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Abstract

Objectives: To assess the time course of phosphorylation of phospholamban residues, the underlying mechanisms determining these

phosphorylations, and their functional impact on the mechanical recovery during acidosis.

Methods: Langendorff perfused rat hearts were submitted to 30 min of hypercapnic acidosis. Contractility, relaxation, and phosphorylation

of phospholamban residues, immunodetected by specific antibodies, were determined.

Results: Acidosis produced a mechanical impairment followed by a spontaneous recovery, most of which occurred within the first 3 min of

acidosis (early recovery). During this period, contractility and relaxation recovered by 67F9% and 77F11%, respectively, from its maximal

depression, together with an increase in the Ca2+-calmodulin-dependent protein kinase II (CaMKII)-dependent phosphorylation of Thr17. The

CaMKII inhibitor KN-93, at 1, 5 and 10 AM, decreased Thr17 phosphorylation to basal levels and produced a similar impairment of the early

relaxation recovery (50%). However, only 5 and 10 AM KN-93 inhibited the early contractile recovery and completely blunted the late

mechanical recovery. Inhibition of the reverse mode of the Na+/Ca2+ exchanger by KB-R7943 decreased Thr17 phosphorylation but

accelerated the early contractile recovery.

Conclusions: CaMKII-dependent Thr17 phosphorylation significantly increased at the beginning of acidosis, is responsible for 50% of the

early relaxation recovery, and is linked to the activation of the reverse Na+/Ca2+ mode. The early contractile recovery and the late mechanical

recovery are dependent on CaMKII but independent of the phosphorylation of the Thr17 residue of phospholamban. The reverse Na+/Ca2+

mode has an additional negative effect that opposes the early mechanical recovery.

D 2005 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The impairment of contractility and relaxation that occurs

when the heart is submitted to acidosis, is followed by a

partial mechanical recovery, that occurs in spite of the

persistent acidosis [1–6]. The cause of this recovery remains

still undefined. Possible mechanisms are a partial recovery

of intracellular pH, observed in several experimental models

[7,8], and an increase in Ca2+ transient amplitude, that

would tend to overcome the decrease in Ca2+ responsive-

ness of the contractile proteins produced by a low intra-

cellular pH [9]. The increase in intracellular Ca2+ transient

has been attributed to two main mechanisms: a displacement

of Ca2+ from intracellular buffering sites and an increase in

intracellular Na+, due to the acidosis-induced activation of

the Na+/H+ exchanger (NHE) [3,8,10] and inhibition of the

Na+/K+-ATPase [11]. This would lead to a decrease in Ca2+

efflux or an increase in Ca2+ influx, via the Na+/Ca2+

exchanger (NCX) [3,8,10].

Another mechanism that may contribute to the enhance-

ment in Ca2+ transient during acidosis, is an increase in the
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activity of the cardiac sarcoplasmic reticulum (SR) Ca2+-

ATPase (SERCA2a), produced by an increase in the

phosphorylation of phospholamban (PLN), the major

regulator of SERCA2a. In the non-phosphorylated state,

PLN tonically inhibits SERCA2a activity and SR Ca2+

transport. Phosphorylation of PLN, by either cAMP-

dependent protein kinase (PKA), at Ser16 residue or Ca2+-

calmodulin-dependent protein kinase (CaMKII), at Thr17

residue, relieves this inhibition, increasing the affinity of the

pump for Ca2+ [12]. This would compensate the direct

detrimental effect of acidosis on SERCA2a [13–15], leading

to an increase in SR Ca2+ uptake and an enhancement of SR

Ca2+ load and release. In support to this hypothesis, a

different type of evidence indicates that the SR, particularly

PLN and its Thr17 site, may be involved in the recovery of

contractility that occurred during acidosis: Experiments

from our own and other laboratories showed that the

mechanical recovery during acidosis, does not take place

in the presence of ryanodine and/or thapsigargin, to func-

tionally disable the SR, and can be prevented with the

CaMKII inhibitor KN-93 [3,5,6,8]. In addition, the mechan-

ical recovery during acidosis was absent in myocytes from

PLN-KO mice [6]. Furthermore, although earlier experi-

ments indicated that phosphorylation of Ser16 of PLN was

mandatory for the phosphorylation of Thr17 site [16–18],

experiments from our own laboratory showed that Thr17 site

of PLN may be phosphorylated independently of Ser16

residue, under special conditions of high intracellular Ca2+

(which would activate CaMKII) and inhibition of PP1, the

phosphatase that dephosphorylates PLN [19–21]. These two

requisites are met by acidosis [14,22]. Indeed, an increase in

the phosphorylation of Thr17 of PLN has been described by

us, at the beginning of reperfusion after ischemia, a situation

of high intracellular Ca2+ associated with a still unrecovered

low intracellular pH [23,24]. Under these conditions, the

increase in Thr17 phosphorylation favored the mechanical

recovery [25]. Taken together, these studies support a

significant role of PLN, specifically Thr17 phosphorylation,

on the mechanical recovery from acidosis. However the

time course of phosphorylation of PLN residues, the

underlying mechanisms of this phosphorylation and its

functional impact during the recovery from acidosis, have

not been previously studied. The main goal of the present

study was to explore this issue.

2. Methods

2.1. Heart perfusions

Animals used in this study were maintained in accordance

with the National Institutes of Health Guide for the Care and

Use of Laboratory Animals (NIH Pub. No. 85-23, Revised

1996). Experiments were performed in isolated hearts from

male Wistar rats (200–300 g body wt) perfused according to

the Langendorff technique at constant temperature (37 8C),

flow (12 ml/min) and heart rate (240 beats/min) as

previously described [19]. The composition of the physio-

logical salt solution was (in mM): 128.3 NaCl, 4.7 KCl, 1.35

CaCl2, 20.2 NaHCO3, 0.4 NaH2PO4, 1.1 MgCl2, 11.1

glucose and 0.04 Na2EDTA; this solution was equilibrated

with 95% O2–5% CO2 to give a pH of 7.4 (control solution).

The mechanical activity of the heart was assessed by passing

into the left ventricle, a latex balloon connected to a pressure

transducer. The balloon was filled with aqueous solution to

achieve a left ventricular end-diastolic pressure of 7–13

mmHg. Mechanical activity of the left ventricle was

evaluated by the developed pressure (LVDP) and the

maximal rate of pressure development (+dP/dt). Relaxation

was assessed by the time constant of the developed pressure

decay (Tau). In some experiments, epicardial monophasic

action potentials (mAP) were obtained by using an Ag/

AgCl2 suction electrode apposed to the left ventricle [26].

2.2. Experimental protocol

After stabilization at pH 7.4, hearts were perfused with a

solution equilibrated with 80% O2–20% CO2 (pH 6.8).

Hearts were freeze-clamped at different times during

acidosis for biochemical assays. When drugs were used,

they were perfused 10 min before the beginning of acidosis

and throughout the acidosis period (see Results).

2.3. Preparation of SR membrane vesicles

SR membrane vesicles were prepared as previously

described [19]. Protein was measured by the method of

Bradford using bovine serum albumin as standard. The yield

was 1–2 mg membrane vesicles protein/g cardiac tissue.

2.4. Electrophoresis and Western Blot analysis

For immunological detection of phosphorylated PLN,

SDS-PAGE was performed using 10% acrylamide slab gels

according to Porzio and Pearson, as previously described

[19]. 20 Ag of membrane proteins were electrophoresed per

gel lane. Separated proteins were transferred to PVDF

membranes (Immobilon-P, Millipore) and probed with

antibodies raised against PLN (1:1000, Affinity BioRe-

agents, USA) or against a PLN peptide (residues 9–19)

phosphorylated either at Ser16 or at Thr17 (1:5000) (Badrilla,

West Yorkshire, UK). Immunoreactivity was visualized by

peroxidase-conjugated antibodies, using a peroxidase-based

chemiluminescence detection kit (ECL, Amersham). The

signal intensity of the bands on the film was quantified

using Scion Image software (based on NIH Image).

Membrane vesicles isolated from hearts perfused with 30

nM isoproterenol, a concentration that produces the

maximal inotropic response and phosphorylation of PLN

residues [19], were run in parallel with each experimental

series. The results are expressed as percentage of the

isoproterenol-induced Ser16 and Thr17 phosphorylation.
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2.5. Statistics

Data are expressed as the meanFSEM. Statistical

significance was determined by Student’s t-test for paired

or unpaired observations as appropiate, and ANOVA when

different groups were compared. The Newman-Keuls test

was used to examine statistical differences observed with

the ANOVA. A P valueb0.05 was considered statistically

significant.

3. Results

3.1. Time course of the mechanical recovery during acidosis

The typical inotropic response to respiratory acidosis in

perfused rat hearts, is shown in Fig. 1A. Hypercapnic

acidosis produced an impairment of contractility and

relaxation followed by an intrinsic spontaneous recovery,

that occurred in spite of the persistent extracellular acidosis.

Fig. 1B to D, shows the overall mechanical results of these

experiments. After the rapid decrease in left ventricular

developed pressure (LVDP), by 78.9F1.2% from control,

(Fig. 1B), and maximal rate of rise of pressure (+dP/dt), by

75.4F0.9% from control, (Fig. 1C), there was a contractile

recovery. The increase in LVDP and +dP/dt followed a

monoexponential time course. On average, contractility

recovered to 57.8F4.4% and 58.6F3.5% of control (LVDP

and +dP/dt, respectively). Most of this recovery (approx-

imately 60%) occurred during the first 3 min of acidosis.

Acidosis also produced an initial prolongation of the time

constant of pressure decline (Tau) by 25.0F2.1 ms from

control, after which, Tau decreased monophasically (Fig.

1D). Beyond 5 min, Tau remained virtually stable and

significantly higher than control values. Of note, the

relaxation recovery was more complete than the contractile

recovery and again most of it occurred in the first 3 min of

acidosis. The mechanical recovery during acidosis was

completely abolished by the presence of ryanodine plus

thapsigargin. Under these conditions, acidosis significantly

decreased LVDP by 72.0F2.9% from control. This con-

tractility decrease did not recover and after 30 min of

acidosis, LVDP was still 77.3F0.4% lower than control. In

contrast, the presence of ryanodine plus thapsigargin did not

preclude the positive inotropic effect of elevating extrac-

ellular calcium from 1.35 to 3.85 mM. High calcium

significantly enhanced LVDP by 61.3F6.0% from control,

(n=3). Taken together, these results would suggest that the

Fig. 1. Effect of acidosis on the left ventricular function. A. Representative continuous records of the effect of hypercapnic acidosis on isovolumic left ventricle

developed pressure (LVDP) and its first derivative (dP/dt) in a perfused rat heart. B–D. Average data of LVDP (B), maximal rate of rise of pressure (+dP/dt, C)

and the time constant of left ventricular developed pressure decay (Tau, D), of 7 hearts submitted to hypercapnic acidosis. After the initial acidosis-induced

negative inotropic and antirelaxant effects (30 s), there is a mechanical recovery that follows a monoexponential time course of the form y=y0+A1(1�e�x /t1).

The values of the different constants are: y0=15.6%, A1=40.8% and t1=3.3 min for LVDP, y0=15.9%, A1=41.9% and t1=2.8 min for +dP/dt and y0=33.8 ms,

A1=�29.4 ms and t1=1.3 min for Tau. LVDP and +dP/dt are expressed as percentage of basal values. Tau is expressed as D msec of basal values. * indicates

Pb0.05 with respect to basal values.
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mechanical recovery from acidosis either resides in or at

least needs a functionally intact SR, in agreement with

previous findings [3,8]. In a group of experiments,

epicardial monophasic action potentials were obtained

before and at 3 min of acidosis. In agreement with previous

results [27], acidosis produced a prolongation of the

duration of the action potential at 50% repolarization

(APD50) of 9.5F0.6%, with no significant changes in

APD30 and APD90.

To facilitate the description of the results, the initial

period of acidosis, between 30 s and 3 min, during which

most of the mechanical recovery occurred, will be referred

to as bearly recoveryQ. The remainder period of acidosis,

during which the mechanical recovery reached steady state,

will be referred to as blate recoveryQ.

3.2. Time course of the phosphorylation of PLN residues

during acidosis

Fig. 2 shows immunoblots of a typical experiment (Fig.

2A) and the overall results (Fig. 2B) of the time course of the

phosphorylation of PLN residues during acidosis. Whereas

phosphorylation of Ser16 did not significantly change during

acidosis, phosphorylation of Thr17 started to rise as early as

30 s after the onset of acidosis, reached a maximum at 1 min

and remained at high levels until the 3rd min of acidosis.

Phosphorylation of Thr17 then decreased to levels not

significantly different from controls. To better compare the

time course of Thr17 phosphorylation with that of the

contractile and relaxation recoveries, the average results of

+dP/dt and Tau during the first 10 min of acidosis are

depicted in Fig. 2C. These results demonstrate that the early

recovery of contractility and relaxation occurs closely

associated to the highest phosphorylation levels of Thr17

residue, suggesting that phosphorylation of Thr17 may play a

role in the mechanical recovery that occurs during acidosis.

3.3. Effects of inhibition of CaMKII on the phosphorylation

of PLN and the mechanical recovery during acidosis

To further study the possible role of Thr17 phosphor-

ylation on the mechanical recovery during acidosis, we

performed experiments with the CaMKII inhibitor KN-93.

One AM KN-93 reduced to basal values the increase in the

phosphorylation of Thr17 that occurs after 1 and 3 min of

acidosis (Fig. 3A). This decrease was associated with a 50%

reduction in the recovery of relaxation (Fig. 3B), without

any significant change in the early contractile recovery (Fig.

3C). Higher concentrations of KN-93 (5 and 10 AM), failed

to produce a more important impairment of Thr17 phos-

phorylation and of the relaxation recovery than that evoked

by 1 AM KN-93. However, these high concentrations of

KN-93 produced a significant decrease in the early

contractile recovery (Fig. 3C). Taken together, these results

indicate that: a) The phosphorylation of Thr17 site of PLN is

responsible for about half of the early recovery of

relaxation; and b) CaMKII-dependent mechanisms, different

from the phosphorylation of Thr17 of PLN, are responsible

for most of the early contractile recovery.

Fig. 4 shows the time course of the effects of the inhibition

of CaMKII by 5 AMKN-93, on +dP/dt and Tau, all along the

acidosis period. KN-93 significantly depressed the recovery

of +dP/dt during the entire period of acidosis (Fig. 4A) and

inhibited the small but significant late recovery of relaxation

(Fig. 4B). This was in spite of the fact that the phosphor-

ylation of Thr17 of PLN was already at basal levels during the

late recovery. These results suggest that CaMKII-dependent

mechanisms other than Thr17 phosphorylation are involved in

the late contractile and relaxation recoveries during acidosis.

Fig. 2. Effect of acidosis on the phosphorylation of PLN sites. A.

Representative immunoblots of SR membrane vesicles isolated from hearts

submitted to different times of acidosis, and probed with anti PSer16–PLN,

anti PThr17–PLN and anti PLN. B. Overall results of the densitometric

analysis of Ser16 and Thr17 phosphorylation in immunoblots of SRmembrane

vesicles isolated from 3–21 hearts. C. Overall results of +dP/dt and Tau

during hypercapnic acidosis of Fig. 1, are shown for comparison.

Phosphorylation of Thr17 site of PLN increased simultaneously with the

early recovery of contractility and relaxation and then returned to basal levels.

Phosphorylation of Ser16 remained at basal levels all along the acidosis. PLN

content did not change in each sample. Phosphorylation of PLN sites is

expressed as percentage of the site-specific phosphorylation achieved by 30

nM isoproterenol. * indicates Pb0.05 with respect to basal values.
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3.4. Underlying mechanisms of the phosphorylation of

Thr17 of PLN

Although the Ca2+ entry via the NCX seems not to

contribute significantly to the activation of contraction

under normal conditions [28], an enhancement of this mode

of the NCX may occur during acidosis, for different reasons.

In the first place, because the acidosis-induced activation of

the NHE and inhibition of Na+–K+-ATPase would increase

intracellular Na+, which in turn would either slow the

forward mode of the NCX or favor the reverse mode.

Second, because in our experimental conditions, acidosis

produced a prolongation of AP, which would also favor the

reverse mode of the NCX. An increase in the influx of Ca2+

via the reverse mode of the NCX may be relevant as a

mechanism leading to the stimulation of the CaMKII. To

test the hypothesis of a possible role of the reverse mode of

the NCX on the phosphorylation of Thr17 of PLN during

acidosis, we performed experiments in which acidosis was

evoked in the presence of 5 AM KB-R7943 (KB-R), a

specific inhibitor of the reverse mode of the NCX. KB-R did

not significantly affect Thr17 phosphorylation prior to

acidosis (32.1F9.0 control vs. 17.2F3.6 n=3 KB-R) but

significantly decreased to control levels the phosphorylation

of Thr17 residue of PLN observed after 1 and 3 min of

acidosis (Fig. 5A). Unexpectedly, KB-R accelerated the

early contractile recovery (Fig. 5B) and diminished the

initial slowing of the relaxation produced by acidosis: The

prolongation of Tau evoked by acidosis was decreased by

about half in the presence of the NCX inhibitor, as shown in

Fig. 5C. In contrast, blockade of the Ca2+ influx mode of the

NCX did not significantly affect the late mechanical

recovery. Taken together, these results indicate that the

activation of the reverse mode of the NCX at the beginning

of acidosis, although necessary for the phosphorylation of

Thr17 of PLN, plays an additional detrimental role, which

would conspire against the early mechanical recovery.

4. Discussion

An understanding of how pH changes alter cardiac

function is important for a better comprehension of some

cardiac pathophysiological situations, among which myo-

cardial ischemia is particularly relevant. In man, acidosis

Fig. 4. Effect of CaMKII inhibition on the contractile and relaxation

recoveries from acidosis. Overall results of +dP/dt (A) and Tau (B) of 4–7

hearts submitted to acidosis in the presence or the absence of 5 AM KN-93

(KN). KN partially depressed the early recoveries of contractility and

relaxation and abolished both late recoveries. # indicates Pb0.05 with

respect to acidosis.

Fig. 3. Effect of CaMKII inhibition on acidosis-induced Thr17 phosphorylation of PLN and the early contractile and relaxation recoveries. Bars show Thr17

phosphorylation (A), the recovery of relaxation (Tau, B) and the recovery of contractility (+dP/dt, C) of 14–22 hearts submitted to 3 min of acidosis in the

presence and the absence of 1, 5 and 10 AM KN-93 (KN). Whereas 1, 5 and 10 AM KN similarly decreased Thr17 phosphorylation to basal levels (see Fig. 2)

and the recovery of Tau to 50%, only 5 and 10 AM KN significantly depressed contractility. 10 AM KN-93 did not alter basal Thr17 phosphorylation (32.1F9.0

vs. 20.8F6.6, n=3 respectively). # indicates Pb0.05 with respect to acidosis.
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can be detected 15 s after the occlusion of the coronary

artery and is a major mechanism for the loss of contractility

during ischemia [29]. It has been shown in different species,

including man, that much of the inhibitory influence of

acidosis is caused by a decreased Ca2+ sensitivity of

myofibrillar proteins [9,30]. However Ca2+ handling pro-

teins play also a role in this effect [14]. After the initial fall

in contractility there is a spontaneous mechanical recovery,

the mechanism of which is poorly understood. The present

results were undertaken to better define the cellular

processes underlying this spontaneous mechanical recovery

of cardiac muscle experiencing acidosis. Different mecha-

nisms proposed to contribute to this recovery, in particular

the phosphorylation of Thr17 of PLN and the mechanisms

involved in this phosphorylation, were investigated. The

results provided new insights into the importance of the

phosphorylation of PLN residues as well as into the

influence of the NCX mechanism on the mechanical

recovery during acidosis.

4.1. Role of the phosphorylation of Thr17 site of PLN on the

mechanical recovery during acidosis

The current experiments described for the first time, the

time course of PLN phosphorylation during the mechanical

recovery from acidosis. Phosphorylation of Thr17 site of

PLN transiently increased at the onset of acidosis and

accounted for nearly 50% of the relaxation recovery, most of

which occurred within the first 3 min of acidosis. This

phosphorylation would provide a mechanism to overcome

the direct depressant effect of acidosis on SERCA2a [15].

The tight association between PLN phosphorylation and

myocardial relaxation [21] might explain the finding that

most of the relaxation recovery occurs during the first 3 min

of acidosis. In contrast to the important role of Thr17

phosphorylation in the early relaxation recovery, the

phosphorylation of this residue has no influence on the

early contractile recovery, as should be expected. The

reasons for this finding are not clear, but might reflect the

still unrecovered activity of ryanodine receptors (RyR),

from the direct inhibitory effect of intracellular acidosis

[31].

Thr17 site became dephosphorylated after 5 min of

acidosis, which would indicate that, in our experimental

conditions, the phosphorylation of this site does not

contribute to the late contractile and relaxation recoveries.

A more prominent role of the phosphorylation of PLN

residues might be expected in vivo. Systemic acidosis is

known to increase sympathetic nerve activity [32]. Thus,

through the stimulation of the h-adrenergic receptors under

these conditions, the phosphorylation of both, Thr17 and

Ser16 residues of PLN is likely to occur [16,17,19,21].

Recent experiments by DeSantiago et al. [6] in PLN knock

out mice (PLN-KO), demonstrate that myocytes lacking

PLN failed to show any significant mechanical recovery.

These results would indicate that the presence of PLN, as

Fig. 5. Effect of KB-R on the acidosis-induced Thr17 phosphorylation, and on the contractility and relaxation recoveries. A. Overall results of SR membrane

vesicles isolated from hearts (n=6–22) submitted to 1 and 3 min of acidosis in the presence and the absence of 5 AM KB-R 7943 (KB-R). KB-R decreased the

acidosis-induced Thr17 phosphorylation. B and C. Overall results of +dP/dt (B) and Tau (C) of 3–7 hearts submitted to acidosis in the presence or the absence of

KB-R. KB-R limited the antirelaxant effect of acidosis and accelerated the contractile recovery. # indicates Pb0.05 with respect to acidosis. * indicates Pb0.05

with respect to control.
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opposite to the chronic de-repression of SERCA2 in PLN-

KO mice, is required throughout the entire acidosis period

for both, the relaxation and contractile recoveries. The

present results further extend these findings demonstrating,

by direct assessment of PLN phosphorylation sites, that

PLN phosphorylation at Thr17 increased at the onset of

acidosis and is responsible for about half of the relaxation

recovery.

4.2. Mechanisms involved in the phosphorylation status of

Thr17 of PLN during acidosis

As stated above, one of the main mechanisms proposed to

explain the mechanical recovery from acidosis, involves a

sequence of events including the increase in intracellular Na+

which, by either slowing the forward mode of the NCX and/

or favoring its reverse mode, leads to an increase in

intracellular Ca2+ [3,8,10]. More recently, the mechanical

recovery has been attributed to the activity of CaMKII-

dependent mechanisms [5,6,33]. The present results provide

new pieces of evidence to these proposed mechanisms. We

showed that CaMKII-dependent phosphorylation of Thr17

site of PLN occurred as a consequence of the Ca2+ influx

mode of the NCX at the beginning of acidosis. To the best of

our knowledge, the present results provide the first evidence

for an enhancement of the activity of the reverse NCX mode

at the beginning of acidosis. Activation of this mode of the

NCX during acidosis may be favored by the increase in

intracellular Na+—due to the activation of the Na+/H+

exchanger and the inhibition of the Na+/K+-ATPase

[3,8,10,11]—and the prolongation of the action potential

duration observed in the present results, at 3 min of acidosis.

As in the case of the reperfusion after ischemia [25], Ca2+

influx at the beginning of acidosis, appears to be detrimental

rather than beneficial to the mechanical recovery: The

inhibition of the reverse mode of the NCX enhanced the

contractile recovery and diminished the initial slowing of

relaxation produced by acidosis, even in spite of the fact that

the increase in the phosphorylation of Thr17, the main

responsible for the relaxation recovery, was abolished. The

cause of the deleterious effect of the NCXwas not explored in

the present experiments. One possible clue to explain these

results might lie in the impairment of SR Ca2+ transport

produced by acidosis [13], which would reduce the capacity

of the myocytes to handle an enhanced Ca2+ influx through

the NCX, in the initial period of acidosis. In this scenario, the

phosphorylation of Thr17of PLN would counterbalance at

least in part, this diminished capacity of SR Ca2+ uptake

produced by acidosis. This conclusion is supported by the

impairment of the relaxation recovery observed when

phosphorylation of Thr17 of PLN was decreased by specif-

ically inhibiting CaMKII. The present results also indicate

that the influx of Ca2+ through the reverse mode of the NCX,

would only take place at the beginning of the acidosis, since

inhibition of this mode of the NCX by KB-R, did not

significantly affect the late contractile and relaxation recov-

eries. However a slowing of the forward mode of the NCX

could still contribute to the late contractile recovery during

acidosis. The forward mode of the NCX contributes a

variable amount towards relaxation or intracellular Ca2+

decline, depending on species [28]. In the rat and under

normal conditions, this contribution is rather small (below

10%), when compared with SERCA2a [34]. A slowing down

of the forward mode of the NCX—due to the acidosis-

induced increase in intracellular Na+—might limit Ca2+

extrusion from the cell, contributing to maintain or even

increase intracellular Ca2+, in the presence of an impaired SR

Ca2+ uptake. Although not pursued in the present study, the

possibility of a contribution of the forward mode of the NCX

to the late mechanical recovery during acidosis, deserves

further investigation.

One additional finding of the present results deserved

further discussion. Although CaMKII appears to remain

active towards substrates different from PLN in the late

mechanical recovery, Thr17 became dephosphorylated dur-

ing this period (Fig. 2). A possible explanation to these

results may lie in the pH-dependence of phosphatase

activity. Previous studies have shown that PP1, the major

phosphatase that dephosphorylates PLN has a marked pH-

dependence, with its activity increasing as pH increases

[22]. Thus, it appears likely that a partial recovery of

intracellular pH, triggered by NHE activation, would re-

activate PP1 and be responsible for the dephosphorylation

of Thr17 site. Compartmentalization of CaMKII and differ-

ent targeting of PP1 and other phosphatases, might explain

the CaMKII phosphorylation of other Ca2+ handling

proteins different from PLN during acidosis.

4.3. Mechanisms underlying the mechanical recovery

during acidosis, different from PLN phosphorylation

The CaMKII-dependence of the late contractile recovery,

would suggest that proteins different from PLN, also

substrates of CaMKII, are involved in this recovery. In vitro

studies indicated that both, SERCA2a and the RyR may be

phosphorylated by the activation of CaMKII [35–37].

However, the physiological effect of these phosphorylations

is rather controversial and far from being understood

[35,36,38,39]. In contrast, it has been clearly demonstrated

that CaMKII-dependent phosphorylation of L-type Ca2+

channels, is a necessary mechanism to overcome the direct

depressant effect of acidosis on L-type Ca2+current [38].

Although we have not assessed this issue, it is tempting to

speculate that phosphorylation of these channels may

contribute to the CaMKII-dependent contractile recovery

showed in the present and previous papers [5,6,33].

The role played by Thr17 phosphorylation on the early

relaxation recovery during acidosis and the mechanisms

involved in this phosphorylation, are similar to those evoked

by the reperfusion after ischemia, a situation in which

acidosis also occurred. As in the case of acidosis, Thr17 site

of PLN results phosphorylated at the beginning of reperfu-
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sion, as a consequence of the increase in intracellular Ca2+

through the reverse mode of the NCX and the decrease in

intracellular pH [25]. Also in both situations, the phosphor-

ylation of Thr17 site of PLN appears to provide a mechanism

that favors the mechanical recovery.
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[8] Pérez NG, Mattiazzi AR, Camilión de Hurtado MC, Cingolani HE.

Myocardial contractility recovery during hypercapnic acidosis: its

dissociation from recovery in pHi by ryanodine. Can J Cardiol

1995;11:553–60.

[9] Fabiato A, Fabiato F. Effects of pH on the myofilaments and

sarcoplasmic reticulum of skinned cells from cardiac and skeletal

muscles. J Physiol 1978;276:233–55.

[10] Bountra C, Vaughan-Jones RD. Effect of intracellular and extrac-

ellular pH on contraction in isolated, mammalian cardiac muscle.

J Physiol 1989;418:163–87.

[11] Sperelakis N, Lee EC. Characterization of Na+,K+-ATPase isolated

from embryonic chick hearts and cultured chick heart cells. Biochim

Biophys Acta 1971;233:562–79.

[12] Brittsan A, Kranias EG. Phospholamban and cardiac contractile

function. J Mol Cell Cardiol 2000;32:2131–9.

[13] Mandel F, Kranias EG, de Gende AG, Sumida M, Schwart A. The

effect of pH on the transient-state kinetics of Ca2+–Mg2+-ATPase of

cardiac sarcoplasmic reticulum. Circ Res 1982;50:310–7.

[14] Orchard CH, Kentish JC. Effects of changes of pH on the contractile

function of cardiac muscle. Am J Physiol 1990;258:C967–81.

[15] Hulme JT, Orchard CH. Effect of acidosis on Ca2+ uptake and release

by sarcoplasmic reticulum of intact rat ventricular myocytes. Am J

Physiol 1998;275:H977–87.

[16] Lindemann JP, Watanabe AM. Phosphorylation of phospholamban in

intact myocardium. Role of Ca2+-calmodulin-dependent mechanisms.

J Biol Chem 1985;260(6):4516–25.

[17] Vittone L, Mundiña C, Chiappe de Cingolani G, Mattiazzi A. cAMP

and calcium-dependent mechanisms of phospholamban phosphoryla-

tion in intact hearts. Am J Physiol 1990;258:H318–25.

[18] Luo W, Grupp IL, Harrer J, Ponniah S, Grupp G, Duffy JJ, et al.

Transgenic approaches to define the functional role of dual site

phospholamban phosphorylation. J Biol Chem 1998;273:4734–9.

[19] Mundiña-Weilenmann C, Vittone L, Ortale M, Chiappe de Cingolani

G, Mattiazzi A. Immunodetection of phosphorylation sites gives new

insights into the mechanisms underlying phospholamban phosphor-

ylation in the intact heart. J Biol Chem 1996;271:33561–7.

[20] Vittone L, Mundiña-Weilenmann C, Said M, Mattiazzi A. Mecha-

nisms involved in the acidosis enhancement of the isoproterenol-

induced phosphorylation of phospholamban in the intact heart. J Biol

Chem 1998;273:9804–11.

[21] Said M, Mundiña-Weilenmann C, Vittone L, Mattiazzi A. The relative

relevance of phosphorylation of Thr17 residue of phospholamban is

different at different levels of h-adrenoceptor stimulation. Pflqgers
Arch 2002;444:801–9.

[22] Mundiña-Weilenmann C, Vittone L, Cingolani HE, Orchard CH.

Effects of acidosis on phosphorylation of phospholamban and

troponin I in rat cardiac muscle. Am J Physiol 1996;270:C107–14.

[23] Carroza Jr JP, Bentivenga LA, Williams CP, Kuntz RE, Grossman W,

Morgan JP. Decreased myofilament responsiveness in myocardial

stunning follows transient calcium overload during ischemia and

reperfusion. Circ Res 1992;71:1334–40.

[24] Park CO, Xiao XH, Allen DG. Changes in intracellular Na+ and pH in

rat heart during ischemia: role of Na+/H+ exchanger. Am J Physiol

1999;276:H1581–90.

[25] Vittone L, Mundiña-Weilenmann C, Said M, Ferrero P, Mattiazzi

A. Time course and mechanisms of phosphorylation of phospho-

lamban residues in ischemia-reperfused hearts. Dissociation of

phospholamban phosphorylation pathways. J Mol Cell Cardiol

2002;34:39–50.

[26] Bethell HW, Vanderberg JI, Smith GA, Grace AA. Changes in

ventricular repolarization during acidosis and low-flow ischaemia. Am

J Physiol 1998;275:H551–61.

[27] Komukai K, Brette F, Pascarel C, Orchard CH. Electrophysiological

response of rat ventricular myocytes to acidosis. Am J Physiol

2002;283:H412–22.

[28] Bers DM. Excitation-contraction Coupling and Cardiac Contractile

Force. 2nd ed. The Netherlands7 Kluwer Academic Publishers; 2001.

[29] Poole-Wilson PA. Regulation of intracellular pH in the myocardium;

relevance to pathology. Mol Cell Biochem 1989;89:151–5.

[30] Hajjar RJ, Schwinger RHG, Schmidt U, Kim CS, Lebeche D, Doye

AA, et al. Myofilament regulation in human myocardium. Circulation

2000;101:1679–85.

[31] Balnave CD, Vaughan-Jones RD. Effect of intracellular pH on

spontaneous Ca2+ sparks in rat ventricular myocytes. J Physiol

2000;528:25–37.

[32] Brofman JD, Leff AR, Munoz NM, Kirchhoff C, White SR.

Sympathetic secretory response to hypercapnic acidosis in swine.

J Appl Physiol 1990;69:710–7.

[33] Komukai K, Pascarel C, Orchard CH. Compensatory role of CaMKII

on ICa and SR function during acidosis in rat ventricular myocytes.

Plqgers Arch 2001;442:353–61.

[34] Bassani JW, Bassani RA, Bers DM. Relaxation in rabbit and rat

cardiac cells: species-dependent differences in cellular mechanisms.

J Physiol (Lond) 1994;476(2):279–93.

[35] Odermatt A, Kurzydlowski K, McLennan DH. The Vmax of the Ca
2+-

ATPase of cardiac sarcoplasmic reticulum (SERCA2a) is not altered

by Ca2+-calmodulin-dependent phosphorylation or by interaction with

phospholamban. J Biol Chem 1996;271:14206–13.

[36] Reddy LG, Jones LR, Pace RC, Stokes DL. Purified, reconstituted

cardiac Ca2+-ATPase is regulated by phospholamban but not by direct

C. Mundiña-Weilenmann et al. / Cardiovascular Research 66 (2005) 114–122 121



phosphorylation with Ca2+/calmodulin-dependent protein kinase.

J Biol Chem 1996;271:14964–70.

[37] Rodriguez P, Bhogal MS, Colyer J. Stoichiometric phosphorylation

of cardiac ryanodine receptor on serine 2809 by calmodulin-

dependent kinase II and protein kinase A. J Biol Chem 2003;278:

38593–600.

[38] Li Y, Kranias EG, Mignery GA, Bers DM. Protein kinase A

phosphorylation of the ryanodine receptor does not affect calcium

sparks in mouse ventricular myocytes. Circ Res 2002;90:309–16.

[39] Wehrens XH, Lehnart SE, Reiken SR, Marks AR. Ca2+/calmodulin-

dependent protein kinase II phosphorylation regulates the cardiac

ryanodine receptor. Circ Res 2004;94:61–70.

C. Mundiña-Weilenmann et al. / Cardiovascular Research 66 (2005) 114–122122



Copyright of Cardiovascular Research is the property of Oxford University Press / USA and its content may not
be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written
permission. However, users may print, download, or email articles for individual use.




