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The cardiac ryanodine receptor/calcium release chan-
nel (RyR2) on the sarcoplasmic reticulum (SR) com-
prises a macromolecular complex that includes a kinase
and two phosphatases that are bound to the channel via
targeting proteins. We previously found that the RyR2 is
protein kinase A (PKA)-hyperphosphorylated in end-
stage human heart failure. Because heart failure is a
progressive disease that often evolves from hypertro-
phy, we analyzed the RyR2 macromolecular complex in
several animal models of cardiomyopathy that lead to
heart failure, including hypertrophy, and at different
stages of disease progression. We now show that RyR2 is
PKA-hyperphosphorylated in diverse models of heart
failure and that the degree of RyR2 PKA phosphoryla-
tion correlates with the degree of cardiac dysfunction.
Interestingly, we show that RyR2 PKA hyperphospho-
rylation can be lost during perfusion of isolated hearts
due to the activity of the endogenous phosphatases in
the RyR2 macromolecular complex. Moreover, infusion
of isoproterenol resulted in PKA phosphorylation of
RyR2 in rat, indicating that systemic catecholamines
can activate phosphorylation of RyR2 in vivo. These
studies extend our previous analyses of the RyR2 mac-
romolecular complex, show that both the kinase and
phosphatase activities in the macromolecular complex
are regulated physiologically in vivo, and suggest that
RyR2 PKA hyperphosphorylation is likely a general fea-
ture of heart failure.

During the “fight or flight” response, sympathetic nervous
system activation modulates the signaling pathway that con-
trols excitation-contraction (EC)1 coupling in the heart result-

ing in increased cardiac output required to meet stress-induced
increases in metabolic demands. EC coupling in heart muscle
converts electrical signals to mechanical ones via elevation of
cytosolic calcium (Ca2�), which triggers contraction. The major
components that regulate cardiac EC coupling are all modu-
lated by activation of the sympathetic nervous system via phos-
phorylation by adenosine 3�,5�-monophosphate (cAMP)-
dependent protein kinase (PKA). These include: 1) the triggers
for EC coupling, predominantly Ca2� influx through the volt-
age-gated Ca2� channel (dihydropyridine receptor) on the
plasma membrane and possibly Ca2� influx via the Na�-Ca2�

exchanger; 2) the SR Ca2� release channel or type 2 ryanodine
receptor (RyR2); and 3) the SR Ca2� reuptake pump
(SERCA2a) and its regulatory protein phospholamban (PLB).
Although the roles of the sarcolemmal Ca2� channel and PLB
phosphorylation are well established, the physiological signif-
icance of RyR2 PKA phosphorylation is not yet fully
understood.

RyR2 is one of the largest known ion channels. Each RyR2
has an enormous cytoplasmic domain that serves as a scaffold
for regulator proteins that modulate the channel’s activity (1).
The RyR2 cytoplasmic scaffold domain contains highly con-
served leucine/isoleucine zippers that bind to leucine/isoleucine
zippers present in the adaptor/targeting proteins for kinases
(PKA) and phosphatases (PP1 and PP2A) that regulate RyR
channel function (1). In 1989 Marks et al. (2) discovered a
12-kDa protein that co-purifies with RyR1 and was later shown
to be FKBP12, the cytosolic binding protein for the immuno-
suppressant drugs FK506 and rapamycin (3–5). A 12.6-kDa
isoform of FKBP12 (FKBP12.6) is tightly associated with RyR2
and modulates its function, possibly by enhancing cooperativity
among its four subunits (4, 6–8). Four FKBP molecules are
part of each RyR channel (9). So, in fact, RyR2 is a macromo-
lecular complex containing kinases, phosphatases, and FKBP.

The sympathetic nervous system is activated in response to
stress, resulting in increased levels of local and circulating
catecholamines that activate �-adrenergic receptors (�-AR),
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elevate intracellular cAMP, and activate PKA. PKA phospho-
rylation modulates RyR2 function both in vitro and in vivo (1,
10–20). Channels from failing hearts have been shown to be
PKA-hyperphosphorylated leading to dissociation of the
FKBP12.6 and altered RyR2 channel function (14–16, 21).
Thus, maladaptation of a classic physiological pathway (“fight
or flight” that has never been subjected to evolutionary pres-
sure, because heart failure is a new disease of the last century
or two) plays an important role in the pathophysiology of heart
failure, which is a chronic hyperadrenergic state (15, 21). PKA
hyperphosphorylation of RyR2 in failing hearts shifts the sen-
sitivity of RyR2 to Ca2� to the left (16) resulting in “leaky”
channels that can deplete SR Ca2� stores and contribute to
reduced Ca2� transients that may impair contractility. If con-
ditions lead to transient SR Ca2� overload, then the SR Ca2�

leak during repolarization may contribute to “early after depo-
larizations” (EADs) and during diastole initiate “delayed after
depolarizations” (DADs) by activating “transient inward cur-
rents” (22). EADs and DADs can trigger fatal cardiac arrhyth-
mias (e.g. ventricular tachycardia) (23–25). How Ca2� signal-
ing pathways interact to produce alterations in the [Ca2�]i
transient observed in heart failure is not well understood. Here
we examine how RyR2 PKA phosphorylation is regulated and
how this form of regulation may be linked to changes in RyR2
function.

PKA hyperphosphorylation of RyR2 also decreases coupled
gating between RyR2 (26, 27) due to dissociation of FKBP12.6
from the channel. Reduced coupled gating may lead to incom-
plete closure of RyR2 following activation (14, 15) that would
tend to decrease SR Ca2� content. Administration of oral �-AR
blockers reverses the PKA hyperphosphorylation of RyR2, re-
stores normal stoichiometry of the RyR2 macromolecular com-
plex, and restores normal single channel function in a canine
model of heart failure (28).

Here we analyze the RyR2 PKA phosphorylation and the
RyR2 macromolecular complex in several models of heart fail-
ure, including hypertrophy that leads to heart failure, and at
different stages of the disease. We now show that, in isolated
perfused rodent hearts, inhibition of endogenous phosphatase
activity results in a significant increase in PKA phosphoryla-
tion of RyR2 in response to isoproterenol, indicating that phos-
phatases are indeed active in the RyR2 macromolecular com-
plex in intact heart. Moreover, infusion of isoproterenol
resulted in PKA phosphorylation of RyR2 in rat, indicating that
systemic catecholamines can activate phosphorylation of RyR2
in vivo. Using a rat model of myocardial infarction-induced
heart failure, we demonstrate that RyR2 is PKA-hyperphos-
phorylated while in the same hearts phospholamban is PKA-
hypophosphorylated. Using this model we further show that
the RyR2 macromolecular complex is depleted of FKBP12.6
and PP1 and PP2A. RyR2 PKA hyperphosphorylation was also
demonstrated in a murine model of cardiac-specific �2-AR over-
expression confirming that the hyperphosphorylation of RyR2
is due to activated PKA. Moreover, a murine cardiomyopathy
model in which cardiac dysfunction is associated with expres-
sion of collagenase in the heart also results in PKA hyperphos-
phorylation of RyR2 that is progressive over time and corre-
lates with the degree of cardiac dysfunction. These studies
extend our previous studies on the RyR2 macromolecular com-
plex and show that the both the kinase and phosphatase activ-
ities in the macromolecular complex can be regulated physio-
logically in vivo.

MATERIALS AND METHODS

Immunoprecipitation and Back-phosphorylation of Ryanodine Recep-
tor—Heart homogenates were prepared by homogenizing �1.0 g of
cardiac tissue in 1.0 ml of a buffer containing 50 mM Tris-HCl (pH 7.4),

200 mM NaCl, 20 mM NaF, 1.0 mM Na3VO4, 1.0 mM dithiothreitol, and
protease inhibitors. Samples were centrifuged at 3000 � g for 10 min.
After determining the protein concentration, the supernatants were
aliquoted and stored at �80 °C until use. RyR2 was immunoprecipi-
tated from heart samples by incubating 500 �g of homogenate with
anti-RyR antibody in 0.5 ml of a modified radioimmunoprecipitation
assay buffer (50 mM Tris-HCl (pH 7.4), 0.9% NaCl, 5.0 mM NaF, 1.0 mM

Na3VO4, 0.25% Triton X-100, and protease inhibitors) overnight at 4 °C.
Protein A-Sepharose beads were added, incubated at 4 °C for 1 h,
washed with 1� phosphorylation buffer (8 mM MgCl2, 10 mM EGTA,
and 50 mM Tris/PIPES, pH 6.8), and resuspended in 10 �l of a 1.5�
phosphorylation buffer containing either PKA catalytic subunit (Sigma
Chemical Co., St. Louis, MO) or PKA plus a PKA inhibitor (PKI5–24, 500
nM, Calbiochem, San Diego, CA). Back-phosphorylation of immunopre-
cipitated RyR2 was initiated with 33 �M Mg-ATP containing 10%
[�-32P]ATP (PerkinElmer Life Sciences, Boston, MA) and terminated
after 8 min at room temperature with 5 �l of stop solution (4% SDS and
0.25 M dithiothreitol). Samples were heated to 95 °C, size-fractionated
on 6% SDS-PAGE, and RyR2 radioactivity was quantified using a
PhosphorImager and ImageQuaNT software (Amersham Biosciences,
Piscataway, NJ). Nonspecific phosphorylation (not inhibited by PKA
inhibitor) was subtracted, and the resulting value was divided by the
amount of RyR2 protein and expressed as the inverse of the PKA-de-
pendent [�-32P]ATP signal.

Immunoblot—Proteins were size-fractionated on 6% SDS-PAGE for
RyR, 12% SDS-PAGE for RII, PKA, PP1, and PP2A, and 15% SDS-
PAGE for phospholamban and FKBP12.6. Immunoblots were developed
using Anti-RyR (Affinity Bioreagents, Golden, CO, 1:3000 dilution in
5% milk-TBS-Tween), a phosphospecific phospholamban antibody (Cy-
clacel Limited, Dundee, Scotland, 1:5000 dilution in 5% milk-TBS-
Tween), anti-RII (1:1000), anti-PKA catalytic subunit (1:1000), anti-
PP1 (1:1000), anti-PP2A (Transduction Laboratories), and anti-FKBP
(1:1000).

Isoproterenol Infusion of Rats—Rats were anesthetized with a mix-
ture of intraperitoneal 100 mg/kg ketamine and 10 mg/kg xylazine.
Vessel cannulation was performed using a 2-cm longitudinal incision
made below the mandible to the thoracic inlet. The left internal jugular
vein was isolated and cannulated with an Intramedic PE-10 polyethyl-
ene catheter. Isoproterenol hydrochloride (0.2 mg/ml) was infused
through the venous catheter at a rate ranging from 0.1 to 1.0 ml/min
until the mean arterial pressure decreased to 60% of baseline.

Rat Infarct Model—Male Wistar rats (180–200 g) were used to pro-
duce myocardial infarction as described previously (29). Briefly, rats
were anesthetized with a mixture of 150 mg/kg intraperitoneal ket-
amine and 15 mg/kg chlorpromazine. Respiration was maintained with
a ventilation assist device and an endotracheal tube (3 ml air/60 strokes
per minute). After median-left thoracotomy and pericardium opening,
the left main coronary artery was occluded with a 7-0 silk suture at the
most proximal point below the left atria appendage. Sham-operated
rats were treated the same way but without coronary artery ligation.
Animals were euthanized for experiments at 6-month post-ligation.
Before they were euthanized, animals underwent hemodynamic meas-
urements or echocardiography.

Cardiomyocyte Isolation and Calcium Spark Measurements—Ven-
tricular cardiac myocytes were isolated from control and PMI myocytes
by standard enzymatic (collagenase Worthington type II, 1 mg/ml)
methods. After isolation, cells from the left ventricular free wall (around
the infarction) were stored in DEM media (1.8 mM CaCl2). The cells
were loaded with the fluorescence Ca2� dye Fluo-3 through the patch-
clamp pipette. Data are shown as the ratio of measured fluorescence (F)
over fluorescence min (Fo). All images were acquired with a Bio-Rad
MRC 600 confocal microscope fitted with an argon laser and processed
with Bio-Rad SOM, COMOS, and IDL (Research Imaging Systems,
Boulder, CO) software. Ca2� sparks were evoked by depolarizations to
voltages close to the activation threshold of ICa using an Axopatch 200A
patch-clamp amplifier and recorded using pClamp 6.01 (Axon Instru-
ments). Holding potential was �80 mV, then a ramp (500 ms) to �45
mV was applied to inactivate Na� channels, and 200-ms depolariza-
tions were applied in 2-mV steps until no individual sparks but a global
[Ca2�]i transient was evoked. Series resistance was electronically com-
pensated to 40–60%.

Cells were superfused with an external solution containing (in mM)
NaCl 135; MgCl2 1; CsCl 20; glucose 10; HEPES 10; CaCl2 1.8 (pH 7.4).
When isoproterenol was used, 10 �M tetrodotoxin was used to block Na�

channels. Patch pipettes were filled with (in mM) CsCl 130; fluo-3 0.05;
HEPES 10; MgCl2 0.33; triethanolamine-Cl 20; Mg-ATP 4 (pH 7.2).
Temperature was maintained at 35–37 °C throughout each experiment.

Perfusion of Normal Rat Hearts—Briefly, male Sprague-Dawley rats
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weighing between 250 and 300 g were euthanized by lethal injection of
pentobarbital sodium (100 mg/kg). The hearts were rapidly removed
and perfused via the Langendorff method with Ca2�-free modified Ty-
rode’s solution containing (mM) NaCl 137, KCl 5, HEPES 20, MgCl2 0.5,
glucose 15, and NaH2PO4 1 with pH 7.4 at 37 °C for 5 min until the
blood was washed out. Hearts were then perfused with 1 �M isoproter-
enol for 15 min or identical procedure in the complete absence of
isoproterenol. The same procedure was repeated in the presence of 1 mM

NaF during the whole perfusion (20 min) with or without isoproterenol
(1 �M). Following perfusion, the heart ventricles were removed and
quickly frozen (liquid nitrogen) until further use.

Perfusion of Hypertrophic Hearts—Dahl salt-sensitive (SS) and Dahl
salt-resistant (control, Dahl SR/Jr) rats were fed an 8% high salt diet
from 6 weeks of age as described previously (30). SS Dahl rats develop
severe hypertension and concentric compensated hypertrophy over a
period of weeks when fed a high salt diet, the SR/Jr strain do not
develop hypertension or cardiac hypertrophy. After 8 weeks on diet the
rats were sacrificed, and the hypertrophic hearts were perfused using
the procedure described above with or without 1 mM NaF in the perfu-
sate as indicated, except that no isoproterenol was added to the perfu-
sion solution.

Single Channel Recordings—Single channel recordings of RyR2 were
performed and analyzed under voltage-clamp conditions as described
previously (16). We used planar lipid bilayers consisting of 3:1 phos-
phatidylethanolamine:phosphatidylserine (Avanti Polar Lipids, 20 mg/
ml) formed across a 0.15-mm aperture in a polystyrene cup (Warner
Instruments). SR membrane vesicles were added to the cis (cytoplas-
mic) side of the membrane and induced to fuse with the lipid bilayer by
increasing KCl concentration to 800 mM. After incorporation of vesicles
with channels to bilayer, the KCl gradient across the bilayer was
eliminated by perfusion of the cis chamber with cis solution. Solutions
used for channel analysis were: trans solution, 250 mM Hepes, 53 mM

Ca(OH)2, and 50 mM KCl (pH 7.4); cis solution, 250 mM HEPES, 125 mM

Tris, 50 mM KCl, 1 mM EGTA, 0.5 mM CaCl2 (pH 7.4). Free [Ca2�] (cis)
150 nM was calculated using CHELATOR software (31). The trans
chamber of the lipid bilayer was connected to the head-stage input of an
Axopatch 200A amplifier (Axon Instruments) using an Ag/AgCl elec-
trode and an agarose/KCl bridge. The cis side was held at ground with
a similar electrode. The single-channel currents were filtered at 1 kHz
with a four-pole Bessel filter (Warner Instruments) and digitized with
a 4-kHz sampling frequency using a DigiData 1200 interface (Axon
Instruments) with AxoScope1 software (Axon Instruments). At the con-
clusion of each experiment, ryanodine or ruthenium red were applied to
confirm the identity of channels as RyR2. pClamp 6.0.3 software (Axon
Instruments) was used for analyzing channel records. Open probability
(Po) and open and closed dwell times were identified using a 50%
threshold analysis from at least 2 min of continual records. To find
mean dwell times (�i) and their proportions (area under the curve for
each exponential distribution), the dwell time distributions were fitted
using the Levenberg-Marquardt least-squares method with SigmaPlot
4.00 software (Jandel Scientific). Distributions were generated by pool-
ing data for individual channels (n � 3) to get precise fitted parameters.
The F test was employed for statistical comparisons of different kinetics
models. Events shorter than 500 �s were excluded from analyses.
Results are presented as mean � S.D.; Student’s t test or ANOVA
(where indicated) was used for statistical analyses. The unpaired t test
or Welch t test were used for statistical analysis. Mean dwell times are
presented as the value of the fitted coefficient � S.E. (S.E. represents
the uncertainty in the estimates of the fitted coefficient). A p value less
than 0.05 was considered statistically significant.

RESULTS

Given the strong evidence showing PKA hyperphosphoryla-
tion of RyR2 in heart failure as noted above (16, 28), it was
initially hard to reconcile the findings of Gomez et al. (30) who
reported that RyR2 function was normal in preparations ob-
tained from animals in heart failure. To resolve this paradox,
we explored the hypothesis that it may be necessary to prevent
dephosphorylation of RyR2 by phosphatases to observe the
PKA phosphorylated state of RyR2 in isolated cardiomyocytes.
Fig. 1A shows the result of an experiment that investigates this
process. Phosphorylation of RyR2 and phospholamban (PLB)
were examined. Langendorff perfusion of a control heart with
isoproterenol (1 �M) only produced PKA phosphorylation of
RyR2, if the weak phosphatase inhibitor NaF (1 mM) was

present. NaF perfusion alone did not produce RyR2 phospho-
rylation. In contrast, PLB was phosphorylated by isoproterenol
in the presence or absence of NaF. This finding suggests that
studies performed on isolated cardiomyocytes that are har-
vested following a similar Langendorff perfusion do not accu-
rately represent the phosphorylation status of RyR2 in the
intact heart due to continuing activity of the bound phosphata-
ses during the perfusion. In contrast, phospholamban, a small
protein that does not have phosphatases and kinases targeted
directly to it, is regulated differently from RyR2 with respect to

FIG. 1. Isoproterenol induces PKA phosphorylation of RyR2
and phospholamban in intact hearts. Rat hearts were perfused via
the Langendorff method with Ca2�-free modified Tyrode’s solution con-
taining isoproterenol 1 �M (Iso), the phosphatase inhibitor sodium
fluoride 1 mM (NaF), NaF plus Iso, or buffer. In A: The upper panel
shows an autoradiogram of back-phosphorylation of immunoprecipi-
tated RyR2 with PKA and [�-32P]ATP with or without PKA inhibitor
(PKI). The middle panel shows an immunoblot of immunoprecipitated
RyR2 to confirm that equivalent amounts of RyR2 protein were present
in each back-phosphorylation assay. The lower panel shows an immu-
noblot of heart lysate with anti-phospholamban antibody that detects
the phosphorylation of serine 16 (PS-16). The bar graph shows the
relative PKA phosphorylation of RyR2 and phospholamban in the var-
ious treatment groups. In B: The upper panels are immunoblots of
immunoprecipitations using anti-RyR antibody (5029) showing levels of
components of the RyR2 macromolecular complex including RyR2, the
PKA regulatory subunit RII, PKA catalytic subunit, PP1, PP2A, and
FKBP12.6. The accompanying bar graph shows the relative amounts of
each of the components of the RyR2 macromolecular complex in re-
sponse to control, Iso, NaF, and Iso plus NaF. C, RyR2 PKA phospho-
rylation was measured following infusion of isoproterenol via the jug-
ular vein in rats (n � 2). D, upper panels are immunoblots of
immunoprecipitations using anti-RyR antibody (5029) showing levels of
components of the RyR2 macromolecular complex, including RyR2, the
PKA regulatory subunit RII, PKA catalytic subunit, PP1, PP2A, and
FKBP12.6. The accompanying bar graph shows the relative amounts of
each of the components of the RyR2 macromolecular complex in re-
sponse to isoproterenol infusion. E, immunoblot showing: lane 1,
FKBP12.6 and FKBP12 both detected in human cardiac homogenate
(50 �g) using an anti-FKBP antibody that recognizes both proteins; lane
2, an immunoprecipitation from the same cardiac homogenate (300 �g)
using an anti-RyR-5029 antibody showing that only FKBP12.6 co-im-
munoprecipitates with RyR2 in heart. The top half of the gel was
immunoblotted with anti-RyR antibody; the bottom half was immuno-
blotted with anti-FKBP12 antibody. RyR2 is not seen in lane 1 because
insufficient cardiac homogenate was added. *, p 	 0.01 for the indicated
comparison.
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phosphorylation and dephosphorylation in the isolated per-
fused heart.

PKA phosphorylation of RyR2 leads to dissociation of
FKBP12.6 from the channel resulting in altered RyR2 function.
Therefore, it is important to test what, if any, changes in the
macromolecular complex take place following the treatment of
Langendorff-perfused control hearts with isoproterenol as
shown in Fig. 1A. To assess the effect of acute PKA phospho-
rylation of RyR2 in an intact heart on the RyR2 macromolecu-
lar complex we immunoprecipitated the complex from the
perfused rat hearts with an anti-RyR2 antibody and immuno-
blotted for components of the RyR2 macromolecular complex
(Fig. 1B). All of the components of the macromolecular complex
are shown to remain at the same levels as in control (non-
isoproterenol-treated) except FKBP12.6. FKBP12.6 was re-
duced by about 40% following perfusion with isoproterenol and
NaF, but there was no significant reduction following perfusion
by either isoproterenol or NaF alone. These findings are con-
sistent with the depletion of FKBP12.6 from the RyR2 complex
due to the PKA hyperphosphorylation of RyR2 in heart failure
(16). The notable difference between the acute PKA phospho-
rylation of RyR2 shown here and the longer-term PKA phos-
phorylation of RyR2 in heart failure are the reductions of the
phosphatases PP1 and PP2A in heart failure (16) that were not
observed following acute PKA phosphorylation due to isoprot-
erenol perfusion (Fig. 1A). This finding suggests that the acute
effect of isoproterenol-induced PKA phosphorylation of RyR2 is
to deplete the complex of FKBP12.6. The reduction in phospha-
tase levels in the RyR2 macromolecular complex that we have
observed in channels from failing hearts (16) represents a
distinct effect of the chronic hyperadrenergic state of heart
failure that is not completely recapitulated with acute perfu-
sion with isoproterenol.

An important question that needs to be addressed is whether
or not RyR2s in the heart become PKA-phosphorylated follow-
ing systemic infusion of isoproterenol in the intact animal?
Infusion of isoproterenol hydrochloride (0.2 mg/ml) at a rate
ranging from 0.1 to 1.0 ml/min was conducted until the mean
arterial pressure decreased to 60% of baseline at which point
the animals were sacrificed, and the hearts were excised and
immediately flash-frozen so that there was no time for phos-
phatases bound to RyR2 to dephosphorylate the channel. Un-
der these conditions isoproterenol infusion resulted in a signif-
icant increase in PKA phosphorylation of RyR2 (Fig. 1C).
Isoproterenol infusion reduced the amount of FKBP12.6 bound
to the RyR2 complex but did not alter levels of PKA, RII, PP1,
or PP2A (Fig. 1D). Although both FKBP12 and FKBP12.6 are
expressed in the heart, and FKBP12 is considerably more
abundant than FKBP12.6, only FKBP12.6 co-immunoprecipi-
tated with RyR2 (Fig. 1E). These data provide compelling evi-
dence that �-AR activation leads to RyR2 PKA phosphorylation
and the dissociation of FKPB12.6.

Investigation of the phosphorylation/dephosphorylation bal-
ance hypothesis to understand PKA hyperphosphorylation of
RyR2 in cardiac hypertrophy and failure requires use of more
than one model. To assess the PKA phosphorylation state of
RyR2 and phospholamban in a hypertrophic cardiomyopathy
model, the salt-sensitive (SS) Dahl rat was used. SS Dahl rats
were maintained on a high salt diet for 8 weeks to produce
hypertension and cardiac hypertrophy. Hearts from these ani-
mals were isolated and perfused using the Langendorff method
and compared with hearts from control animals (age-matched
strain that remains normotensive on the same high salt diet,
Dahl SR/Jr). Following Langendorff perfusion, hyperphospho-
rylation of RyR2 was observed in Dahl rat hearts in the pres-
ence of NaF (1 mM) but not in its absence and not in control. In

contrast, phospholamban was PKA-phosphorylated whether or
not NaF was added to the perfusate (Fig. 2A). These data show
that RyR2 and PLB are differentially regulated with respect to
PKA phosphorylation in the severe hypertrophy of the Dahl-
hypertensive rat. Importantly, these data are the first to show
that RyR2 can be PKA-hyperphosphorylated in severe cardiac
hypertrophy and that this is not just a feature found in end-
stage heart failure. Moreover, this is the fist report of a condi-
tion in which both RyR2 and PLB are PKA-hyperphosphory-
lated in the same cardiomyopathy (in contrast to heart failure
in which RyR2 is PKA-hyperphosphorylated but PLB is not).

The RyR2 macromolecular complex was examined using im-
munoprecipitation with an anti-RyR2 antibody followed by im-
munoblotting for components of the RyR2 macromolecular com-
plex (Fig. 2B). We found a reduction of �40% in the amount of
FKBP12.6 (p 	 0.001) in the RyR2 macromolecular complex that
correlated with the increase in PKA phosphorylation of RyR2
(Fig. 2A). However, the levels of the phosphatases PP1 and PP2A
were not significantly decreased (Fig. 2B) suggesting that hyper-
trophic cardiomyopathy-induced PKA phosphorylation of RyR2
differs from that seen in failing hearts in which we have previ-
ously documented a reduction in phosphatase levels in the RyR2
macromolecular complex (16). In this matter, the Dahl rat more

FIG. 2. PKA hyperphosphorylation of RyR2 in cardiomyo-
pathic hearts. Cardiomyopathic hearts (CH) from salt-sensitive (SS)
Dahl rats maintained on a high salt diet for 8 weeks were perfused via
the Langendorff method with Ca2�-free modified Tyrode’s solution or
Tyrode’s solution containing 1 mM NaF (CHF � NaF). Controls were
Dahl salt-resistant (SR/Jr) rats maintained on the same high salt diet.
A, upper panel shows autoradiogram of back-phosphorylation of immu-
noprecipitated RyR2 with PKA and [�-32P]ATP with or without PKA
inhibitor (PKI). The middle panel shows an immunoblot of immunopre-
cipitated RyR2 to confirm that equivalent amounts of RyR2 protein
were present in each back-phosphorylation assay. The lower panel
shows an immunoblot of heart lysate with anti-phospholamban anti-
body, which detects the phosphorylation of serine 16 (PS-16). The bar
graph shows the relative PKA phosphorylation of RyR2 and phospho-
lamban in the various treatment groups. B, upper right panels are
immunoblots of immunoprecipitations using anti-RyR antibody (5029)
showing levels of components of the RyR2 macromolecular complex,
including RyR2, the PKA regulatory subunit RII, PKA catalytic sub-
unit, PP1, PP2A, and FKBP12.6. The accompanying bar graph shows
the relative amounts of each of the components of the RyR2 macromo-
lecular complex in hearts perfused with or without NaF (1 mM). *, p 	
0.01 for the indicated comparison.
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closely approximates acute �AR activation as shown in Fig. 1.
Our studies of human and canine heart failure (16) revealed

changes in the cardiac RyR2 macromolecular complex, includ-
ing PKA hyperphosphorylation of RyR2 and dissociation of
FKBP12.6 from RyR2. Here we examined hearts from a rat
model in which heart failure develops 6-month post-myocardial
infarction (PMI) produced by ligation of the left anterior de-
scending coronary artery. At 6 months PMI hearts were excised
(following deep anesthesia) and immediately flash-frozen in
liquid nitrogen. Fig. 3A shows PKA hyperphosphorylation of
RyR2 and PKA hypophosphorylation of PLB from the same
hearts (Fig. 3A) providing additional evidence that RyR2 and
PLB are differentially regulated with respect to PKA-depend-
ent phosphorylation. The proteins of the macromolecular clus-
ter involving RyR2 were also changed as shown in Fig. 3B (16).
We found that FKBP12.6 was depleted from the RyR2 macro-
molecular complex in the failing rat hearts and there was a
reduction in the levels of PP1 and PP2A (Fig. 3B), consistent
with our previous reports concerning heart failure (16) but
distinctive from cardiac hypertrophy (Fig. 2).

Mice with cardiac-specific expression of the human matrix
metalloproteinase type 1 (MMP-1) develop progressive cardiac

dysfunction over time (32). We measured PKA phosphorylation
of RyR2 in these mice at 6, 12, and 24 months of age. Compared
with age-matched WT littermates the MMP-1 TG mice exhib-
ited progressively increasing PKA hyperphosphorylation of
RyR2 (Fig. 4A) that correlated with the degree of cardiac dys-
function (32). Interestingly, even at 6 months, before hemody-
namic compromise of the left ventricular function is detected,
there was a trend toward increased PKA phosphorylation of
RyR2 suggesting that this is an early event in the progression
to heart failure. The PKA hyperphosphorylation of RyR2 was
associated with a depletion of FKBP12.6 in the RyR2 macro-
molecular complex (Fig. 4A).

Mice with cardiac specific overexpression of the �2-adrener-
gic receptor (�2-AR TG) exhibit cardiac dysfunction that
progresses with age and correlates with the degree of cardiac
overexpression of the transgene (33). The overexpression of
�2-AR leads to increased activity of PKA, because a fraction of

FIG. 3. PKA phosphorylation of RyR2 and phospholamban in
rat infarct (PMI) model of heart failure. Myocardial infarction was
created by ligation of the left anterior coronary artery in rats, which
resulted in heart failure after 6 months (control rats were sham-oper-
ated). A, upper panel shows autoradiogram of back-phosphorylation of
immunoprecipitated RyR2 with PKA and [�-32P]ATP with or without
PKA inhibitor (PKI). The middle panel shows an immunoblot of immu-
noprecipitated RyR2 to confirm that equivalent amounts of RyR2 pro-
tein were present in each back-phosphorylation assay. The lower panel
shows an immunoblot of heart lysate with anti-phospholamban anti-
body, which detects the phosphorylation of serine 16 (PS-16). The bar
graph shows the relative PKA phosphorylation of RyR2 and phospho-
lamban in the control and PMI groups. B, upper right panels are
immunoblots of immunoprecipitations using anti-RyR antibody (5029)
showing levels of components of the RyR2 macromolecular complex,
including RyR2, the PKA regulatory subunit RII, PKA catalytic sub-
unit, PP1, PP2A, and FKBP12.6. The accompanying bar graph shows
the relative amounts of each of the components of the RyR2 macromo-
lecular complex in failing and control hearts. *, p 	 0.01 for the indi-
cated comparison.

FIG. 4. PKA phosphorylation of RyR2 in cardiac MMP-1 mouse
model and �2-TG mice. Mice with expression of human matrix met-
alloproteinase 1 (MMP-1) targeted to the heart develop progressive
cardiac dysfunction over time (32). We examined RyR2 PKA phospho-
rylation and the content of FKBP12.6 in the RyR2 macromolecular
complex over a 2-year time period. A, upper panel shows an autoradio-
gram of RyR2 that was immunoprecipitated from the MMP-1 trans-
genic (TG) and age-matched wild type litter mates and back-phospho-
rylated with PKA and [�-32P]ATP. The middle panel shows an
immunoblot of immunoprecipitated RyR2 to confirm that equivalent
amounts of RyR2 protein were present in each back-phosphorylation
assay. The lower panel shows an immunoblot of FKBP12.6 in the
RyR2-immunoprecipitated macromolecular complex. The bar graph at
left shows the relative PKA phosphorylation of RyR2 at 6, 12, and 24
months of age. The bar graph at right shows relative levels of FKBP12.6
in the RyR2 macromolecular complex at 24 months of age. B, mice with
overexpression of the �2-adrenergic receptor targeted to the heart
(�2-AR TG) develop progressive cardiac dysfunction (50). The upper
right panel shows an autoradiogram of RyR2 that was immunoprecipi-
tated from transgenic (�2-AR TG) and age-matched wild type (WT)
littermates and back-phosphorylated with PKA and [�-32P]ATP. The
lower two panels are immunoblots of immunoprecipitations using anti-
RyR antibody (5029) showing levels of RyR2 and FKBP12.6 in the RyR2
macromolecular complex. The bar graph at left shows the relative PKA
phosphorylation of RyR2 in wild type and �2-AR TG mice. The bar
graph at right shows relative levels of FKBP12.6 in the RyR2 macro-
molecular complex in wild type and �2-AR TG mice. *, p 	 0.01 for the
indicated comparison.
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all �-ARs is activated even in the absence of agonist (33). That
such activation occurs in this animal model is supported by the
significant PKA hyperphosphorylation of RyR2 in the �2-AR TG
mouse hearts (Fig. 4B). We found that RyR2 was PKA-
hyperphosphorylated and that the RyR2 macromolecular com-
plex was partially depleted of FKBP12.6 (Fig. 4B) consistent with
the data presented above and those reported previously for hu-
man and canine RyR2 (16, 28). Taken together these data indi-
cate that activation of the �2-AR signaling pathway in the mouse
heart can result in PKA phosphorylation of RyR2 and depletion
of FKBP12.6 from the RyR2 macromolecular complex.

To investigate the gating behavior of the PKA-hyperphos-
phorylated RyR2, we examined RyR2 single channel properties
in planar lipid bilayers with low [Mg2�] (to increase Po). Fig. 5
compared RyR2 gating from RyR2 from WT mouse hearts,
MMP-1 transgenic mouse hearts and �2-AR transgenic mouse
hearts. The RyR2 from WT are relatively PKA hypophosphory-
lated, and from MMP-1 and �2-AR transgenic mouse hearts
RyR2 are PKA-hyperphosphorylated. FKBP12.6 was signifi-
cantly depleted from the PKA-hyperphosphorylated RyR2 mac-
romolecular complexes. Under control conditions with 150 nM

cis (cytosolic) [Ca2�], the RyR2 channel activity was lowest in
WT with an open probability (Po) of 0.01 � 0.01 (n � 12). RyR2
channel activity increased with PKA hyperphosphorylation of

RyR2 and FKBP12.6 dissociation. The Po was 0.35 � 0.03 (n �
11) for MMP-1 RyR2, and 0.15 � 0.04 (n � 14) for �2-AR RyR2
(p 	 0.001 versus WT channels for both MMP-1 and �2-AR
channels by ANOVA). ATP, in the absence of Mg2� activates
the RyR2 and we used the activation by 1 mM ATP in the
continued presence of 150 nM [Ca2�] to further probe the be-
havior of the PKA phosphorylated RyR2. The Po of WT was
0.47 � 0.10 (n � 12), of MMP-1 was 0.55 � 0.14 (n � 11) and
�2-AR was 0.85 � 0.14 (n � 14, p 	 0.001 versus WT channels
for both MMP-1 and �2-AR RyR2 channels by ANOVA). Thus
PKA hyperphosphorylation of RyR2 is associated with in-
creased RyR2 Po regardless how the PKA-dependent phospho-
rylation was produced. These findings are consistent with the
increase in Po by PKA phosphorylation shown in RyR2 (19).

MMP-1 and �2-AR channels exhibit significantly faster gat-
ing kinetics (shorter open and closed events) compared with
WT channels. The dwell time distributions for WT, MMP-1,
and �2-AR channels exhibited three distinct dwell times (�1 	
�2 	 �3) corresponding to three different open states and three
different closed states of channels. All three mean open times
(�o) were significantly longer for WT channels compared with
MMP-1 and �2-AR channels (Table I). In addition, �o2 and �o3

for WT channels were one order of magnitude longer than the
corresponding �o2 and �o3 exhibited by MMP-1 and �2-AR chan-

FIG. 5. Single-channel properties
of RyR2 from murine models that
exhibit PKA-hyperphosphorylated
RyR2. A, RyR2 single channels from
wild type mice examined in planar lipid
bilayers show low activity at 150 nM

[Ca2�]cis corresponding to resting [Ca2�]
during diastole in the heart in the top
tracing. In the bottom tracing channels
were activated with ATP, 1 mM, in the
absence of Mg2�. The amplitude histo-
gram shown at the right of the traces
indicates that channels exhibited two
states fully closed (0 pA) and fully open
(4 pA). B, RyR2 single channels from
mice with cardiac-specific expression of
MMP-1 exhibited increased activity (in-
creased open probability, Po) at 150 nM

[Ca2�]cis, and the amplitude histogram
shows evidence of partial openings or
subconductance states seen when the
channel is depleted of FKBP12.6 (6, 8,
16). C, RyR2 single channels from mice
with cardiac-specific expression of
�2-AR exhibited increased activity (in-
creased open probability, Po) at 150 nM

[Ca2�]cis, and the amplitude histogram
shows evidence of partial openings or
subconductance states seen when the
channel is depleted of FKBP12.6 (6, 8,
16). Values shown above tracings are for
representative individual channels
shown in this figure; mean values for all
channels in each group are presented
under “Results.” Channels were re-
corded at 0 mV with Ca2� as the current
carrier, channel openings are upwards,
and “C” denotes the closed state of the
channel.
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nels. MMP-1 and �2-AR channels never exhibited open states
with mean open times longer than 100 ms; in contrast, 62% of
the WT channel openings were to this long open state (Table I).
MMP-1 and �2-AR channels preferentially occupied the open
state with the shortest mean open time (Table I). Analyses of
the closed states (�c) of the WT, MMP-1, and �2-AR channels
revealed that �c1 was significantly shorter for WT channels in
comparison with MMP-1 and �2-AR channels (Table II), but �c1

represented only 17% of the closings by WT channels. �c2 and
�c3 were significantly longer for WT channels than the corre-
sponding �c for MMP-1 and �2-AR channels. In addition, �c3 for
WT channels was one order of magnitude larger than for
MMP-1 and �2-AR channels, exceeding 100 ms. MMP-1 and
�2-AR channels never exhibited this long lasting closed state.
MMP-1 and �2-AR channels exhibited equal distributions of
each closed state, whereas 73% of the WT channel closings
were to the longest closed state. Taken together these data are
consistent with the destabilization of the MMP-1 and �2-AR
channels due to PKA phosphorylation-induced dissociation of
FKBP12.6 from the channels. In summary, PKA phosphoryla-
tion causes dissociation of FKBP12.6 from the RyR2 channel.
FKBP12.6 stabilizes the RyR2 channel in both the closed and
open state. Thus, when FKBP12.6 is removed from the channel
due to PKA phosphorylation, both the open and closed times
are shortened.

It is well established that isoproterenol response is markedly
reduced in failing hearts (34), yet studies of heart failure tis-
sues have reported effects of isoproterenol on cardiac contrac-
tility that are not observed in vivo (35). Possible explanations
for this discrepancy are that RyR2 becomes dephosphorylated
during the experiments and that the isoproterenol responses ex
vivo or in vitro do not reflect the in vivo situation with respect
to cardiac EC coupling. To test this hypothesis we examined
the effects of isoproterenol on Ca2� sparks in cardiomyocytes
isolated from post-myocardial infarction (PMI) failing rat
hearts in the absence of NaF. Based on our findings that RyR2
PKA hyperphosphorylation is lost during isolation of cardiom-
yocytes, we would predict that isoproterenol responsiveness
would be restored in PMI cardiomyocytes isolated in the ab-
sence of NaF. Following isoproterenol application in PMI ven-
tricular myocytes, Ca2� sparks decayed more slowly (increased
duration, p 	 0.001), had smaller peak levels (decreased F/Fo,
p 	 0.001) and were wider (increased width, p 	 0.02) (Fig. 6).
These findings are consistent with reduced coupled gating be-
tween individual RyR2, which is a direct consequence of PKA

phosphorylation-induced depletion of FKBP12.6 from the RyR2
macromolecular complexes (26, 27). In these studies isoproter-
enol was applied directly to the cardiomyocytes, so the problem
of dephosphorylation of RyR2 during the isolation of cells was
not an issue. The finding that isoproterenol has effects on Ca2�

sparks that are consistent with the effects of PKA phosphoryl-
ation of RyR2 as seen in bilayer experiments (16, 19) is in
agreement with our finding that these RyR2 become dephos-
phorylated during the perfusion step required for cardiomyo-
cyte isolation. If the RyR2 had remained PKA-hyperphospho-
rylated, the addition of isoproterenol would have had no
additional affect on RyR2 channels as they would have been
already essentially maximally PKA-phosphorylated. Although
the biochemical assays are performed on flash-frozen hearts,
the isolation of cardiomyocytes involves perfusion of the intact
heart with a catecholamine-free solution and the cardiomyo-
cytes are maintained in catecholamine-free culture media until
use. During this time, the RyR2-bound phosphatases dephos-
phorylate the channel in the absence of NaF.

DISCUSSION

In this study we show for the first time that acute infusion of
isoproterenol causes PKA phosphorylation of RyR2 and deple-
tion of FKBP12.6 from the RyR2 macromolecular complex in
vivo. PKA phosphorylation of RyR2 and depletion of FKBP12.6
from the RyR2 macromolecular complex are similar to the
effects of RyR2 PKA hyperphosphorylation observed in human
heart failure (16). The difference being that acute isoproterenol
infusion is a transient effect, and the effects of heart failure
generally persist for years. These data show that catecholamine
release, as part of the “fight or flight” stress response, can mod-
ulate RyR2 function via PKA phosphorylation (Fig. 1).

Although acute administration of isoproterenol depletes the
RyR2 macromolecular complex of FKBP12.6, it does not reduce
the levels of phosphatases in the complex (Fig. 1), as occurs in
the RyR2 complexes during chronic heart failure (16). Signifi-
cantly, this finding points out a difference between the effects
of acute administration of isoproterenol and heart failure,
which is a chronic hyperadrenergic state. We found that, in
contrast to experiments using flash-frozen heart samples, it
was necessary to include the mild phosphatase inhibitor NaF,
to preserve RyR2 PKA phosphorylation and FKBP12.6 dissoci-
ation following isoproterenol treatment using Langendorff per-
fusion of intact hearts. In contrast, PLB is also PKA-phospho-
rylated by the isoproterenol treatment, but its phosphorylation

TABLE II
Ryanodine receptor closed times

�1
a �2 �3

ms

WT 0.51 � 0.01 (17) 2.98 � 0.09 (10) 169.50 � 8.33 (73)
MMP-1 0.72 � 0.01 (36) 4.65 � 0.31 (36)b 16.39 � 0.56 (28)b

�2-AR 0.98 � 0.01 (32) 4.22 � 0.12 (42)b 23.42 � 1.08 (26)b

a Numbers in parentheses show the percentage of the total closings that each closed state (�1, �2, and �3) accounts for based on analyses of the
area under the curve for each dwell time as described under “Materials and Methods.”

b p 	 0.01 compared with WT channels.

TABLE I
Ryanodine receptor open times

�1
a �2 �3

ms

WT 0.91 � 0.04 (12) 10.64 � 0.62 (26) 142.86 � 10.20 (62)
MMP-1 0.63 � 0.01 (51)b 2.33 � 0.10 (36)b 12.50 � 1.41 (13)b

�2-AR 0.60 � 0.01 (64)b 2.11 � 0.07 (29)b 17.6 � 1.67 (7)b

a Numbers in parentheses show the percentage of the total openings that each open state (�1, �2, and �3) accounts for based on analyses of the
area under the curve for each dwell time as described under “Materials and Methods.”

b p 	 0.01 compared with WT channels.
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state can be readily observed in the absence of a phosphatase
inhibitor.

Thus, two important PKA phosphorylation targets, RyR2
and PLB, are regulated by distinct mechanisms. Because NaF
was required to observe the increased PKA phosphorylation of
RyR2 but not of PLB in cardiomyocytes isolated from control
perfused hearts, our results suggest that the background phos-
phatase activity is relatively high for RyR2 but not for PLB.
This distinction is likely explained by the fact that RyR2s
comprise a macromolecular complex in which the phosphatases
PP1 and PP2A are targeted directly to the channel (PKA, PP1,
and PP2A bind to RyR2 via targeting proteins by virtue of
leucine/isoleucine zippers (1)), and there is no evidence that
phosphatases are targeted by a similar mechanism directly to
PLB. Taken together these data support the concept that the
RyR2-macromolecular complex is important in the regulation
of local Ca2� signaling in heart muscle. Moreover, these find-
ings suggest that special care is needed when examining RyR2
PKA phosphorylation and the role of RyR2 PKA phosphoryla-
tion in cardiac signaling. For example, when cardiomyocytes
are isolated from failing hearts using the widely accepted
method of Langendorff perfusion, the RyR2 channels appear to
become dephosphorylated.

It is important to stress that accurate measurement of PKA
phosphorylation of RyR2 can be obtained without inhibition of
phosphatases when cardiac tissue is immediately flash-frozen
prior to measuring PKA phosphorylation of RyR2. This is the
technique that we have routinely used to examine PKA phos-
phorylation of RyR2 in failing hearts (16, 28, 36, 37). Phospha-
tase inhibition is only required when measurements are made
following isolation of cells or perfusion of intact hearts, when,
in both circumstances, phosphatase activity in the RyR2 mac-
romolecular complex can dephosphorylate the RyR2 channel
and prevent accurate assessment of the in vivo level of PKA

phosphorylation of RyR2. The finding that isoproterenol infu-
sion in vivo results in PKA phosphorylation of RyR2 (Fig. 1, C
and D), whereas perfusion of an intact heart ex vivo with
isoproterenol results in only a small increase in PKA phospho-
rylation of RyR2 unless NaF is included in the perfusate, in
which case there is equivalent PKA phosphorylation of RyR2
(Fig. 1, A and C), indicates that the balance of phosphorylation/
dephosphorylation favors dephosphorylation under ex vivo con-
ditions. Nevertheless, the significance of these findings are
that, under in vivo conditions systemic isoproterenol can in-
duce PKA phosphorylation of RyR2; under ex vivo conditions
that are frequently used for experimental purposes it is impor-
tant to inhibit the endogenous phosphatase activity to PKA
phosphorylate RyR2.

We recognize that addition of NaF to the Langendorff perfu-
sate could potentially alter signaling. To address this concern
we ran the control experiment of perfusing with NaF alone and
showed that there was no significant increase in PKA phospho-
rylation of RyR2. This indicates that, even if NaF activates
adenylyl cyclase, as has been reported (38), there is no signif-
icant increase in PKA phosphorylation of RyR2 unless isopro-
terenol is added. Nevertheless, we cannot exclude the possibil-
ity that in some experiments part of the increase in PKA
phosphorylation of RyR2 and PLB observed when NaF is added
to the perfusate can be due to activation of adenylyl cyclase in
addition to inhibition of phosphatases. However, as long as the
appropriate controls are performed with each experiment, it
should be possible to identify the contribution of NaF induced
activation of PKA phosphorylation.

All models of heart failure that we have examined exhibit
PKA hyperphosphorylation of RyR2 and dissociation of
FKBP12.6 (16, 28, 36, 37). In end-stage human ischemic and
idiopathic dilated cardiomyopathies, canine pacing-induced
heart failure, and in the rat PMI model (shown here), there are
also reductions of PP1 and PP2A in the RyR2 macromolecular
complex. One implication of these findings is that the reduction
of the phosphatases in the RyR2 macromolecular complex will
tend to decrease the rate of dephosphorylation and contribute
to the PKA hyperphosphorylation of RyR2 that is observed,
even when the �-ARs may be down-regulated or desensitized.

The hypophosphorylation of PLB in PMI heart failure indi-
cates that Ca2� pumping into the SR will be decreased both by
PLB-mediated inhibition of SERCA2a activity and by reduced
levels of SERCA2a. The combination of PKA hyperphospho-
rylation of RyR2, which results in “leaky” SR Ca2� release
channels, decreased SERCA2a and PLB hypophosphorylation
in heart failure can combine to contribute to decreased SR Ca2�

content (39) and decreased [Ca2�]i transients (40).
When the RyR2 macromolecular complexes are depleted of

FKBP12.6, the channels exhibit partial openings known as
subconductance states. However, when RyR1 and FKBP12
were co-expressed in insect cells that lack endogenous
FKBP12, these subconductance states were eliminated (6), and
when FKBP12.6 was removed from RyR2 with FK506 or rapa-
mycin subconductances appeared (8). Our results, indicating a
cellular function for FKBP12/12.6 in the regulation of RyR1/
RyR2 and establishing that functional Ca2�-release channels
are macromolecular complexes comprised of RyR and FKBP,
have been confirmed by other laboratories (41–43). In addition
to stabilizing RyR channels, FKBPs are required for coupled
gating (26, 27). Coupled gating between RyR channels allows
physically connected RyR channels to gate simultaneously (26,
27). Mathematical modeling of cardiac Ca2� signaling (44) sug-
gests that the presence of coupled gating is particularly impor-
tant in terminating SR Ca2� release from the large RyR2
clusters found in heart cells.

FIG. 6. Ca2� spark characteristics are modified in isolated PMI
cardiomyocytes during �-adrenergic stimulation. A, a three-di-
mensional projection of averaged Ca2� sparks recorded in ventricular
myocytes isolated from post-myocardial infarction (PMI) heart failure
rats before (left, n � 340, recorded from eight cardiomyocytes) and after
(right, n � 164, recorded from five cardiomyocytes) 1 �M isoproterenol
application. B, bar graph showing from left to right the peak amplitude,
half width, and half duration of Ca2� sparks recorded in PMI myocytes
before (white bars) and during (blue bars) isoproterenol application. *,
p 	 0.05; **, p 	 0.0001.
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PKA phosphorylation of RyR2 increases the open probability
of individual RyR2s in a cluster or Ca2� release unit (CRU)
such that for a given trigger Ca2� the CRU is more likely to be
activated and release SR Ca2�. RyR2 channels are homotet-
ramers comprised of four RyR2 subunits each of which binds
one molecule of FKBP12.6 and contains a single PKA phospho-
rylation site (serine 2809) (16). When serine 2809 on RyR2 is
PKA-phosphorylated, FKBP12.6 is dissociated from RyR2.
The four equivalent PKA phosphorylation sites on each RyR2
channel provide the basis for a graded physiological response
(21). In normal hearts, as each of the PKA sites is transiently
phosphorylated there is a progressive physiological increase
in RyR2 channel activity and increase EC coupling gain re-
sulting in increased contractility. However, in failing hearts,
where on average three or four of the PKA sites are chroni-
cally phosphorylated, and the channels are chronically de-
pleted of FKBP12.6, they become destabilized or “leaky” (16).
Under these conditions uncoupling of RyR2s would occur due
to PKA hyperphosphorylation of RyR2 and depletion of
FKBP12.6 from the macromolecular complex. As long as
RyR2 is PKA-phosphorylated, FKBP12.6 cannot bind to the
channel (1). This reduction in coupled gating (27) would
decrease the probability of a CRU being activated by a trigger
Ca2� entering via the L-type channel and would increase the
probability of diastolic openings of the SR Ca2� release chan-
nels that could contribute (along with decreased SERCA2a
activity) to depletion of SR Ca2� content and provide signals
that activate large inward depolarizing currents (EADs and
DADs) that can trigger fatal cardiac arrhythmias associated
with sudden cardiac death.

Our data are consistent with reduced coupled gating between
individual RyR2 channels in failing hearts for the following
reasons: 1) Coupled gating requires FKBP12.6 bound to RyR2,
and we have shown that in failing hearts there is a reduction in
the amount of FKBP12.6 bound to RyR2 due to PKA hyper-
phosphorylation. 2) The prolonged decay of calcium sparks in
failing hearts can be explained by reduced coupled gating (see
Ref. 44). Under normal conditions, the RyR2s in a cluster
(CRU) will tend to be close together because of two factors: SR
Ca2� depletion and coupled gating. As coupled gating de-
creases, other factors being equal, RyR2s will be less well
synchronized, and this will produce longer Ca2� sparks and
more variation in the Ca2� spark duration. 3) Reduced coupling
will tend to produce more RyR2 activation at low [Ca2�]i and
thus lead to some reduction of the amount of Ca2� in the SR.
This constitutes an increase in the “leak” of Ca2� from the SR
and a reduction in the average amount of Ca2� in the SR. We
suspect that it is the reduced SR Ca2� content that leads to the
reduction in peak Ca2� spark fluorescence. In addition, the
destabilization of individual channels resulting in decreased
open and closed dwell times and subconductance states, due to
the PKA phosphorylation-induced reduction in FKBP12.6
bound to the channels, may contribute to the alterations in
spark characteristics as well.

A finding of considerable importance is the discovery that
PKA phosphorylation of RyR2 correlates with the degree of
cardiac dysfunction in a murine model. In the MMP-1 TG
mouse model, which exhibits progressive cardiac dysfunction
over time, RyR2 PKA phosphorylation gradually increases with
the degree of cardiac dysfunction (Fig. 4A). This finding indi-
cates that PKA phosphorylation of RyR2 may be an early
finding in the progression to heart failure.

We found that channels from the MMP-1 and �2-AR trans-
genic mice that were PKA-hyperphosphorylated exhibited the
same alterations in single-channel function (Fig. 5) as RyR2
channels isolated from failing canine and human hearts (16).

These findings are consistent with the fact that both murine
models exhibit cardiac dysfunction and support the concept
that there is a causal relationship between chronic RyR2 PKA
hyperphosphorylation and cardiac dysfunction in human HF
and in animal models of HF. The major difference between the
channels from control WT mouse heart and those from either
the MMP-1 or �2AR transgenic mouse hearts is a decrease in
open and closed dwell times. The gating of the channels from
both the MMP-1 or �2-AR transgenic mouse hearts is dramat-
ically different from that seen in the WT mouse heart controls
due to this increase in gating frequency. Indeed, this is a
characteristic finding for channels from failing hearts that are
PKA-hyperphosphorylated and depleted of the stabilizing pro-
tein FKBP12.6 (16).

Our findings provide a new understanding of how stress-
activated stimulation of the sympathetic nervous system reg-
ulates cardiac Ca2� handling. Additionally, this work provides
insight into the altered Ca2� signaling that occurs in failing
hearts. Although the present work addresses some of the mech-
anisms by which PKA-mediated signaling regulates RyR2 and
Ca2� homeostasis in heart, there are many additional changes
produced by PKA activation besides the ones we have studied.

Our data are consistent with the reports of others regarding
the effect of modulation of RyR2 function on EC coupling. A
recent study from Bers and colleagues (45) reported that PKA
phosphorylation of RyR2 has no effect on Ca2� spark rate in
murine cardiomyocytes at rest. However, these experiments
were performed at extremely low cytosolic [Ca2�] levels (for
reasons discussed below) of 10 and 50 nM. Thus, the most likely
explanation for the failure to observe an effect of PKA phos-
phorylation on RyR2 is that PKA phosphorylation does not
activate RyR2 when cytosolic [Ca2�] is maintained at artifi-
cially low levels (RyR2 is a Ca2�-activated channel). This ob-
servation should not be extended to the more generalized state-
ment that PKA phosphorylation does not activate RyR2 under
physiological conditions that were not examined by Bers and
colleagues. They used PLB null cardiomyocytes as well as
cardiomyocytes expressing double mutant PLB that cannot be
PKA-phosphorylated. They showed that cAMP-induced activa-
tion of PKA only modulated Ca2� sparks when wild type (WT)
PLB was present and, therefore, concluded that PKA phospho-
rylation of RyR2 has no functional effect. There are a number
of possible explanations for the failure to observe an effect of
PKA phosphorylation of RyR2 in this study, chief among them
being the conditions of extremely low cytosolic [Ca2�] as noted
above. Additional factors to consider in interpreting the results
of Li et al. (45) include the fact that they used streptolysin-O to
permeabilize cardiomyocytes. Streptolysin-O treatment re-
sulted in cardiomyocytes with such high resting Ca2� spark
frequency that the studies had to be performed at 10 and 50 nM

cytosolic [Ca2�], which is so low that normal RyR2 would be
tightly shut. The presence of a high Ca2� spark rate under
their control conditions suggests that the SR was leaky and
possibly damaged. Moreover, both the PLB null cells and the
PLB double mutant are extreme cases in which there is either
no PLB-mediated inhibition of SERCA2a or maximal PLB-
mediated inhibition of SERCA2a. It is possible that under such
extreme conditions the effects of PKA phosphorylation on
RyR2-mediated SR Ca2� release could be masked (e.g. by a
drastic increase in SERCA2a activity that might reduce Ca2�

sparks or drastic decrease in SERCA2a activity that could
impair SR Ca2� uptake despite the fact that the authors at-
tempted to control for these effects). An additional complexity
arises due to the time dependence and [Ca2�]i dependence of
the effects of PKA phosphorylation of RyR2. Valdivia et al. (19)
showed that, at low [Ca2�]i, the actions of PKA phosphoryla-
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tion on RyR2 only were minimal. However, when [Ca2�]i is
rapidly increased (e.g. to 10 �M, see Ref. 44), there is a remark-
able increase in RyR2 Po, and this increase in Po is much
greater in PKA-phosphorylated RyR2. Furthermore, with
maintained elevated [Ca2�]i (which does not happen under
physiological conditions) the effects of PKA phosphorylation
are to reduce the Po of RyR2. Thus, under the physiological
conditions with only brief (�0.5–10 ms) elevations of “sub-
space” [Ca2�], the effects of PKA phosphorylation are to in-
crease the Po of RyR2.

The finding that acute administration of isoproterenol de-
creases Ca2� spark heterogeneity (46) is also consistent with
our data. The increased Po of the RyR2 produced by PKA
phosphorylation enhances the likelihood that a RyR2 cluster
will be triggered by a local Ca2� influx via dihydropyridine
receptor (see above and Ref. 19). Additional rapid actions of
PKA phosphorylation that also will produce this same “syn-
chronization” action of isoproterenol are increased uptake of
Ca2� by the SR and increased SR Ca2� content. Increase in
luminal Ca2� also increases RyR2 Po (47, 48). Additional stud-
ies will be needed to determine how these multiple actions of
PKA will effect synchronization, [Ca2�]i transients, and Ca2�

sparks. Recent data from an FKBP12.6 null mouse (49) show-
ing a significant increase in decay time of Ca2� sparks in males
are also consistent with our present findings.

Our earlier work showing that PKA activation may improve
EC coupling in SS Dahl rat heart cells that exhibit signs of
cellular heart failure (30) is also consistent with our present
data. Indeed, the apparent paradox is resolved by our new
findings. As noted in the results, the absence of NaF in the
isolation medium in the previous study may have led to rever-
sal of RyR2 PKA phosphorylation and of the FKBP12.6 disso-
ciation. This would have the effect of restoring the isolated cells
to the non-heart failure phenotype with respect to RyR2 func-
tion and explains why addition of PKA activators would have a
beneficial effect.

The present study provides the first evidence of isoprotere-
nol-induced RyR2 PKA phosphorylation in vivo, the importance
of phosphatase inhibition in studies designed to measure RyR2-
dependent Ca2� signaling in cardiomyocytes isolated from fail-
ing hearts, and the correlation between progressive PKA phos-
phorylation of RyR2 and cardiac dysfunction. Moreover, we
have presented our findings in the context of other recent
studies. In so doing we propose a unifying concept of the role
that defects in Ca2� signaling, due to alterations in both Ca2�

release and reuptake, can play in the pathogenesis of heart
failure and cardiac arrhythmias.
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