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Abstract

Objective: Heart failure is associated with alterations in contractile parameters and accompanied by abnormalities in intracellular
21calcium homeostasis. Sarcoplasmic reticulum Ca ATPase (SERCA2) and phospholamban (PLB) are important in intracellular calcium

cycling. The aim of the present study was to examine mechanisms causing reductions in SERCA2 activity in the failing heart. Methods:
Myocardial infarction (MI) was induced in male Wistar rats, and animals with congestive heart failure were examined 6 weeks after the

16primary operation. Results: Serine monomeric and pentameric phosphorylated PLB were significantly downregulated (50 and 55%,
17respectively), whereas threonine phosphorylated PLB was unchanged in failing compared to sham hearts. Protein phosphatases 1 and

2A were significantly upregulated (26 and 42%, respectively) and phosphatase 2C significantly downregulated (29%), whereas the level
of protein kinase A regulatory subunit II remained unchanged during heart failure. Increasing PLB phosphorylation by forskolin in

1 21isolated cardiomyocytes after inhibition of the Na –Ca exchanger activity had significantly greater effect on SERCA2 activity in
failing than in sham cells (49 and 20% faster transient decline, respectively). Decreasing PLB phosphorylation by the protein kinase A
inhibitor H89 had significantly less effect on SERCA2 activity in failing compared to sham cardiomyocytes (20 and 75% slower transient

16decline, respectively). Conclusion: The observed changes in SERCA2 activity after increasing and decreasing serine PLB
16phosphorylation in cardiomyocytes from sham and failing hearts, suggest that the observed reduction in serine PLB phosphorylation is

one major factor determining the reduced SERCA2 activity in heart failure after MI.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction anisms causing the reduction in SR calcium reuptake are
not well defined.

Heart failure following myocardial infarction (MI) is The SR plays a critical role in the regulation of cytosolic
associated with decreased myocardial contractility and calcium during myocardial contraction and relaxation.
relaxation abnormalities [1]. In individual cardiomyocytes Calcium stored in the SR is released into the cytosol to
isolated from the non-infarcted region of failing left activate the contractile apparatus, and the calcium is
ventricles, reduced shortening and prolonged relaxation subsequently reaccumulated in the SR. The SR calcium

21have been observed [2,3]. The impaired myocyte function reuptake rate is primarily determined by the SR-Ca
has been associated with a reduction in the ATP-dependent ATPase (SERCA2) pump capacity. A reduction in the
reuptake of cytosolic calcium by the sarcoplasmic re- amount of SERCA2 in the failing heart has been suggested
ticulum (SR) [3,4]. However, the specific molecular mech- as a mechanism for reduced SR calcium reuptake [5,6].

Although the SERCA2 mRNA level has been reported to
be reduced both in the failing human [7–9] and rat
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myocardium [10], several reports indicate that the protein heart failure [21]. Of the 33 animals with left coronary
levels of both phospholamban (PLB) and SERCA2 are artery ligation, 26 fulfilled our criteria for CHF and were
unchanged in heart failure [9,11–14]. included in the study.

Decreased SR calcium reuptake may also be caused by a
reduction in SERCA2 pumping capacity without any 2.2. In vivo studies of phospholamban phosphorylation
change in the amount of SERCA2 or PLB. The un-
phosphorylated form of PLB inhibits SERCA2 activity, A 1-mmol / l aliquot of the protein kinase A (PKA)
whereas the phosphorylated form of PLB dissociates from inhibitor H89 dissolved in 1% DMSO/0.9% NaCl was
SERCA2 leading to increased pumping activity. PLB is infused for 5 min in vivo through the right vena jugularis

16phosphorylated at the serine residue via the b-adrenergic in normal rats. At the end of infusion, the hearts were
17pathway and at the threonine residue primarily via rapidly excised, divided into right ventricle, left ventricle

calcium/calmodulin kinase II [15,16]. The degree of PLB and infarct area, and frozen on liquid nitrogen. Control rats
phosphorylation is also regulated by protein phosphatases did not receive H89.
(PP); PP1 and PP2A especially have been reported to
dephosphorylate PLB [17]. 2.3. Protein immunoblot analysis

The aim of the present study was to examine the
mechanisms causing the reduction in SERCA2 activity in Total protein and membrane protein fractions were
heart failure after MI. In particular, alterations in the level isolated from the non-infarcted region of left ventricles
of PLB phosphorylation were examined with special from rats with CHF and sham rats [22]. Protein con-
emphasis on the pathways involved in phosphorylation and centrations were determined by the bicinchoninic acid
dephosphorylation of PLB. The functional impact of assay (Pierce 23235) using bovine serum albumin as
alterations in PLB phosphorylation on SR calcium reup- standard. Immunoblot analysis was performed as previous-
take was examined in isolated cardiomyocytes after elimi- ly described [23]. For inhibition of endogenous phosphat-

1 21nation of the Na –Ca exchanger activity (NCX). Elimi- ases, one protease inhibitor cocktail tablet (Complete
nation of the NCX is important since its contribution is EDTA-free, Roche Diagnostics, Mannheim, Germany)
different in failing compared to sham cells [5,18,19]. dissolved in 50 ml homogenized buffer was added. Briefly,

proteins were separated by 10 or 12% SDS–PAGE and
transferred to polyvinyl difluorid membranes (Schleicher

2. Methods and Schuell, Dassel, Germany). Non-specific binding was
blocked in non-fat dry milk at 48C overnight before the

2.1. Animal preparation blots were incubated with primary antibody for 1 h at room
temperature, and then incubated with the appropriate

Male Wistar rats weighing |300 g were purchased from horseradish peroxidase conjugated secondary antibodies
Møllegaard Breeding and Research Center, Skensved, (rabbit anti-sheep IgG (Pierce, Rockford, UK), anti-mouse
Denmark. MI was induced by ligation of the left coronary IgG or anti-rabbit IgG (both from Amersham Pharmacia
artery as previously described [20]. During the surgical Biotech, Buckinghamshire, UK)). The primary antibodies
procedure, the rats were intubated and ventilated on a were anti-phospholamban A1, anti-phospholamban PS-16,
Zoovent ventilator (Triumph Technical Services, Milton anti-phospholamban PT-17 (all from Fluorescience, Leeds,
Keynes, UK) with a mixture of 68% N O, 29% O and UK), anti-mouse protein kinase A RII subunit and anti-2 2

2–5% isofluran (Abbot Laboratories, USA). The sham- protein phosphatase 1, 2A and 2C (all from Upstate, Lake
operated animals (sham) were subjected to the same Placid, NY). Immunoreactive proteins were visualized
surgical procedure without ligation of the left coronary using ECL detection kit (Amersham). Luminescence was
artery. A total of 57 animals were included in the study. detected by LAS-1000 video detection system and quan-
The experimental protocol is in accordance with the tified with the Image Gauge program (both from Fujifilm,
Norwegian National Committee for Animal Welfare Act, Stockholm, Sweden).
which closely confirms to the NIH guidelines (NIH
publication No. 85-23, revised 1996). The rats were 2.4. Myocyte isolation
anesthetized 6 weeks after the first operation, and left
ventricular end-diastolic pressure (LVEDP) and left ven- Myocytes were isolated from the viable part of the left
tricular systolic pressure were measured with a 2F mi- ventricle as described in a previous publication from our
cromanometer tipped catheter (Model SPR-407, Millar laboratory [24]. Briefly, the method included collagenase
Instruments, Houston, TX). Only rats with LVEDP$15 perfusion via aorta in a modified Langendorff system.
mmHg were considered to have congestive heart failure Only rod-shaped cells without blebs or other morphologi-
(CHF). In a study from our laboratory it was shown that cal alterations were included in the study. Myocytes from
animals with LVEDP$15 mmHg had echocardiographic three or more animals were included in every experimental
characteristics and clinical signs typical for animals in group.
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2.5. Measurements of intracellular calcium and SERCA2 sons between groups were made using Student’s t-test or
activity two-way ANOVA when appropriate. A two-sided P-value

of ,0.05 was considered statistically significant.
Myocytes plated on coverslips were loaded with fluo-3

acetoxymethyl ester (AM) (Molecular Probes, Eugene,
OR) at room temperature for 40 min in a solution

3. Results
containing 10 mmol / l fluo-3 AM before washing for 15
min in standard Tyrodes solution containing (in mmol / l):

3.1. Body weight, heart weight and hemodynamic
HEPES, 5; NaCl, 140; CaCl , 1.8; KCl, 5.4; MgCl , 0.5;2 2 parameters
glucose, 5.5; NaH PO , 0.4; pH was adjusted to 7.4 with2 4

NaOH. The coverslips were then placed in an open
The heart weight 6 weeks after coronary artery ligation

perfusion chamber located on an inverted microscope
was significantly higher in rats with MI compared to sham

(Diaphot-TMD, Nikon, Tokyo, Japan). The microscope
(Table 1). The heart /body weight ratio was significantly

was attached to a PTI Delta Ram fluorescence system
increased in rats with MI, indicating that a significant

(Photon Technology International, Monmouth Junction,
myocardial hypertrophy had developed in the remaining

NJ). The cells were superfused with Tyrodes solution, and
viable part of the left ventricle. Left ventricular systolic

the test solutions were applied with a rapid solution
pressure was significantly lower in rats with MI compared

switcher, exchanging the solution around the cell within
to sham. Together with a significantly increased lung

200 ms. The cells were field stimulated at 0.5 Hz. The
weight, the findings are consistent with presence of CHF 6

myocytes were excited at 500 nm and emitted fluorescence
weeks after ligation of the left coronary artery.

was measured at 525 nm sampled with Felix software
(PTI), and analyzed in MatLab (Mathworks, Nattick, MA).

16 173.2. Serine and threonine phosphorylation of PLB inBackground fluorescence was recorded for each cell and
sham and failing heartssubtracted prior to any analysis. All experiments were

performed at 238C.
Protein immunoblot analysis revealed a substantialRemoval of calcium from cytosol depends mainly on

16reduction in the amount of serine phosphorylated PLB inSERCA2 and the NCX [25–27]. Thus, the calcium tran-
hearts from animals with CHF (Fig. 1A,B). Since thesient decline after elimination of the NCX is almost
highly specific antibodies used allowed quantification ofentirely due to SERCA2 activity. To eliminate the NCX
both the pentameric and monomeric forms, we were ablewe superfused the cardiomyocytes with a solution con-

16to show that the reduction in serine phosphorylationtaining (in mmol / l): KCl, 126.0; MgCl , 1.0; KOH, 13.0;2

occurs both in the monomeric and the pentameric forms ofHEPES, 24.0; EGTA, 2.0; probenecid, 0.5; and tetracaine,
16PLB. Fig. 1A shows that in CHF, the amount of serine0.3 [28]. Prior to exposure to that solution, the electrical

phosphorylated pentameric form of PLB was reduced topacing was stopped and the solution changed with the
165067% of the amount of serine phosphorylated penta-rapid solution switcher. The membrane was depolarized by

1 meric form of PLB found in sham hearts (P,0.05). Thehigh [K ] and maintained at |0 mV, which induced a
16amount of the serine phosphorylated monomeric form ofcalcium transient with slower decline due to the elimina-

PLB was reduced to 5566% in failing hearts compared totion of the NCX as described by Yao et al. [28]. The rate
16sham (P,0.05) (Fig. 1B). The ratio of serine phos-of transient decline was estimated by calculating time from

phorylated pentameric to monomeric form in CHF was notpeak transient to 50% decay (T 2T ), from 50 to 90%0 50
17different from sham. The amount of threonine phos-decay (T 2T ) and from peak transient to 90% decay50 90

phorylated PLB was unchanged in CHF compared to sham(T 2T ). The time constant t, describing the transient0 90
2t /t (Fig. 1C,D). Both the pentameric and monomeric forms ofdecline, was derived from the formula f(t) 5 a exp ,

17where ‘a’ is a constant. Calculations of SERCA2 activity threonine phosphorylated PLB were unaltered in CHF
were based on the time constants calculated after elimina- compared to sham. Neither the amount of SERCA2 nor the
tion of the NCX. Since a high time constant value denotes
low SERCA2 activity and vice versa, the time constants

Table 1
were inverted in order to illustrate the SERCA2 activity. Body weight, heart weight and hemodynamic parameters
The mean value for sham cells under control conditions

Sham CHF P
was set to 100%, and the values obtained under decreased

Heart weight (g) 1.5160.04 2.6660.07 ,0.01and increased PLB phosphorylation in sham and failing
Body weight (g) 412.564.1 405.8611.5 NScardiomyocytes were normalized to the sham control
Heart /body weight ratio (mg/g) 3.6660.12 6.5560.51 ,0.01

value. Lung weight (g) 1.4860.04 3.8660.23 ,0.01
LVSP (mmHg) 128.763.7 101.863.9 ,0.01
LVEDP (mmHg) 5.360.3 24.861.7 ,0.012.6. Statistics

LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular
Data are presented as means6S.E.M. Simple compari- systolic pressure; NS, not significant; n531 sham, n526 CHF.
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16 17 16 17Fig. 1. Immunoblot analysis of serine and threonine phosphorylated phospholamban (PLB) (P-serine and P-threonine , respectively). Immuno-
16labeling density for sham was set to 100%. Panel A shows pentameric serine phosphorylated PLB with representative immunoblot. Panel B shows

16 17monomeric serine phosphorylated PLB. Panel C shows pentameric threonine phosphorylated PLB with representative immunoblot. Panel D shows
17monomeric threonine phosphorylated PLB. *P,0.05 vs. sham; n55 sham, n56 CHF.

total amount of PLB were altered in rats with CHF immunoblot analysis. No significant difference was found
compared to sham (Table 2). between animals with CHF and sham. The protein levels of

phosphatase 1, 2A and 2C in hearts from rats with CHF
3.3. The amount of PKA-RII and phosphatases in sham and sham were examined by immunoblot analysis. Fig. 2
and failing hearts shows that the protein level of phosphatase 1 was 2668%

higher in hearts from CHF animals compared to sham
The amount of the regulatory subunit of PKA, PKA-RII, (P,0.05). Furthermore, the protein level of phosphatase

in hearts from rats with CHF and sham was examined by 2A was 42613% higher in CHF than in sham (P,0.05).
The protein level of phosphatase 2C was reduced by

Table 2 2967% in failing hearts compared to sham (P,0.05).21Phospholamban (PLB) and sarcoplasmic reticulum Ca ATPase
(SERCA2) protein levels in sham and failing hearts

3.4. Effects of stimulation with forskolin and
Sham CHF P

isoproterenol on SR calcium reuptake in cardiomyocytes
PLB-pentamer (au) 1.1160.12 0.9160.11 NS isolated from sham and failing hearts
PLB-monomer (au) 0.9760.13 0.9760.18 NS
PLB total (au) 1.0460.09 0.9460.01 NS

After elimination of the NCX in isolated car-PLB-pentamer /PLB-monomer 1.6760.24 1.8360.57 NS
diomyocytes, the initial transient decline (T 2T ) wasSERCA2 (au) 1.0260.07 0.8960.08 NS 0 50

SERCA2/PLB-pentamer 1.0160.16 1.0960.12 NS unchanged (Table 3), but the terminal decline (T 2T )50 90
SERCA2/PLB-monomer 1.1860.20 1.1060.18 NS was significantly prolonged. The prolongation was sig-

au, arbitrary units; NS, not significant; n55 sham, n56 CHF. nificantly greater in failing than in sham cardiomyocytes
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540683 ms (4968%) was observed in failing car-
diomyocytes (P,0.01) (Fig. 4).

To examine the effects of b-adrenergic receptor stimula-
tion on SR calcium reuptake, cardiomyocytes were stimu-
lated with 200 nmol / l isoproterenol and examined after
elimination of the NCX. In cardiomyocytes from sham
hearts, the decline (T 2T ) of the calcium transient was0 90

458673 ms during stimulation with isoproterenol com-
pared to 685694 before stimulation (n56). In failing
cardiomyocytes, the decline (T 2T ) was 551660 ms0 90

during stimulation with isoproterenol compared to
8776109 ms before stimulation (n511). Hence, stimula-
tion with isoproterenol decreased the transient decline by
228643 ms (3364%) and 3266120 ms (3168%) in sham
and failing cardiomyocytes, respectively. Although there
was a significant shortening of the decline of the transientsFig. 2. Immunoblot analysis of protein phosphatases 1 (PP1), 2A (PP2A),

2C (PP2C) and protein kinase A regulatory subunit II (PKA-RII). in sham and failing cells, the effect of isoproterenol on the
Immunolabeling density for sham was set to 100%. *P,0.05 vs. sham; calcium transient was not significantly greater in failing
n55 sham, n56 CHF. cardiomyocytes.

(P,0.05), indicating a greater contribution of NCX in 3.5. In vivo effects of PKA inhibition on PLB
CHF compared to sham. Moreover, since SERCA2 and the phosphorylation in normal hearts
NCX are the major contributors to calcium removal from

16the cytosol, the slower decline of the calcium transient The effects of PKA inhibition on serine and
17(T 2T ) after elimination of the NCX in failing car- threonine phosphorylated forms of PLB were examined0 90

diomyocytes (Fig. 3) suggests an attenuated SR calcium in vivo by infusing H89 (n56). The protein level of
16reuptake by SERCA2 in CHF compared to sham. serine phosphorylated pentameric PLB was reduced to

16To examine the effects of an increase in cAMP on SR 25612% of the control level (P,0.05). Serine phos-
calcium reuptake, cardiomyocytes were stimulated with 1 phorylated monomeric PLB was reduced to 44614% of

17
mmol / l forskolin and examined after elimination of the control after H89 infusion (P,0.05). Threonine phos-
NCX. Forskolin increases adenylyl cyclase activity, which phorylated PLB was not significantly altered after H89
then generates more cAMP leading to an increased PKA infusion.
activity and hence elevated PLB phosphorylation. In
cardiomyocytes from sham hearts, the decline (T 2T ) of0 90

the calcium transient was 481634 ms during stimulation 3.6. Effects of PKA inhibition on calcium homeostasis
with forskolin compared to 599658 ms before stimulation and SR calcium reuptake in cardiomyocytes isolated
(n55). In cardiomyocytes from rats with CHF, the decline from sham and failing hearts
(T 2T ) of the calcium transient was 564690 ms during0 90

stimulation with forskolin compared to 11046146 ms Superfusion with H89 reduced the peak transient mag-
before stimulation (n57). Hence, stimulation with for- nitude to 3969% of control in cardiomyocytes from sham
skolin decreased the decline (T 2T ) of the calcium hearts. In contrast, the peak transient magnitude fell to0 90

transient by 188632 ms (2064%) in sham car- only 80611% of control in cells isolated from failing
diomyocytes, whereas a significantly greater reduction by hearts (Fig. 5A,B). When the NCX was eliminated prior to

PKA inhibition, the time constant for the transient decline
was greater in failing cardiomyocytes (13866157 ms,

Table 3 n512) compared to cardiomyocytes from sham hearts
Time from peak to 50% decline of the calcium transient (T 2T ), and0 50 (931680 ms, n517) (P,0.01). After elimination of the
from 50 to 90% decline of calcium transient (T 2T ) before (1NCX)50 90

1 21 NCX during PKA inhibition, the time constant wasand after elimination of the Na –Ca activity (2NCX)
1661694 ms in failing cardiomyocytes (n59) and

1NCX 2NCX 16316132 ms in sham (n516) (Fig. 5C). These data show
T 2T T 2T T 2T T 2T0 50 50 90 0 50 50 90 that the decline of the calcium transients was significantly

less affected by inhibition of PKA in cardiomyocytes fromSham 17569 263615 197622 458640*
†*CHF 19668 266616 217615 749670 failing hearts (2065% increase in t) compared to car-

diomyocytes isolated from sham hearts (75614% increaseAll values in ms. *P,0.05 vs. 1NCX; †P,0.05 vs. sham; n519
sham, n517 CHF. in t) (P,0.05).
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1 21Fig. 3. Effect of inhibiting Na –Ca exchanger activity (NCX) on calcium transients. Representative tracings from a sham (panel A) and a failing (panel
1 21 1C) cardiomyocyte. The arrows in panels A and C denote application of the 0-Na , 0-Ca and 140 mmol / l K solution simultaneously as the electrical

pacing was shut off. The transients elicited reached the same magnitude as the preceding transients, but with significantly slower decay (P,0.05). Panels B
and D show the time from peak to 90% decay of the calcium transient (T 2T ) after NCX elimination. *P,0.05 vs. control; †P,0.05 vs. sham; n5190 90

sham, n517 CHF.

4. Discussion PKA-dependent PLB phosphorylation in the failing
myocardium.

Previous studies on PLB phosphorylation in heart failure A reduction in PKA-dependent PLB phosphorylation in
after MI are not consistent. In a recent study, Netticadan et heart failure may be explained by changes at various levels

16al. [29] did not show any reduction in serine phos- of b-adrenergic signaling [31,32]. An alteration in the
phorylated PLB 8 weeks after occlusion of the left amount of PKA-RII in failing hearts may be involved in
coronary artery in rat. However, they observed a reduction the reduction of PLB phosphorylation. Zakhary et al. [33]

17in threonine phosphorylated PLB and suggested that have previously reported decreased expression of PKA-RII
alterations in SR calcium reuptake may occur partly in failing human hearts. However, our data revealed
because of a defect in the calcium/calmodulin kinase- similar amounts of PKA-RII in failing and sham hearts.
mediated phosphorylation. In a rat model of compensated ¨This is consistent with the observation by Bohm et al. [34],
hypertrophy with no evidence of heart failure, reduced who demonstrated similar cAMP-dependent protein kinase

16 17levels of serine and threonine phosphorylated PLB activity in failing and non-failing human hearts.
have been reported [14]. In human end-stage heart failure, In addition to abnormalities in the PKA-dependent

16 16downregulation of serine phosphorylated PLB [13] and phosphorylation pathway, the reduction in serine phos-
16 17decreased levels of both serine and threonine phos- phorylated PLB could also result from an increase in the

phorylation of PLB have been reported [30]. The finding in amount of PP. It is assumed that more than 90% of
16our study that serine phosphorylated PLB was signifi- myocardial PP activity is accounted for by PP1 and PP2A

cantly reduced without any change in the level of [35]. Inhibition of PP1 and PP2A by okadaic acid in
17threonine phosphorylated PLB, indicates a reduction in guinea pig papillary muscles has been shown to shorten the
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Fig. 4. Effect of stimulation with forskolin on isolated cardiomyocytes. Panel A shows transients recorded from a sham cardiomyocyte and panel B shows
a failing cardiomyocyte before and after exposure to forskolin for 60 s. Panel C shows decrease in transient decline (T 2T ) after exposure to forskolin in0 90

cardiomyocytes from sham and CHF. *P,0.05 vs. sham; n55 sham, n57 CHF.

relaxation and increase the force of contraction [36]. PP of PP2C is important in other aspects of the heart failure
activity has been reported to be increased after long-term process remains to be examined. Hanada et al. [41] have
b-adrenergic stimulation [37] and in compensated hy- reported that PP2C selectively inhibits the stress activated
pertrophy in the rat [14]. In human end-stage heart failure protein kinases through suppression of several mitogen-
Neumann et al. [38] have reported increased activity of activated protein kinase-kinases. Thus, it is possible that
PP1. The amounts of the various PP in the failing heart PP2C is involved in the process of cardiac hypertrophy.
have to our knowledge not been known. Our study shows Calcium removal from cytosol was significantly slower
significant increase in the amounts of both PP1 and PP2A, in cardiomyocytes from animals with CHF than from sham
and suggests that increased production of these PP de- after elimination of the NCX. Our data suggest that

1 21phosphorylates PLB at a more rapid rate in failing com- increased Na –Ca exchange in failing cardiomyocytes
pared to sham hearts. However, the pathway(s) involved in may have counteracted the reduction in SERCA2 pumping
the upregulation of PP1 and PP2A remains to be ex- activity. The greater effect of forskolin on failing car-

17amined. It is intriguing that the level of threonine diomyocytes compared to sham indicates that the mecha-
phosphorylated PLB was not significantly reduced in nisms for PLB phosphorylation downstream of adenylyl
hearts from rats with CHF. Although some controversy cyclase are intact and that the potential for PLB phos-
exists, a significant increase in calcium/calmodulin kinase phorylation in failing cardiomyocytes is able to almost
II activity has been found in failing hearts [39,40]. Hence, completely abolish the observed difference between sham
it is possible that elevated kinase activity was able to and failing cells. In contrast to forskolin, stimulation with
balance the effect of increased levels of PP in failing isoproterenol did not reveal a greater effect on the decline
hearts. of the calcium transients in failing cardiomyocytes com-

We also found that the level of PP2C was significantly pared to sham. The difference between the effects of
lower in failing compared to sham hearts. The role of stimulation with isoproterenol and forskolin may be due to
cardiac PP2C is at present unclear, but it may be capable b-adrenergic receptor downregulation or uncoupling from
of dephosphorylating PLB [17]. Whether downregulation adenylyl cyclase in the failing cardiomyocytes.
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Fig. 5. Effect of protein kinase A (PKA) inhibition. Trains of calcium transients during perfusion with the PKA inhibitor H89. Panel A shows a sham and
panel B shows a failing cardiomyocyte. Panel C shows changes in time constants (see Methods section) of transient decline after exposure with H89 for

1 21150 s following inhibition of the Na –Ca exchanger. *P,0.05 vs. control; n516 sham, n59 CHF.

16 17Since H89 reduced serine phosphorylation of PLB in downregulated, whereas the level of threonine phos-
17vivo without any effect on threonine phosphorylated phorylated PLB was unchanged; (ii) in failing hearts, the

PLB, we used H89 to examine the effect of a reduction in protein levels of SERCA2 and PLB were unchanged
PLB phosphorylation on SR calcium reuptake in isolated compared to sham; (iii) the protein levels of PP1 and
cardiomyocytes. Our experiments showed that PKA inhibi- PP2A were upregulated in failing hearts, whereas PP2C
tion induced significantly less reduction in SERCA2 was downregulated; (iv) stimulation with forskolin in-
activity in cardiomyocytes from rats with CHF than in creased SERCA2 activity significantly more in failing
those from sham. A possible explanation for this finding is cardiomyocytes compared to sham; (v) inhibition of PKA
that the low phosphorylation level in the failing cells was had significantly less effect on SERCA2 activity in car-
less affected by a further decrease in phosphorylation. Our diomyocytes from rats with CHF than in cardiomyocytes

16finding supports the concept that the reduction in the level from sham. Taken together, the reduction in serine
16of serine phosphorylation observed in our study is of phosphorylated PLB in the failing rat heart may, at least in

major functional importance. Fig. 6 illustrates the func- part, be explained by the observed increase in the level of
tional implications of increasing and decreasing PLB PP1 and PP2A. Moreover, the observed changes in
phosphorylation on SERCA2 activity by using a method SERCA2 activity after increasing or decreasing phos-
described in the Methods section to calculate SERCA2 phorylation in cardiomyocytes from sham and failing

16activity. hearts suggest that the reduction in serine phosphorylated
In summary, this study demonstrates that: (i) in failing PLB is one important factor determining the observed

16hearts, the level of serine phosphorylated PLB was reduction in SR calcium reuptake in heart failure after MI.
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