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Abstract

Calcium dependent signaling is highly regulated in cardiomyocytes and determines the force of

cardiac muscle contraction. The cardiac ryanodine receptors (RyR2) play important roles in health

and disease. Modulation of RyR2 by phosphorylation is required for sympathetic regulation of

cardiac function. Abnormal regulation of RyR2 contributes to heart failure, and atrial and

ventricular arrhythmias. RyR2 channels are oxidized, nitrosylated, and hyperphosphorylated by

protein kinase A (PKA) in heart failure, resulting in “leaky” channels. These leaky RyR2 channels

contribute to depletion of calcium from the sarcoplasmic reticulum, resulting in defective cardiac

excitation–contraction coupling. In this review, we discuss both the importance of PKA and

calcium/calmodulin-dependent kinase II (CaMKII) regulation of RyR2 in health, and how altered

phosphorylation, nitrosylation and oxidation of RyR2 channels lead to cardiac disease. Correcting

these defects using either genetic manipulation (knock-in) in mice, or specific and novel small

molecules ameliorates the RyR2 dysfunction, reducing the progression to heart failure and the

incidence of arrhythmias.
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1. The role of ryanodine receptors in the heart

Each calcium (Ca2+) release and reuptake cycle during each heart beat are initiated by the

action potential (AP), an electrical signal that depolarizes the plasma membrane and the

specialized invagination called the transverse-tubule (T-tubule). Voltage-gated Ca2+

channels on the T-tubule are activated by depolarization and allow a small amount of Ca2+

to enter the cell. The Ca2+ then activates ryanodine receptors (RyR2), which are embedded

in the cardiac sarcoplasmic reticular (SR) membrane. Ca2+ is released from the SR via RyR2

raising the cytosolic [Ca2+] about ten-fold to ~1 µM. This process is termed Ca2+-induced

Ca2+ release and is absolutely required for excitation–contraction (EC) coupling. Ca2+ binds

to troponin C, which causes a conformational change exposing binding sites for myosin on

the actin filaments. Myosin forms crossbridges with actin, which slide past each other

shortening the sarcomere and causing cardiac muscle contraction. The Ca2+ is then pumped

back into the SR by the sarcoplasmic/endoplasmic reticulum ATPase (SERCA2a) and

exchanged across the plasma membrane for Na+ by the Na+/Ca2+ exchanger (NCX),

lowering the cytosolic [Ca2+] to baseline levels of ~100 nM, thereby causing relaxation.

Ryanodine receptors exist as homotetrameric structures with at least two functional

domains: the carboxy-terminus containing the transmembrane segments forming the Ca2+

conducting pore and the large amino-terminus (termed the “foot” structure), which contains

modulatory binding sites [1,2]. Several modulatory elements are bound to it, including

FK506 binding protein (aka calstabin), a member of the immunophilin family of cis-trans

peptidyl-prolyl isomerases [3] (FKBP12 in skeletal muscle [4] and FKBP12.6 in cardiac

muscle [5,6]), PKA and its anchoring protein, muscle A kinase anchoring protein (mAKAP),

PP1 and PP2A [7]. FKBP12 (calstabin1) and FKBP12.6 (calstabin2), endogenous

modulators of RyR1 and RyR2 respectively, have been shown to stabilize the channel

complex, resulting in channels that demonstrate full conductance [5,8]. The recruitment of

the kinase(s) and phosphatases into the complex is mediated through specific leucine zipper

interactions on the anchoring proteins and RyR [9].

2. Ryanodine receptors: An important target of PKA and CaMKII

Epinephrine and norepinephrine bind to adrenergic receptors in cardiomyocytes, the

activation of which augments inotropy, lusitrophy, and chronotropy [10]. These effects are

correlated with [Ca2+]i. The pathway from β-AR, to Gαs to adenylyl cyclase (AC), to

cAMP, leads to activation of PKA (Fig. 1). β-AR pathway has multiple targets, including

Cav1.2, RyR2 and phospholamban, the regulator of SERCA (Fig. 1).

PKA and CaMKII regulation of RyR2 channel function play important roles in modulating

cardiac contractility and arrhythmogenesis. We have shown that there is single functional

PKA phosphorylation site and a separate single functional CaMKII phosphorylation site on

RyR2, and a single functional PKA phosphorylation site on RyR1 [11] yielding four sites for

each type of phosphorylation on each homotetrameric channel. Although Ser2809 on canine

and human RyR2 (Ser2808 in murine RyR2) was originally identified as a PKA and

CaMKII phosphorylation site [12,13], site-directed mutagenesis studies and knock-in mice

have shown that Ser2808 is exclusively phosphorylated by PKA [14], and Ser2815 (Ser2814
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in murine RyR2) is phosphorylated by CaMKII [11,15,16]. Using site-directed mutagenesis

to ablate the phosphorylation sites by substituting an alanine residue for the target serine

residues, we showed that the channels can no longer be phosphorylated (RyR1-S2844A

ablates PKA phosphorylation of RyR1, RyR2-S2808A ablates PKA phosphorylation of

RyR2 and RyR2-S2814A ablates CaMKII phosphorylation of RyR2 [11]). Knock-in mice

for each of these mutations confirmed that the respective channels have only a single PKA

and CaMKII phosphorylation site [14,15]. Mice engineered with a RyR2-S2808A mutation

have blunted inotropic and chronotropic responses to catecholamines [14,17,18]. Mice

engineered with a RyR2-S2814A mutation have RyR2 channels that cannot be

phosphorylated by CaMKII, and exhibit a blunted positive force frequency relationship [15].

Mice engineered with a phosphomimetic mutation (substituting an aspartic acid residue for

serine) of the RyR2 PKA phosphorylation site showed an age dependent cardiomyopathy

and arrhythmias [18].

Chen and colleagues proposed Ser2030 as the physiological PKA phosphorylation site on

RyR2 [19]. In their initial report, however, phosphorylation of the Ser2030 had no

functional effect on RyR2 (see Fig. 7 in [19]). The lack of a functional effect of

phosphorylation of RyR2-Ser2030 has also been confirmed by the Marks laboratory [14].

Valdivia and colleagues developed their own RyR2-S2808A mouse and concluded that

phosphorylation of Ser2808 plays no role in the cardiomyocyte response to β-adrenergic

stimulation [20]. Curiously, significant blunting of the isoproterenol-stimulated Ca2+

transient and cell shortening (see Figs. 5C and 5E of Ref. [20]) was demonstrated in

cardiomyocytes isolated from their RyR2-S2808A mice compared to WT controls when

stimulated at 3 Hz. No data for the effects of stimulation at 3 Hz were provided in their

paper [21], showing only the slower rates of stimulation where there is no blunting of the

isoproterenol response. For technical reasons, it is not possible to pace isolated

cardiomyocytes at the more physiological stimulation rate of approximately 10 Hz (HR =

600 bpm). Taken together, it appears that as the rate of stimulation is increased towards the

physiological range, there is blunting of the response to β-adrenergic stimulation in the

cardiomyocytes of S2808A knock-in mice.

The concept that activation of RyR2 and increases in the Ca2+ transient result in a sustained

increased in cardiac contractility [17] has also been debated. Eisner and colleagues reported

that modulation of RyR2 cannot cause a sustained increase in cardiac contractility because

the EC coupling system adapts to increased SR calcium release via RyR2 and returns to

baseline [22,23]. Eisner and colleagues activated RyR2 in cardiomyocytes using caffeine.

They found that when caffeine is removed, the increase in the Ca2+ transient returns to

normal, concluding that modulation of RyR has no maintained effect on systolic Ca2+.

However, they also show that the fractional release (the fraction of the SR Ca2+ that is

released via RyR2) is significantly increased when RyR2 is activated (see Fig. 5F in [23]). If

one were to examine the physiological condition of the “fight-or-flight” response in which

the trigger (L-type Ca2+ channel), the release channel (RyR2) and the SR Ca2+ reuptake

pump (SERCA) are all activated coordinately (e.g. by PKA phosphorylation) then the

increased fractional release of SR Ca2+ that Eisner and colleagues demonstrate would result

in a maintained increase in systolic Ca2+ and cardiac contractility [17]. Furthermore, there is
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no physiological circumstance under which RyR2 would be activated in isolation as it is by

caffeine application.

3. Role of calstabins (FBKPs) in modulating RyR2 function

We originally reported that calstabin1 (FKBP12) is a subunit of RyR1 [4] and that it is

required to stabilize the closed state and prevent aberrant Ca2+ leak through the channel [8].

Many groups have also shown that calstabin2 (FKBP12.6), which is a subunit of RyR2

[5,24], plays an important physiological role in modulating RyR2 function [25–32].

Bers and colleagues recently reported that calstabin2 plays no significant role in cardiac

physiology [33], which is in contrast to an earlier study in which the same group concluded

that there is “an important SR-stabilizing effect of FKBP in intact rat ventricular myocytes”

[34]. In the more recent study, the group used a fluorescent-labeled calstabin2 which had a

binding affinity for RyR2 of 1 nM [33] that is more than two orders of magnitude higher

than that of the native calstabin2 which is 160 nM as determined by Fleischer and colleagues

using S35 labeled wild type calstabin2 [35]. Using this high affinity ligand to displace

endogenous calstabin2, they estimated that ≤20% of the calstabin2 binding sites on RyR2

are occupied. They concluded that since most RyR2 channels do not have calstabin2 bound

to them, calstabin2 cannot play an important physiological role. Fleischer and colleagues,

however, using S35 labeled calstabin2 that had the normal binding affinity to RyR2, showed

that 83% of the calstabin2 sites on RyR2 are occupied [36]. Thus, the abnormally high

binding affinity of the fluorescent calstabin2 likely resulted in incorrect estimates of the

native calstabin2 occupancy on RyR2.

We originally reported that PKA hyperphosphorylation of RyR2 causes depletion of

calstabin2 from the RyR2 complex [7]. Subsequently, oxidation and nitrosylation of RyR2

were also shown to cause depletion of calstabin2 from the RyR2 complex and that the

combination of all three processes (oxidation, nitrosylation and phosphorylation of Ser2808)

depleted nearly all of the calstabin2 from the channel complex [17,18]. These observations

have been supported by data from RyR2-S2808A mice that are protected from PKA

phosphorylation induced depletion of calstabin2 and RyR2-S2808D mice that exhibit

decreased levels of calstabin2 in the RyR2 complex [17,18] and confirmed by others

[27,30].

Meissner and colleagues reported that PKA phosphorylation of RyR2 did not deplete

calstabin from the channel, but the experimental conditions were not physiological,

including a vast molar excess of calstabin which likely obscured the effect of PKA

phosphorylation (see Fig. 1B in [37]). It is important to carefully control the stoichiometry

of calstabin to RyR (1 calstabin to 1 RyR monomer) in order to reproduce the in vivo

conditions. Moreover, it is important to control for the oxidative state of the channel. RyR

channels are redox sensors with huge cytoplasmic domains containing more than 30 exposed

free cysteines in each monomer (>120 per tetrameric channel) [38]. Some of the divergent

results reported in the literature concerning the effects of PKA phosphorylation on calstabin

binding to the channels are likely due to variations in the state of oxidation of the channels.

For example when RyR2-S2808D channels are expressed in HEK cells there is progressive
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oxidation of the channel such that the binding of calstabin2 to the channel decreases each

day the transfected cells are in culture [18]. This progressive oxidation is due to

mitochondrial Ca2+ overload due to leaky RyR2 channels and ROS production, which

oxidizes the channel [39].

4. Role of ryanodine receptors in heart failure

Congestive heart failure (HF), one of the leading causes of mortality and morbidity in the

USA, is a complex syndrome, marked by reduced cardiac contractility and blunted

adrenergic responsiveness. Patients with HF have chronic activation of the sympathetic

nervous system resulting in a maladaptive attempt to improve cardiac function. β-adrenergic

agonists or phosphodiesterase inhibitors, which are used to treat acute decompensated HF,

increase contractility by increasing cAMP and increasing Ca2+ release, but also increase

mortality. Blocking neurohormonal pathways is the current mainstay of HF therapy, but is

limited by side effects and the requirement to carefully titrate the drugs [40].

Cardiac contractility is determined by the amplitude and kinetics of Ca2+ cycling. We

reported that diastolic SR Ca2+ leak via RyR2 channels contributes to HF progression [7]

and fatal ventricular arrhythmias [41–44]. Prior to the diastolic SR Ca2+ leak model of HF,

the dogma was that HF was associated with SR Ca2+ overload. Subsequent to our initial

report of the diastolic SR Ca2+ leak, both the SR Ca2+ depletion and the diastolic SR Ca2+

leak have been confirmed in HF [25,29,30,45,46].

The defective SR Ca2+ handling is characterized by leaky RyR2 channels due to stress

induced dissociation of the stabilizing RyR2 subunit calstabin2, resulting in a diastolic SR

Ca2+ leak, reduced SR Ca2+ content and decreased Ca2+ transient [7,18,41,47–49].

Compounding this problem is impaired SR Ca2+ uptake due to reduced activity of

SERCA2a as a consequence of both reduced SERCA2a expression and increased inhibition

of the pump by phospholamban [50], and enhanced Na+/Ca2+ exchanger (NCX) activity

[51] (Fig. 1). Thus, these dysfunctional processes conspire to deplete the SR of Ca2+ and

lead to impaired cardiac contractility [52]. Not surprisingly, therefore both the RyR2 leak

and the impaired uptake have been targeted with novel therapeutics, which are now

undergoing clinical testing in HF patients.

The HF-induced RyR2 Ca2+ leak is caused by the chronic hyperadrenergic state observed in

HF patients, which in turn induces chronic PKA hyperphosphorylation of RyR2 at Ser2808,

causing depletion of calstabin2 from the channel complex [7]. The term

hyperphosphorylation describes RyR2 in which 3–4 of the four RyR2 monomers are PKA

phosphorylated. PKA hyperphosphorylated/calstabin2 depleted channels are sensitized to

cytosolic Ca2+ leading to inappropriate Ca2+ release during diastole, referred to as a diastolic

SR Ca2+ leak. The HF RyR2 Ca2+ leak model of HF is supported by studies demonstrating

that β-adrenergic stimulation causes depletion of calstabin2 from the RyR2 complex and that

HF patients have RyR2 that are PKA hyperphosphorylated and calstabin2 depleted

[27,28,30,31,53–56]. Furthermore, in HF RyR2 channels are nitrosylated and oxidized [18],

and have diminished association with phosphatases [57] and PDE4D3 [49]. Reduced

PDE4D3 and phosphatases results in elevated levels of cAMP near RyR2 [49] and a
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decreased rate of dephosphorylation [18,57]. Patients whose cardiac function has been

normalized by treatment with left ventricular assist devices (LVADs) have reduced levels of

circulating catecholamines [58] and reduced PKA phosphorylation of RyR2 and restoration

of calstabin2 binding to RyR2 [7]. The discovery of the role of leaky RyR2 in HF also

provides a mechanism to explain, at least in part, the therapeutic efficacy of β-AR blockers.

β-blockers inhibit Ser2808 (Ser2809 in human RyR2) phosphorylation and indirectly

prevent calstabin2 depletion from the RyR2 complex and reduce SR Ca2+ leak in HF

patients [18,59,60].

Multiple animal models have been used to support a role for PKA hyperphosphorylation of

RyR2 in HF progression [61]. Genetically altered mice harboring RyR2 that cannot be PKA

phosphorylated (RyR2-S2808A), were protected against calstabin2 depletion from the RyR2

complex and HF progression 4 week post-MI [14]. PDE4D3 deficient mice develop an age-

dependent cardiomyopathy and arrhythmias, RyR2 PKA hyperphosphorylation and

calstabin2 depletion. Crossing the PDE4D3 deficient mice and RyR2-S2808A mice was

protective [49]. Transgenic mice expressing a mutant calstabin2-D37V, which remains

bound to PKA phosphorylated RyR2 channels, are also protected against post-MI HF [62].

Although there are numerous technical differences between the studies, the roles for PKA

hyperphosphorylation, calstabin2 depletion and increased open probability of RyR2

channels in HF were challenged by Valdivia and colleagues [63]. For instance, we reported

a difference in open probability between control and HF channels at diastolic [Ca2+]

concentrations of 150 nM and not the 5 µM used by the Valdivia group. We examined RyR2

channels under conditions that correspond to diastole in the heart (low activating Ca2+)

whereas Valdivia and colleagues used conditions that correspond to systole when the

channels are normally open [63]. Valdivia and colleagues also reported that RyR2 from

failing hearts are not PKA hyperphosphorylated and are not depleted of calstabin, based on

experiments in which they do not normalize for the amount of RyR2 protein in each sample

(see Fig.8A in [63]) and used centrifugation instead of co-immunoprecipitation to determine

the components of the RyR2 complex. The presence of FKBP12 in their membrane fraction

shows that there is contamination of the membrane fraction with cytosol since only

FKBP12.6 and not FKBP12 binds to RyR2 [36]. Interestingly, Valdivia and colleagues

showed that there is preservation of cardiac function in RyR2-S2808A mice compared to

WT mice (see Supplemental Table 1, fractional shortening second line from the bottom of

Ref. [20]). They showed no loss of function in the RyR2-S2808A mice 11 weeks after

transverse aortic constriction (TAC) compared to a significant loss of function in WT

controls ([WT: FS (%) 52.1 ± 3.2 to 42.6 ± 1.2, P < 0.05; RyR2-S2808A: 51.0 ± 2.6 to 51.9

± 5.1, P = NS]) (Supplemental Table 1 in [20]). In summary, both our RyR2-S2808A mice

and those of Valdivia and colleagues exhibit blunted responses to catecholamines and are

protected against HF progression [14,17,18].

Chen has proposed that store overload induced calcium release (SOICR) explains why RyR2

channels are leaky [64]. SOICR likely does not constitute an independent phenomenon,

however, but instead is a manifestation of two mechanisms: [1] Ca2+ waves are produced

when sparks trigger additional sparks through CICR (Ca2+ induced Ca2+ release); and [2]
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SR [Ca2+], through its modulation of RyR gating, affects the probability that this occurs

[65].

Alternative mechanisms have been proposed to explain SR Ca2+ leak in HF. CaMKIIδ levels

are elevated in human HF [66] and there is an increase in CaMKII-dependent

phosphorylation of RyR2 in HF. Mice expressing the CaMKII inhibitory peptide AC3-I are

protected against HF leading to the proposal that CaMKII inhibitors may prevent HF

progression [67]. Mice engineered with a RyR2-S2814A mutation were relatively protected

from HF development after transverse aortic constriction compared with WT littermates

[16]. These protective effects on cardiac contractility were not observed, however, after

myocardial infarction in the S2814A mice [15]. The aortic banding model is a hypertrophy

model in which cardiac function is initially increased and CaMKII phosphorylation of RyR2

is likely associated with the hypertrophy. The post-MI model is an ischemic dilated

cardiomyopathy in which the RyR2 are PKA hyperphosphorylated and CaMKII

phosphorylation of RyR2 is not elevated. RyR2 CaMKII phosphorylation is required,

however, for the rate-related increase in contractility or Bowditch phenomenon [15].

5. Arrhythmias due to abnormal RyR2 function

Increased RyR2 activity has been shown to cause arrhythmias, particularly associated with

increased catecholaminergic stimulation. This is best exemplified by catecholaminergic

polymorphic ventricular tachycardia (CPVT), a rare inherited form of exercise-induced

sudden cardiac death that occurs in individuals with structural normal hearts and normal

ECGs. Mutations in RyR2 have been linked to CPVT [68,69]. RyR2 with CPVT mutations

have reduced affinity for calstabin2, which results in leaky channels during exercise [44].

Calstabin2 deficient and haplo insufficient mice exhibit CPVT [44], but do not develop HF.

Presumably the reason for the lack of cardiac dysfunction is that in contrast to the post-MI

model where calstabin2 depletion from the RyR2 complex has been shown to promote HF

progression, the calstabin2 deficient mice have otherwise normal cardiac function and are

able to compensate for the loss of calstabin in the absence of a compromised ventricle (e.g.

no MI). Calstabin2 deficient mice exhibit DADs and exercise-induced ventricular

tachycardia (VT) [44] and RyR2 from calstabin2-deficient mice exhibit slightly increased

open probability at baseline that increases substantially when the mice are exercised.

Early studies on canine atrial myocytes reported altered Ca2+ handling in cells isolated from

the atria with atrial fibrillation [70]. Several studies have confirmed a role for RyR2

dysfunction in atrial fibrillation [71–75]. RyR2 from canine atria with atrial fibrillation are

PKA phosphorylated, depleted of calstabin2 and have increased open probability at diastolic

[Ca2+] [71]. Calstabin2-deficientmice have an increased incidence of atrial fibrillation [72].

Atrial fibrillation could be induced by intra-esophageal burst pacing protocol in 3 CPVT

mouse models, RyR2-R2474S(+/−), RyR2-N2386I(+/−), RyR2-L433P(+/−), but not in WT

mice [75]. Consistent with these in vivo results, there was a significant diastolic SR Ca2+

leak in atrial myocytes isolated from these CPVT mouse models.

Increased CaMKII activity and phosphorylation of RyR2 at Ser2814 may play a role in the

pathogenesis of atrial fibrillation and ventricular arrhythmias. The RyR2-S2814A mice are
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protected from the development of atrial fibrillation [73,76] and pacing induced arrhythmias

after transverse aortic constriction [77]. Conversely, mice engineered with a constitutively

activated CaMKII phosphorylation site (S2814D) develop sustained ventricular tachycardia

and sudden cardiac death with caffeine and epinephrine, or programmed electrical

stimulation [77].

6. Fixing leaky RyR2 channels

The identification of the diastolic SR Ca2+ leak via RyR2 as a mechanism underlying HF

progression and cardiac arrhythmias has led to novel therapeutic approaches. JTV-519

(K201), a 1,4-benzothiazepene, was noted to have effects on intracellular Ca2+ [78] and

cardio-protective effects [79]. JTV-519 was found to inhibit Na+, Ca2+, and K+ currents

[80,81]. Using a canine model of pacing induced HF Matsuzaki and colleagues reported that

JTV-519 improved cardiac function [56]. Testing the drug in calstabin2-deficient mice

showed that the ability of JTV-519 to prevent HF progression and fatal cardiac arrhythmias

requires stabilization of the closed state of RyR2 by calstabin2 [42,82]. Moreover, JTV-519

had no effect on the gating properties of normal RyR channels and no effects in healthy dogs

and mice [48].

We generated many derivatives of the 1,4-benzothiazepine JTV-519 and have developed a

novel class of Ca2+ release channel stabilizers known as Rycals. An orally available Rycal,

S107, improves skeletal muscle force generation and exercise capacity, reduces arrhythmias

and improves muscle function in mice with Duchenne muscular dystrophy by reducing

pathologic SR Ca2+ leak in cardiac and skeletal muscles [18,39,48,83–85]. Rycals are

protective against post-MI HF progression [17,18] and suppressed VT/VF and sudden

cardiac death in murine models of human CPVT. S107 also raises the seizure threshold in

mice with leaky neuronal RyR2 channels and improves exercise capacity in mouse models

of sarcopenia (age-related loss of muscle function) [39,41,43,48,49]. Leaky RyR2 channels

in hippocampal neurons play a key role in stress-induced cognitive dysfunction. Treatment

with S107 prevented stress-induced cognitive dysfunction in a murine model suggesting a

novel mechanism and therapeutic approach to posttraumatic stress disorder [86].

7. Conclusions

It is evident that RyR channels play an important role in cardiac physiology and

pathophysiology. Modulating their activity is important for flight-or-fight responses. Long-

term activation of the channel, however, is detrimental, causing progression of HF and

arrhythmogenesis. Limiting the diastolic leak using either genetic manipulation of RyR

(alanine substitution of PKA phosphorylation site for instance) or Rycals yields clinical

benefit in terms of cardiac function post-MI and incidence of arrhythmias (VT and atrial

fibrillation) in mice. There are potentially other therapeutic targets in the key pathways that

regulate Ca2+ handling in cardiac muscle. For example, the cardiac RyR2 is a

macromolecular signaling complex with multiple enzymes and targeting proteins, each of

which could be explored as a potential cause of and therapeutic target for HF.
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Abbreviations

AP action potential

Ca2+ Calcium

RyR2 cardiac type 2 ryanodine receptor/Ca2+ release channel macromolecular

complexes

SR sarcoplasmic reticulum

SERCA2a sarcoplasmic/endoplasmic reticulum ATPase

T-tubule transverse-tubule
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Fig. 1.
Ca2+ cycling in cardiac myocytes and regulation by PKA. Excitation–contraction (EC)

coupling in the heart is initiated by depolarization of the transverse tubule (T-tubule) that

activates voltage-gated L-type Ca2+ channels (LTCCs) in the plasma membrane. Ca2+ influx

via LTCC triggers Ca2+ release from the sarcoplasmic reticulum (SR) via ryanodine

receptors (RyR2). Catecholamine activation of β-ARs stimulates adenylyl cyclase (AC), and

the generation of cyclic AMP (cAMP),which in turn activates protein kinase A (PKA). PKA

phosphorylates several targets, augmenting the Ca2+ transient by increasing the activities of

LTCC, RyR2 and SR Ca2+-ATPase (SERCA2a). Relaxation occurs after the Ca2+ is pumped

out of the cytoplasm and into the SR by SERCA2a, which is regulated by phospholamban

(PLB). In addition, Ca2+ is extruded from the cell by the sarcolemmal Na+/Ca2+ exchanger

(NCX). Chronic activity of the sympathetic nervous system leads to hyperphosphorylation

Marx and Marks Page 15

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 June 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(indicated with the red ‘P’) of the β-adrenergic receptor, activation of β-AR kinase (βARK),

and desensitization of β-ARs. In HF, RyR2 is hyperphosphorylated by PKA, leading to an

increased open probability at low [Ca2+], consistent with leak of Ca2+ during diastole. The

long-term effect of increased Ca2+ release and diastolic Ca2+ leak is depletion of SR Ca2+

stores. SERCA2a expression and activity is decreased in HF, which is linked to PLB

hypophosphorylation. Arrows indicate increased or decreased expression or activity in HF.
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