-NLS), combined FSK
+IBMX treatment induced a rapid and robust cAMP response in both the cytosol and
nucleus (cytosol: t50 = 1.62±0.13 min; nucleus: t50 = 0.77±0.05 min) (Fig. 2A, 2C). In
contrast, FSK+IBMX induced a 12-fold slower response in the nucleus (t50 = 7.15±0.70
min) than in the cytosol (t50 = 0.59±0.02 min) (Fig. 2B, 2C). These results suggest
differences in cytosolic and nuclear PKA dynamics are not primarily due to cAMP
compartmentation.

Pre-incubating myocytes with 50 μmol/L Ht31, an A-kinase anchoring protein (AKAP)
inhibitor, did not accelerate or enhance nuclear PKA dynamics induced by ISO (Fig. 2D, S1)
as we had previously seen in HEK293 cells [18]. Ht31 pre-treatment significantly reduced
the peak amplitude of AKAR-NES responses to 1 μmol/L ISO (Fig. S1), consistent with
previous measurements of troponin I and myosin binding protein C phosphorylation [20].
However, we did not observe a significant effect on either the peak amplitude or the kinetics
of AKAR-NLS phosphorylation (Fig. 2E, 2F), suggesting that AKAPs are not the major
mechanism limiting nuclear PKA activity.

3.3 A Computational Model for Nuclear PKA Activity
Computational models have contributed significantly to the understanding of cardiac
signaling networks [21]. We previously modeled the β1-adrenergic signaling pathway [16]
and its actions on cytosolic rat [22] and mouse myocyte physiology [17]. To better
understand nuclear PKA compartmentation quantitatively, we introduced a nuclear
compartment to these models (Fig. 3A; Supplement). We assumed that activated PKA
catalytic subunit (C) passively diffuses into the nucleus via nuclear pore complexes [23],
where it may phosphorylate nuclear PKA substrates such as cAMP response element
binding protein (CREB) [24]. In turn, phospho-CREB is dephosphorylated by protein
phosphatase 2A (PP2A) [25]. Protein kinase inhibitor (PKI) limits this process by
competitively inhibiting free PKA catalytic subunit [26]. AKAR-NES and AKAR-NLS were
modeled as in previous studies [27]. When the 4 unknown PKA/PKI nuclear transport
parameters were fitted to the experimental data in Fig. 1, simulated AKAR-NES and
AKAR-NLS responses were similar to measured responses in both kinetics (Fig. 3B) and
ISO sensitivity (Fig. 3C).

3.4 Nuclear PKA Activity Dynamics are Rate-Limited by PKA Catalytic Subunit Diffusion
PKA catalytic subunit is 38 kDa, while cAMP is a small molecule with a molecular mass of
329.2 Da. Nuclear pore complexes have a cargo threshold of ~40 kDa [28]. We therefore
hypothesized that nuclear PKA activation is rate-limited by PKA catalytic subunit diffusion
rather than cAMP diffusion, consistent with observations that nuclear PKA accumulation is
slow following cytosolic catalytic subunit microinjection [23]. Model simulations predicted
that further decreases in PKA nuclear import would decrease the steady-state magnitude of
nuclear PKA activity, suggesting nuclear PKA activity is rate-limited by PKA catalytic
subunit diffusion (Fig. 4A). Restricting nuclear transport to 1% ablated the simulated
AKAR-NLS response to 1 μmol/L ISO. We tested this prediction experimentally by pre-
incubating myocytes expressing AKAR-NLS with 20 μg/mL wheat germ agglutinin (WGA)
for 30 min, which may directly inhibit nuclear transport by binding nuclear pores [29].
Consistent with model predictions, myocytes pre-incubated with WGA displayed
significantly attenuated AKAR-NLS responses with 1 μmol/L ISO (Fig. 4B). In contrast to
the AKAR-NLS measurements, pre-treatment with WGA did not significantly inhibit the
magnitude of AKAR-NES responses, indicating intact cytosolic β-adrenergic signaling
under these conditions (Fig. 4C). Moreover, WGA did not significantly alter
phosphorylation kinetics for AKAR-NES (t50 = 1.01±0.12 min), indicating a specific effect
for WGA pre-treatment on nuclear PKA activity (Fig. 4D), as predicted by the model (Fig.
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4A). We confirmed these FRET measurements by performing western blots for PKA
catalytic subunit on nuclear fractions of myocytes with and without WGA pre-incubation.
WGA pre-incubation blocked nuclear translocation of PKA catalytic subunit by either ISO
stimulation or treatment with FSK and IBMX (Fig. 4E, 4F), but did not alter catalytic
subunit expression in whole cell lysates (Fig. S2). These observations support the hypothesis
that nuclear PKA activity in myocytes is not regulated by nuclear cAMP compartmentation
but rather by direct compartmentation of PKA catalytic subunit.

3.5 Biased PKIα Expression May Underlie Differential ISO Sensitivity of PKA
The lower ISO sensitivity for nuclear PKA activity (Fig. 1D) suggests the nucleus may
constitute a PKA signaling microdomain distinct from the cytosol. Substrate
phosphorylation represents a delicate balance between local kinase and phosphatase activity.
If cAMP is not rate-limiting nuclear PKA activity (Fig. 2A, 2B), then differences between
nuclear and cytosolic AKAR phosphorylation are likely explained by either greater nuclear
phosphatase activity or decreased nuclear PKA availability. In addition to limited PKA
catalytic subunit nuclear import, nuclear PKA availability may also be modulated by
competitive inhibition and export of PKA catalytic subunit by PKI [26, 30]. To better
understand if the differential ISO sensitivity of nuclear and cytosolic AKAR were
quantitatively explained by nuclear phosphatase activity or by nuclear PKA availability, we
simulated perturbations to these mechanisms in our model and then experimentally validated
corollaries to each hypothesis.

We first tested the hypothesis that nuclear phosphatases could explain the lower ISO-
sensitivity in the nucleus compared to the cytosol. The baseline model assumes similar
phosphatase concentrations for the cytosol and nucleus. As expected, simulated increases in
nuclear phosphatase expression decreased the predicted magnitude of AKAR-NLS
phosphorylation, indicating nuclear phosphatases are important regulators of nuclear PKA
substrates (Fig. 5A). Yet nuclear phosphatase inhibition did not increase sensitivity of
nuclear PKA activity to ISO stimulation (Fig. 5B), in contrast to intuitive expectations based
on simpler Goldbeter-Koshland kinetics [31] (due to the additional actions of PKI, see Fig.
S3). We validated this model prediction experimentally by first pre-incubating myocytes
with 10 nmol/L Calyculin A (an inhibitor of PP1 and PP2A phosphatases), and then
measuring AKAR-NLS responses to 10 nmol/L or 10 μmol/L ISO, which produced very
different AKAR-NLS responses in control cells (Fig. 1C, 1D). We chose this concentration
as Calyculin A has an IC50 of ~1 nmol/L for PP2A and ~2 nmol/L for PP1 [32]. Consistent
with model predictions, pre-treatment with 10 nmol/L Calyculin A did not alter the ISO
sensitivity for AKAR-NLS (Fig. 5C). Moreover, stimulation with Calyculin A alone
revealed similar steady-state phosphorylation levels for both AKAR-NES and AKAR-NLS
(Fig. S4). Together, these results suggest nuclear phosphatases are not the major factor
underlying the differential ISO sensitivity of PKA activity between cytosol and nucleus.

We then tested the hypothesis that nuclear PKI could be responsible for the differences in
nuclear and cytosolic ISO sensitivity. When developing the model (Section 3.3), we found a
bias towards nuclear PKI expression was necessary to quantitatively reproduce the reduced
AKAR-NLS sensitivity to ISO (Fig. 1D). When cytosolic and nuclear PKI expression were
set to equal values, the model predicted similar ISO sensitivity between cytosolic and
nuclear PKA (Fig. 5D). To test the model-predicted nuclear bias of PKI, we immunolabeled
fixed myocytes with anti-PKIα antibodies and found nearly exclusive nuclear PKIα
expression (Fig. 5E). Together, these results suggest differences in cytosolic and nuclear
ISO sensitivity may be due to a nuclear bias in PKIα expression (limiting the availability of
PKA catalytic subunit) rather than a bias in nuclear phosphatase activity.
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3.6 PKA Compartmentation May Differentially Elicit Contractile and Hypertrophic
Responses

We next hypothesized that cytosolic-nuclear PKA compartmentation may be relevant for
regulating β-adrenergic signaling responses of endogenous PKA substrates. To test this, we
modeled the phosphorylation of well-characterized PKA substrates residing in the cytosol
(PLB, phospholamban) and nucleus (CREB, cAMP response element binding protein). The
model predicted reduced p-CREB ISO sensitivity (EC50 = 31.46 nmol/L) compared to p-
PLB (EC50 = 4.95 nmol/L) (Fig. 6A), consistent with the reduced ISO sensitivities of
nuclear PKA activity (Fig. 1D). We validated this model prediction by Western blotting
steady-state PLB and CREB phosphorylation over a range of ISO concentrations (Fig. 6B,
S5; p-PLB EC50 = 0.58 nmol/L; p-CREB EC50 = 52.68 nmol/L).

Because PLB and CREB regulate Ca2+ transients and hypertrophy, respectively [33], we
hypothesized that stimulated enhancements to Ca2+ transients and hypertrophy might also
exhibit differential ISO sensitivity. To test this hypothesis experimentally, we treated
myocytes with ISO and measured enhancements to Ca2+ transients and cell size. At 1 μmol/
L ISO, steady-state Ca2+ transient amplitudes exhibited a 63.5±15.1% enhancement (Fig.
6C). Similarly, 1 μmol/L ISO induced a 24.2±3.5% increase in cell size after 24 hours (Fig.
6D). We observed Ca2+ handling to be much more sensitive than hypertrophy to lower doses
of ISO (EC50 = 1.84 nmol/L vs. EC50 = 85.88 nmol/L) (Fig. 6E), similar to ISO sensitivity
differences for cytosolic/nuclear PKA activity (Fig. 1D) and the simulated and measured
differences in PLB and CREB ISO sensitivity (Fig. 6A, 6B). While PLB and CREB are not
the exclusive mediators of β-adrenergic stimulated contractility and hypertrophy, these
results suggest cytosolic and nuclear PKA activity may differentially elicit contractile and
hypertrophic responses.

To test the functional consequences of perturbed cytosolic/nuclear PKA compartmentation,
we over-expressed mCherry-labeled PKA catalytic subunit targeted to either the cytosol
(PKA-NES) or nucleus (PKA-NLS) (Fig. 7A). Under 1 Hz pacing, we observed larger
baseline Ca2+ transients in PKA-NES myocytes over either mCherry or PKA-NLS myocytes
(Fig. 7B, 7C), complemented by ablated sensitivity to 1 μmol/L ISO (Fig. 7D). These
suggest PKA-NES over-expression was saturating the phosphorylation of contractility-
relevant PKA substrates, while PKA-NLS over-expression had little effect on these targets.
In contrast, PKA-NLS myocytes were hypertrophied (1401±38 μm2; n = 1324 cells) over
both mCherry (1213±37 μm2; n = 944 cells) and PKA-NES myocytes (1291±44 μm2; n =
945 cells) (Fig. 7E). These enhancements were specific to the activity of PKA, as incubation
with 10 μmol/L H-89 blocked this hypertrophy (Fig. S6). While these results cannot exclude
the documented hypertrophic contributions of cytosolic AKAP-bound PKA [34] or other
signaling pathways downstream of PKA [35], our data overall suggests cytosolic PKA
primarily enhances contractility under β-adrenergic stimulation, while enhanced nuclear
PKA primarily contributes to hypertrophy.

4. Discussion
4.1 PKA Compartmentation in β-Adrenergic Signaling

Numerous groups have now investigated mechanisms regulating spatiotemporal
heterogeneity in cardiac β-adrenergic signaling [3, 36]. While some have focused on
receptor localization [7, 37, 38], receptor subtype [39, 40] or PKA regulatory subunit
subtype [41], PDEs [6, 42] and AKAPs [8, 9] have prominently risen as key regulatory
mechanisms of compartmented β-adrenergic signaling. Common to these studies is the
underlying hypothesis that β-adrenergic signaling responses are managed by
phosphorylation of PKA substrates local to PKA holoenzyme, which become activated by
spatially heterogeneous cAMP gradients. While PKA catalytic subunits released from RIα
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regulatory subunits may not diffuse far from RIα, PKA catalytic subunit is capable of
diffusing away from RIIα upon cAMP elevation [43, 44]. Here, we report a complementary
view to the local-activation/local-action view for PKA signaling, whereby PKA can diffuse
from the cytosol into the nucleus to exert functionally relevant, distal actions in the nucleus
of cardiac myocytes. This view is further supported by observations that type II PKA can
diffuse great distances, navigating complex geometries in neurons [45].

Several studies implicate AKAPs in PKA-dependent regulation of hypertrophy [34]. For
example both mAKAP and AKAP-Lbc promote hypertrophy [46, 47], with outer nuclear
membrane and peri-nuclear targeting, respectively [20, 47, 48]. Moreover, we have
previously shown that nuclear PKA dynamics in HEK293 cells may be explained by nuclear
PDE4D-PKA-AKAP complexes [18]. This inference was based on accelerated nuclear PKA
dynamics following PDE inhibition by IBMX or AKAP disruption by Ht31. In contrast, here
in cardiac myocytes we observed slow nuclear PKA activity despite rapid nuclear cAMP
accumulation by FSK/IBMX and did not observe accelerated nuclear PKA dynamics with
Ht31. These data suggest resident intra-nuclear pools of PKA holoenzyme (waiting to be
activated by cAMP) are limited in cardiac myocytes. Thus, mAKAP and AKAP-Lbc may
facilitate hypertrophy by releasing catalytic subunit near nuclear pores, and our results
suggest nuclear PKA activity dynamics are rate-limited by slow diffusion of free PKA
catalytic subunit [23], similar to findings by others in neurons [49].

Our observation that cytosolic and nuclear PKA activities exhibit different sensitivities to β-
adrenergic stimulation suggests the nucleus comprises an independent PKA signaling
microdomain. While nuclear phosphatases clearly regulate the magnitude of nuclear PKA
substrate phosphorylation, our model analysis suggests that the observed differences in ISO
sensitivity are better explained by spatially heterogeneous PKI expression than by
differential phosphatase activity. This inference is corroborated by a history of observations
that PKI can specifically inhibit nuclear PKA activity by competitively inhibiting free PKA
catalytic subunit and by inducing active export of PKA catalytic subunit from the nucleus
[26]. In particular PKIα overexpression has been shown to decrease the expression of PKA-
regulated genes in neurons [30] and recent studies over-expressing PKIα’s inhibitory
domain demonstrate protection from ISO-stimulated cardiac hypertrophy in transgenic mice
[50], though the over-expressed PKI in those experiments did not localize specifically to the
nucleus. While these results suggest PKI may limit nuclear PKA activity in a mechanism
analogous to PDE-regulation of cAMP, we cannot exclude the possibility that nuclear PKA
activity is regulated by other proteins. For instance, the PKIα knockout mouse exhibits
compensatory expression of PKA regulatory subunit RIα, which similarly sequesters and
buffers PKA catalytic subunit and limits the expression of PKA-regulated genes in skeletal
muscle [51]. As PKI is relatively unstudied in the heart, further work will be necessary to
evaluate how it regulates PKA compartmentation.

4.2 Relevance to Cardiac Physiology and Disease
We found that cytosolic-nuclear PKA compartmentation regulates endogenous substrates
and cardiac myocyte functions, which may affect cardiac physiology in several ways. First,
differences in cytosolic and nuclear PKA sensitivity to ISO suggest such compartmentation
may insulate myocytes from inducing hypertrophic growth when β-ARs are engaged to
enhance contractility. This has therapeutic implications as treatment with β-blockers
attenuates cardiac remodeling during heart failure, but also sensitizes patients to bradycardia
and low blood pressure [52]. If chronotropic and inotropic responses can be separated from
hypertrophic responses by cytosolic-nuclear compartmentation, nuclear PKA inhibition may
be an attractive gene therapy target over enhancements to excitation-contraction coupling or
antagonism of β-adrenergic signaling alone [53]. Studies by others also implicate an
important role for cytosolic-nuclear PKA compartmentation in cell survival in spiral
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ganglion neurons [11] and actin organization in PC12 cells [54]. Future work will be
necessary to characterize other nuclear PKA-dependent effects in the heart.

Second, nuclear PKA activity is an order of magnitude slower than cytosolic PKA activity.
These results suggest a second mode of insulation for PKA-stimulated transcriptional
activity: the requirement for sustained β-AR stimulation. Thus, while contractile responses
may be activated by small and acute sympathetic activity, hypertrophic responses associated
with pathologic cardiac remodeling may require large and chronic sympathetic activity.
These could in part explain how daily engagement of the fight-or-flight response does not
drive the heart toward a failing phenotype, while chronically elevated sympathetic activity
may prime the heart for rapid deterioration [55]. While further in vivo studies will be
necessary to confirm these findings, the current work suggests PKA catalytic subunit
compartmentation may contribute to the bifurcation between physiologic β-adrenergic
signaling and pathologic β-adrenergic remodeling.

4.3 β-Adrenergic Signaling-Stimulated Hypertrophy
While it is well-recognized that β-adrenergic stimulation is sufficient for stimulating cardiac
hypertrophy, hypertrophy signaling is complex [56] and the specific mechanisms for these
observations remain unclear. Transgenic over-expression studies indicate that β1-AR [57],
Gsα [58] or PKA [59] are all sufficient for inducing hypertrophy and heart failure in vivo.
Other studies have shown β-adrenergic signaling stimulates hypertrophy in a PKA-
independent manner via cAMP activation of Epac [60], though this view has recently been
challenged by studies showing hearts from mice overexpressing PKI are protected against
ISO-stimulated hypertrophy [50]. Moreover, as PKA directly enhances Ca2+ signaling,
PKA-mediated hypertrophy may be managed by enhanced CaMKII [61] or calcineurin/
NFAT [62] signaling. Still others suggest PKA may actually inhibit hypertrophy via
HDAC5 phosphorylation [63] or HDAC4 proteolysis [64]. Here, we observe hypertrophy in
myocytes over-expressing nuclear PKA catalytic subunit. These results are not mutually
exclusive with findings by others, but support a hypothesis that chronic β-adrenergic
stimulation can stimulate PKA catalytic subunit to escape local control by PDE or AKAP
compartmentation mechanisms and distally initiate cardiac remodeling events in the nucleus.
Future work will need to clarify the direct role of nuclear PKA activity in cardiac
hypertrophy.

4.4 Limitations and Considerations
We have taken a multi-disciplinary approach to investigate PKA catalytic subunit
compartmentation, integrating live-cell imaging experiments from neonatal rat ventricular
myocytes with computational modeling. While seminal studies in cardiac β-adrenergic
compartmentation were performed using neonatal rat myocytes [5, 27, 41, 65–67], care must
be taken in interpreting the role of PKA catalytic subunit compartmentation in human heart
failure. We chose myocyte cell hypertrophy as an approximation for ventricular hypertrophy
in the intact heart. While these in vitro findings alone do not prove that nuclear PKA activity
critically drives pathologic cardiac hypertrophy in human pathology, these results do support
the hypothesis that PKA activity in the cytosol and nucleus exerts different cardiac
behaviors.

Carefully constrained computational models can provide significant insight into the
mechanics of cell signaling and provide inspiration for new experimental studies [21]. Here,
we carefully assembled and validated our model from published biochemical data and used
the model as a hypothesis-generating inference tool to investigate mechanisms underlying
PKA catalytic subunit compartmentation. We minimized bias in these simulations by first
making prospective modeling predictions and then following with subsequent experimental
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validations. By performing our analysis using these standards, we built confidence that the
computational model adequately represented the biology and that the model predictions
were reasonable hypotheses for testing.

5. Conclusions
In summary, we provide direct evidence that PKA catalytic subunit forms functionally
relevant, diffusion-limited signaling compartments. We show PKA activity in the nucleus is
slower and less sensitive than cytosolic PKA activity to β-AR agonists. These differences in
dynamics are rate-limited by PKA diffusion rather than cAMP compartmentation.
Moreover, differences in signaling sensitivity appear prescribed by nuclear PKI rather than
nuclear phosphatase activity. Elevated cytosolic PKA activity directly enhanced Ca2+

transients, but had little effect on myocyte hypertrophy. Conversely, elevated nuclear PKA
activity induced myocyte hypertrophy, but had no effect on Ca2+ transients. Together, these
findings suggest PKA catalytic subunit compartmentation may help explain how chronic,
but not acute, β-adrenergic stimulation may initiate cardiac remodeling and drive the
progression of heart failure.
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Highlights

• Nuclear PKA is slower and less sensitive to ISO than cytosolic PKA in cardiac
myocytes

• Nuclear PKA compartmentation is not due to cAMP compartmentation

• Nuclear PKA dynamics are regulated by passive nuclear transport

• Nuclear PKA ISO sensitivity may be regulated by nucleus-biased PKI
expression

• PKA compartmentation may differentially regulate contractility and
hypertrophy
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Fig. 1.
Cytosolic PKA and nuclear PKA activities differ in dynamics and ISO sensitivity. A,
Representative expression of cytosolic AKAR-NES and nuclear AKAR-NLS FRET
reporters. B, Representative responses to 1 μmol/L ISO and 10 μmol/L PRO. Nuclear PKA
activity is slower than cytosolic PKA activity. C, Averaged AKAR-NES and AKAR-NLS
responses to ISO stimulation, normalized to 50 μmol/L FSK + 100 μmol/L IBMX (n ≥ 9
cells each). D, Cytosolic PKA activity exhibits a higher ISO sensitivity than nuclear PKA
activity.
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Fig. 2.
Distinct nuclear PKA dynamics are not explained by cAMP compartmentation or AKAPs.
A, Mean cytosolic ICUE-NES (n = 12 cells) and nuclear ICUE-NLS (n = 12 cells) responses
to 50 μmol/L FSK + 100 μmol/L IBMX. B, Mean cytosolic AKAR-NES (n = 9 cells) and
nuclear AKAR-NLS (n = 11 cells) responses to 50 μmol/L FSK + 100 μmol/L IBMX. C,
cAMP accumulation occurs rapidly in both the cytosol and nucleus, while PKA activation
occurs rapidly in the cytosol only. D, AKAP disruption by 50 μmol/L Ht31 does not
significantly perturb AKAR-NLS responses (n = 16 cells). 1 μmol/L ISO responses from
Ht31 treated cells are similar to those from untreated cells in both peak magnitude (E) and
kinetics (F).
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Fig. 3.
A computational model for nuclear PKA compartmentation in cardiac myocytes. A,
Schematic for nuclear PKA compartment extension to our previously published β-adrenergic
signaling models. B, Model-predicted AKAR-NES and AKAR-NLS responses to ISO
stimulation. C, Model-predicted AKARNES and AKAR-NLS ISO sensitivities. Model
responses are qualitatively similar to experimentally measured differences in dynamics and
ISO sensitivity.
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Fig. 4.
Passive diffusion rate-limits nuclear PKA activity. A, Model-predicted AKAR-NLS
responses to 1 μmol/L ISO stimulation. Reducing PKA’s nuclear diffusion rate shrinks the
rate and magnitude of AKAR-NLS phosphorylation. B, Experimental validation for model
prediction. Mean AKAR-NLS responses to 1 μmol/L ISO stimulation following 30 min pre-
incubation with 20 μg/mL WGA (n = 22 cells). C, WGA pre-incubation does not inhibit
cytosolic AKAR-NES responses to 1 μmol/L ISO (n = 16 cells). D, WGA pre-treatment
does not change the t50 for either AKAR-NES or AKAR-NLS responses to 1 μmol/L ISO.
E, Representative Western blot for PKA catalytic subunit accumulation in nuclear fractions
of control and WGA-treated myocytes. F, WGA pre-incubation inhibits nuclear PKA
accumulation after either ISO or FSK+IBMX treatment (n = 5 replicates; *: p ≤ 0.05 vs.
untreated control).
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Fig 5.
Biased PKIα expression may reduce nuclear PKA sensitivity to ISO stimulation. A,
Simulated AKAR-NLS responses to 1 μmol/L ISO with increasing nuclear phosphatase
expression. B, Model predicts nuclear phosphatase inhibition does not recover AKAR-
NLS’s ISO sensitivity. C, Experimental validation for model simulations. Pre-treatment with
10 nmol/L Calyculin A does not alter nuclear AKAR-NLS sensitivity to ISO (n ≥ 9 cells
each). D, Model predicts nuclear PKA ISO sensitivity requires biased PKI expression. E,
Immunofluorescence labeling with anti-PKIα antibodies identify nearly exclusive nuclear
PKIα expression.
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Fig. 6.
PKA compartmentation drives differential activation of PKA substrates associated with
contractility and hypertrophy. A, Model prediction for phosphorylated PLB and CREB
sensitivity to ISO. p-PLB and p-CREB EC50s parallel cytosolic and nuclear PKA EC50s,
respectively. B, Western blot analysis indicates PLB phosphorylation is significantly more
sensitive to ISO than CREB phosphorylation (n = 3 experiments each). C, Representative
Ca2+ transient measurements from control and 1 μmol/L ISO-stimulated myocytes paced at
1 Hz. D, Representative automated cell segmentations from myocytes cultured in 1 μmol/L
ISO for 24 hours. E, ISO-stimulated Ca2+ enhancements exhibit high ISO sensitivity (n ≥ 3
experiments per ISO concentration), while 24 hour myocyte hypertrophy responses are less
sensitive to ISO (n > 250 cells per ISO concentration).
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Fig. 7.
PKA compartmentation underlies selection of contractile and cell hypertrophic β-adrenergic
signaling responses. A, Expression of mCherry, PKA-NES and PKA-NLS plasmids. B,
Representative Fluo-4 Ca2+ responses to 1 μmol/L ISO for expressing cells under 1 Hz
pacing. C, Mean Fluo-4 Ca2+ transients before and after stimulation by 1 μmol/L ISO (n ≥ 3
experiments each). Baseline (Control: CTL) Fluo-4 Ca2+ transients are nearly saturated in
PKA-NES myocytes. D, Mean enhancements to Fluo-4 Ca2+ transients by 1 μmol/L ISO
stimulation. 1 μmol/L ISO elicits robust enhancements to mCherry and PKA-NLS
myocytes, but not PKA-NES myocytes (n > 3 experiments each). E, Median cell size
measurements in expressing cells. PKA-NLS induces hypertrophic growth in cell area, while
PKA-NES does not (n > 900 cells each).
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