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load contribute to arrhythmias after acidosis in rat heart. Role of
Ca21/calmodulin-dependent protein kinase II. Am J Physiol Heart
Circ Physiol 295: H1669–H1683, 2008. First published August 22,
2008; doi:10.1152/ajpheart.00010.2008.—Returning to normal pH
after acidosis, similar to reperfusion after ischemia, is prone to
arrhythmias. The type and mechanisms of these arrhythmias have
never been explored and were the aim of the present work. Langen-
dorff-perfused rat/mice hearts and rat-isolated myocytes were sub-
jected to respiratory acidosis and then returned to normal pH.
Monophasic action potentials and left ventricular developed pressure
were recorded. The removal of acidosis provoked ectopic beats that
were blunted by 1 mM of the CaMKII inhibitor KN-93, 1 mM
thapsigargin, to inhibit sarcoplasmic reticulum (SR) Ca21 uptake, and
30 nM ryanodine or 45 mM dantrolene, to inhibit SR Ca21 release and
were not observed in a transgenic mouse model with inhibition of
CaMKII targeted to the SR. Acidosis increased the phosphorylation of
Thr17 site of phospholamban (PT-PLN) and SR Ca21 load. Both
effects were precluded by KN-93. The return to normal pH was
associated with an increase in SR Ca21 leak, when compared with that
of control or with acidosis at the same SR Ca21 content. Ca21 leak
occurred without changes in the phosphorylation of ryanodine recep-
tors type 2 (RyR2) and was blunted by KN-93. Experiments in planar
lipid bilayers confirmed the reversible inhibitory effect of acidosis on
RyR2. Ectopic activity was triggered by membrane depolarizations
(delayed afterdepolarizations), primarily occurring in epicardium and
were prevented by KN-93. The results reveal that arrhythmias after
acidosis are dependent on CaMKII activation and are associated with
an increase in SR Ca21 load, which appears to be mainly due to the
increase in PT-PLN.

sarcoplasmic reticulum; calcium/calmodulin-dependent protein kinase

CARDIAC ARRHYTHMIAS are a leading cause of morbidity and
mortality. Despite their importance, a clear comprehension of
the mechanisms underlying life-threatening ventricular tachy-
arrhythmias is lacking (6, 23). Different types of evidence
indicate that acidosis is able to generate arrhythmias in the
heart (27, 37). This is important in the clinical setting since
substantial changes in extracellular and/or intracellular pH may
occur in several disorders of different origin, like sleep apnea/
hypopnea syndrome, diabetic ketoacidosis, or in patients on
dialysis, which affect cardiac function (32). Moreover, a
marked acidosis occurs during myocardial ischemia, which

may play a crucial role in the arrhythmogenesis typical of
ischemia-reperfusion injury (6). Although it is known that
acidosis may produce arrhythmias by its actions either at the
single myocyte level or in the conduction pathways within a
multicellular preparation, the molecular mechanism of these
arrhythmias remains elusive (6). At the single cell level,
arrhythmias may be produced by changes in automaticity or
they can be triggered either by early afterdepolarizations
(EADs) or delayed afterdepolarizations (DADs). EADs are
membrane depolarizations that appeared before the completion
of the action potential (AP). It is generally accepted that they
arise from current flowing through L-type Ca21 channels (2).
In contrast to EADs, DADs occur following the repolarization
of the AP and have been associated to the higher frequency of
sarcoplasmic reticulum (SR) Ca21 sparks produced by a Ca21-
overloaded SR. This results in a Ca21-activated transient-
inward current, which has been mainly related to the current
produced by the electrogenic Na1-Ca21 exchanger (NCX)
working in the forward mode (41). Whereas EADs have been
associated to the activity of Ca21/calmodulin-dependent pro-
tein kinase (CaMKII) (2), this association is not clear for
DADs.

Different laboratories, including our own, have shown that
the mechanical recovery after an acid load is primarily depen-
dent on CaMKII activity (14, 34, 36). In particular, the
CaMKII-dependent phosphorylation of Thr17 of phospholam-
ban (PLN), the main regulatory protein of sarco(endo)plasmic
reticulum Ca21-ATPase 2a (SERCA2a), appears to be impor-
tant to offset the direct inhibitory effect of acidosis on
SERCA2a and therefore of the recovery of relaxation and SR
Ca21 content during acidosis (14, 31, 34). During the course of
these experiments in perfused rat hearts, we observed arrhyth-
mic contractions that appeared after ;15 min of acidosis in a
few preparations but were evident in all preparations upon
returning to normal pH. A similar pattern was described in
isolated myocytes (36). Interestingly, the onset and removal of
the acid stimulus have been associated to the spontaneous SR
Ca21 release in both nonstimulated and electrical-stimulated
preparations (37). From these results it is reasonable to expect
that the arrhythmias observed during acidosis and postacidosis
are primarily triggered by a Ca21-overloaded SR due to
CaMKII activation and PLN phosphorylation. The present
experiments were undertaken to test these hypotheses.
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METHODS

Animals

Experiments were performed in Wistar male rats (200–300 g body
wt) and in transgenic mice (25–30 g body wt) expressing four
concatenated repeats of the CaMKII autocamitide inhibitory peptide
(AIP) selectively in the SR membrane (SR-AIP). Age-matched wild-
type (WT) mice served as controls. The mouse transgenic model was
developed as previously described (21). Animals used in this study
were maintained in accordance with the Guide for the Care and Use
of Laboratory Animals [National Institutes of Health (NIH) Publica-
tion No. 85-23, Revised 1996]. The protocol was approved by the
Ethic Committee of the Cardiovascular Research Center, National
Research Council (CCT-La Plata Consejo Nacional de Investigacio-
nes Cientı́ficas y Tecnológicas, Argentina).

Intact Hearts

Heart perfusions. Isolated hearts were perfused according to
Langendorff technique at constant temperature (37°C) and flow (14
and 4 ml/min for rat and mouse hearts, respectively). After ablation
of the atrioventricular (AV) node, the heart rate was kept at 240
and 360 beats/min for rat and mouse hearts, respectively, unless
otherwise stated. The physiological bicarbonate buffer solution
(BBS) contained (in mM) 128.3 NaCl, 4.7 KCl, 1.35 CaCl2 (2.5 in
mice), 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). Mechanical parameters
were obtained 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 6 –12 mmHg (34). Monophasic APs (MAPs) were obtained by
using a Ag/AgCl electrode apposed to the epicardial free left
ventricular wall, using a direct current— coupled high—input im-
pedance differential amplifier. The MAP electrode was gradually
positioned with the help of a micromanipulator until a gentle but
stable contact pressure was achieved (4, 25). Recordings were
accepted for analysis if they had a stable baseline, a rapid upstroke
with consistent amplitude, and a smooth contoured repolarization
phase and if they remained stable throughout the stabilization
period. In most of the experimental series, MAPs were recorded
both in the absence and presence of a latex balloon, to allow for
simultaneous mechanical measurements in the latter case.

Experimental protocol. After stabilization (control solution, pH
7.4), hearts were perfused with BBS equilibrated with 80%
O2-20% CO2 (hypercapnic acidosis, pH 6.8) for 20 min and then
returned to the control solution. Quantification of ectopic activity
was accomplished by counting the number of beats occurring
between triggered electrical activity during a period of 3 min (see
RESULTS). A group of hearts was freeze clamped at different times
during acidosis and at 1 and 3 min after the acidosis period, the
time at which arrhythmias were more profuse, for biochemical
assays. When drugs were used, they were perfused 10 min before
the beginning of acidosis and throughout the acidosis and postaci-
dosis periods, unless otherwise indicated. The concentration of
DMSO used for the dilution of the drugs failed to affect the basal
contractility and the pattern of ectopic activity. In some experi-
ments, a defined pacing protocol with pauses test for spontaneous
activity was performed to detect the possible appearance of DADs.
After the usual protocol of stabilization and acidosis at 240
beats/min, the stimulation frequency was stopped to allow for
spontaneous activity at the moment of returning to normal pH. The
usual spontaneous rhythm of the hearts after AV node blockade
was 70 – 80 beats/min. In some of these experiments, two elec-
trodes were simultaneously apposed to the endocardial (septum)
and the epicardial surface of the left ventricle.

SR membrane vesicles. SR membrane vesicles were prepared as
previously described (16). Protein was measured by the method of
Bradford using bovine serum albumin as the standard. The yield was
1 to 2 mg membrane vesicles protein/g tissue.

Electrophoresis and western blot analysis. For immunological
detection of PLN and phosphorylated PLN, 15 mg of membrane
protein were electrophoresed per gel lane in 10% acrylamide gels
(34). For immunological detection of ryanodine receptor type 2
(RyR2) and phosphorylated RyR2, 50 mg of membrane protein
were electrophoresed per gel lane in 6% acrylamide gels (16).
Separated proteins were transferred to polyvinylidene difluoride
membranes (Immobilon-P, Millipore) and probed with the follow-
ing antibodies: phospho- (p)Ser16-PLN (1:5,000), pThr17-PLN
(1:5,000), and RyR2-pS2809 (1:5,000; Badrilla, Leeds, UK), and
RyR2-pS2815 (1:1,000; kindly provided by X. Wehrens, Houston,
TX), and RyR2 (1:2,500; Affinity Bioreagents). Immunoreactivity
was visualized by peroxidase-conjugated antibodies using a per-
oxidase-based enhanced chemiluminescence detection kit (ECL,
Amersham). The signal intensity of the bands was quantified using
ImageJ (NIH). Phosphorylation of PLN was expressed as the percentage
of the control values (previous to acidosis) and the absence of drugs.
RyR2 phosphorylation was normalized by the total RyR2 content and
expressed as the percentage of control.

Isolated Myocytes

Myocyte isolation. Rat myocytes were isolated by enzymatic di-
gestion (38) and kept in a HEPES-buffered solution at room temper-
ature (20–22°C) until used. Only rod-shaped myocytes with clear and
distinct striations and an obvious marked shortening and relaxation on
stimulation were used. Experiments were performed at room
temperature.

Indo-1 fluorescence and cell shortening measurements. Myocytes
were loaded with indo-1 AM (17 mM for 9 min) (38). Cells were
placed on the stage of an inverted microscope (Nikon Diaphot 200)
adapted for epifluorescence, continuously superfused with BBS
(pH 7.4) at a constant flow of 1 ml/min, and field stimulated via
two platinum electrodes on either side of the bath at 0.5 Hz. The
ratio of the indo-1 emission (410 and 490 nm) was taken as an
index of intracellular Ca21. Resting cell length and cell shortening
were measured by a video-based motion detector (Crescent elec-
tronics, UT). Indo-1-loaded myocytes were subjected to the pro-
tocol of hypercapnic acidosis and then returned to control pH, as
described above. SR Ca21 content and SR Ca21 leak were assessed
at different times during this protocol (see RESULTS). SR Ca21

content was determined by rapidly switching from the BBS to one
of the same pH, containing 25 mM caffeine to cause SR Ca21

release. SR Ca21 leak was studied according to Shannon et al. (45).
In short, the method consists in measuring resting Ca21 in the
presence and absence of SR Ca21 channel blockade by tetracaine.
At selected times during the protocol, the stimulation was stopped
and the myocytes were exposed to 0 Na1-0 Ca21 solution for 60 s
to block the NCX, so that little or no Ca21 can enter or leave the
resting cell, in the absence and presence of tetracaine to block the
SR Ca21 release channel. The difference in diastolic Ca21 with
and without tetracaine was taken as an estimation of SR Ca21 leak.

All data (perfused hearts and isolated myocytes) were recorded on
a hard disk at a sampling frequency of 1 kHz by using PowerLab data
acquisition software and a personal computer.

Planar Lipid Bilayers

Isolation of cardiac SR microsomes from rat ventricle and single
RyR2 channel recordings were carried out as previously described (7,
11). Briefly, cardiac SR microsomes were fused to phosholipid planar
bilayers (5 phosphatidylethanolamine:4 phosphatidylserine:1 phos-
phatidylcholine parts, 50 mg/ml in decane), painted on a 100-mm hole
separating two compartments: CIS or cytosolic (containing 250 mM
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HEPES/Tris-OH, pH 7.9) and TRANS or lumenal [250 mM
HEPES/52 mM Ca(OH)2, pH 7.4]. In all experiments, the membrane
potential equaled 0 mV. RyR2 openings are observed as upward
deflections of ;3.5 pA (Ca21 flux: TRANS3CIS). Recordings were
filtered at 1 kHz, digitized at 5 kHz with a Digidata 1360 (Axon
Instruments), and analyzed using pClamp9 and SigmaPlot 9 (Systat
Software, San Jose, CA).

The cytosolic pH was decreased in steps (from 7.9 to 6.6) by a
cumulative addition of HEPES in two sets of experiments: 1) with 2
mM cytosolic-free [Ca21], where RyR2 are moderately active; and
2) with 200 mM [Ca21], where RyR2 are fully activated (11). Since
we used the fairly pH-insensitive Ca21 chelator Dibromo-BAPTA, only
a minor adjustment was required at the most acidic pH. At each pH step,
4-min recordings were taken to estimate the individual open probability

Fig. 1. Left ventricular developed pressure (LVDP) and epicardial monophasic action potentials (MAPs) during acidosis and postacidosis. A: representative
mechanical recordings showing the time course of changes in LVDP during acidosis and upon returning to normal pH (postacidosis). B: enlarged records of
LVDP and epicardial MAPs corresponding to points a to d of the record in A. The arrhythmic pattern that occurs when the heart was returned to normal pH is
illustrated. C: records of MAPs obtained in the absence of intraventricular balloon. D: overall results of the experiments of this series. Each bar represents the
mean occurrence of ectopic beats measured under each condition during a 3-min period: the last 3 min of the stabilization (C), the last 3 min of the first and
second half of the 20 min of acidosis, and the first 3 min after returning to normal pH in the presence and absence of intraventricular balloon are shown. *P ,
0.05 with respect to control (Ctrol).
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(Po). To test the reversibility of the effect of acidity on RyR2 bathed with
2 mM cytosolic-free [Ca21], pH was changed from 6.6 back to 7.3 by an
addition of Tris-OH. To roughly estimate the rate of recovery, Po samples
were taken every 10 s before and after changing the pH.

Statistics. Data are expressed as means 6 SE. Statistical signifi-
cance was determined by Student’s t-test for paired or unpaired
observations as appropriate and by ANOVA when different groups
were compared. The Newman-Keuls test was used to examine statis-

C

Fig. 2. LVDP and epicardial MAPs during acidosis and postacidosis in the presence or in the absence of CaMKII inhibitor KN-93 and the inactive analog,
KN-92. A: 1 mM KN-93 abolished the ectopic beats that appear immediately after returning to normal pH. B: lack of effect of KN-92 (1 mM) on the arrhythmias
of postacidosis. C: overall results of this series. In this and the following figures, each bar represents the mean occurrence of ectopic beats measured during the
first 3 min after returning to normal pH. ND, no drugs added. *P , 0.05 with respect to ND.
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C

Fig. 3. LVDP and epicardial MAPs during acidosis and postacidosis in wild-type (WT) and sarcoplasmic reticulum-autocamitide inhibitory peptide (SR-AIP)
mice. A and B: records of LVDP and epicardial MAPs, corresponding to the control, acidosis, and postacidosis periods, in WT mice (A) and SR-AIP mice (B).
In WT mice there was a mechanical recovery during acidosis, similar to rat hearts, followed by an arrhythmic pattern upon returning to normal pH. In the SR-AIP
mice, both the mechanical recovery and the ectopic activity was significantly decreased. C: overall results of this experimental series. 1dP/dt, maximal rate of
pressure development. *P , 0.05 with respect to WT mice.
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tical differences observed with the ANOVA. A P value , 0.05 was
considered statistically significant.

RESULTS

Arrhythmias After Acidosis

Figure 1A shows typical records of the time course of left
ventricular developed pressure during acidosis and after return-
ing to normal pH. As already described, hypercapnic acidosis
produced an impairment of contractility followed by a sponta-
neous recovery that occurred despite the persistent extracellu-
lar acidosis. Returning to normal pH triggers an arrhythmic
pattern. Figure 1B is an enlarged view of left ventricular
developed pressure and epicardial MAPs at different times
during the protocol (a–d in Fig. 1A). MAP recordings indi-
cated that the ectopic beats occur after the completion of the
paced beats. Similar results were obtained in the absence of the
intraventricular balloon to avoid possible irritations (Fig. 1C).
Figure 1D shows the overall results of these experiments.

In an additional group of experiments in which metabolic
acidosis was elicited by decreasing the NaHCO3 concentration
of the perfusate (pH 6.8), no mechanical recovery was ob-
served and the ectopic beats after acidosis were significantly
less than those with hypercapnic acidosis (results not shown).

Role of CaMKII

Perfused rat hearts. To investigate the hypothesis that ar-
rhythmias are favored by CaMKII activation during acidosis,
the same protocol showed in Fig. 1 was followed in the
presence of 1 mM of the CaMKII inhibitor KN-93 and of the
inactive analog, KN-92 (Fig. 2, A and B). Whereas the me-
chanical recovery and the arrhythmic activity were greatly
reduced in the presence of KN-93, both persisted in the
presence of KN-92. Overall results are depicted in Fig. 2C.

In additional experiments it was found that the arrhythmic
pattern observed after acidosis persisted in the presence of 1

mM H-89 and 1 mM chelerythrine used to specifically inhibit
protein kinase A and C, respectively (9, 19). The number of
ectopic beats in a 3-min period after acidosis was 33 6 1 and
30 6 6, respectively (n 5 3 in both cases).

Table 1 shows the lack of effect of the different kinase
inhibitors on basal contractility, relaxation, and MAPs
duration.

Transgenic mice with targeted inhibition of CaMKII in
cardiac SR membrane (SR-AIP). Figure 3, A and B, shows that
although the ectopic activity after acidosis and the mechanical
recovery during acidosis were present in WT mice, both
phenomena were significantly decreased in the SR-AIP mice.
A similar arrhythmic pattern was observed when the balloon
was omitted (not shown). Figure 3C shows the overall results
of these experiments. Table 1 summarized the basal values of
MAPs duration, contractility, and relaxation in WT and SR-
AIP mice.

Arrhythmias upon Removal of the Acid Stimulus
Are Dependent on the SR Ca21 Load and Release

To study whether the arrhythmias observed depend on SR
Ca21 load and release, we used thapsigargin, to inhibit SR
Ca21 uptake and ryanodine or dantrolene, to inhibit SR Ca21

release. Figure 4, A and B, depicts typical examples of the
thapsigargin and ryanodine experiments. Both drugs produced
a significant reduction in the occurrence of ectopic beats after
removal of acidosis. Moreover, the mechanical recovery was
virtually abolished in both cases (not shown). Similar results
were obtained with dantrolene. The overall results of these
experiments are shown in Fig. 4C.

SR Ca21 Load Is Associated with Thr17 Phosphorylation
of PLN

Figure 5A shows the time course of the effect of hypercapnic
acidosis on cell shortening in isolated myocytes and typical

Table 1. Effects of the different interventions on basal contractility, relaxation, and MAPDs

n LVDP, mmHg 1dP/dt, mmHg/s t1/2, ms MAPD90, ms

Control 101.964.8 2799.8689.0 53.061.5 53.364.1
KN-93 (1 mM) 3 93.266.7 2628.76189.7 54.263.1 61.266.2

Control 103.565.7 2762.56112.7 54.762.6 54.062.1
KN-92 (1 mM) 4 99.265.4 2754.96173.7 54.763.6 50.868.5

Control 110.9611.8 3601.66411.1 67.764.8 68.764.1
Ryanodine (30 nM) 3 51.464.8* 1600.26169.8* 82.366.2* 66.762.9

Control 92.963.1 2744.06270.6 55.261.7 61.366.3
Thapsigargin (1 mM) 4 62.965.2* 1411.36143.7* 67.562.6* 58.764.2

Control ND ND ND 50.564.0
Chelerythrine (1 mM) 3 ND ND ND 55.062.9

Control ND ND ND 46.866.3
H-89 (1 mM) 3 ND ND ND 50.362.3

Control ND ND ND 57.361.8
Dantrolene (1 mM) 3 ND ND ND 53.064.3

Wild-type mice 3 80.367.6 3449.76250.9 35.561.3 44.663.4

SR-AIP mice 3 75.766.7 2682.66316.6 44.261.1* 42.162.9

Values are means 6 SE (n, number of experiments) and were obtained at the end of the stabilization (control) and at the end of the 10-min period of drug
perfusion, previous to acidosis. LVDP, left ventricular developed pressure; 1dP/dt, maximal rate of pressure development; t1/2, half relaxation time; MAPD90,
monophasic action potential duration at 90% of repolarization. SR-AIP, sarcoplasmic reticulum-autocamitide inhibitory peptide; ND, no determination. *P ,
0.05 vs. control.
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recordings of the caffeine-induced Ca21 transient, as an esti-
mation of total SR Ca21 content, before acidosis (a), at the
beginning (b), and at the end (c) of acidosis and after returning
to normal pH (d). SR Ca21 content increases after 1 min of
acidosis, the moment during acidosis at which the Thr17 phos-
phorylation of PLN was maximal (Fig. 5B). The SR Ca21

content then diminished but was still significantly higher than
control by the end of the acidosis period and after acidosis (See
Fig. 6). The records in Fig. 5A also showed that acidosis
significantly slowed the caffeine Ca21 transient decay. The
overall results indicated that time to 50% decay of the caffeine
Ca21 transient significantly increased from 387 6 56 (control)
to 939 6 308 ms (acidosis, P , 0.05) and returned to control
values, 350 6 35 ms, 1 min after the acidosis period. In
agreement with previous findings, these results reflect the
acidosis-induced inhibition of the NCX (47) and further show
that this inhibition was fully reversible immediately after

returning to a normal pH. Figure 5B shows typical immuno-
blots of the phosphorylation of CaMKII and Thr17 of PLN.
Both phosphorylations increased at the beginning of acidosis,
returning to basal levels after ;10 min of acidosis. Phosphor-
ylation of Thr17 of PLN was also studied after acidosis.
Although it showed a trend to decrease, this decrease did not
attain significant levels. Phosphorylation of Ser16 of PLN, the
PKA site, did not change (data not shown). Figure 5C shows
that CaMKII inhibition decreased both, the significant increase
in Thr17 phosphorylation at the beginning of acidosis and the
associated increase in SR Ca21 content. Altogether these
results indicate that the CaMKII-dependent phosphorylation of
Thr17 of PLN, although transient, is a major cause of the
increase in SR Ca21 load that occurs during acidosis, in line
with previous findings from our and other laboratories (14, 31,
34, 36). Interestingly, additional experiments in perfused hearts
in which KN-93 was administered during the acidosis period,

Fig. 4. Ectopic beats are prevented by inhibition of SR Ca21 uptake and release. Traces showing that ectopic beats after returning to normal pH are prevented
in the presence of inhibition of SR Ca21 uptake (thapsigargin, 1 mM; A) or SR Ca21 release (ryanodine, 30 nM; B). Note that stimulation was reduced in the
ryanodine experiments to avoid an excessive increase in left ventricular end-diastolic pressure. C: overall results of this series. SERCA2a, sarco(endo)plasmic
reticulum Ca21-ATPase 2a; RyR2, ryanodine (Ry) receptor type 2; Thaps, thapsigargin; Dantr, dantrolene. *P , 0.05 with respect to ND.
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Fig. 5. CaMKII-inhibition prevented the acidosis-induced increase in phosphorylation (p) of Thr17 site of phospholamban (PLN) and in SR Ca21 content.
A: typical recordings of cell shortening (top) and intracellular Ca21 obtained in isolated myocytes. The height of the caffeine-induced Ca21 transient used to
examine the SR Ca21 content was greater at the beginning of acidosis and then slowly decreased during acidosis and in the postacidosis period. Notice that the
rate of intracellular Ca21 decay of caffeine pulses was reversible decreased during acidosis. The arrows indicate the moment at which caffeine was administered.
B: inmunoblots and overall results of the phosphorylation of CaMKII before and during acidosis and Thr17 site of PLN before, during, and after acidosis
(postacidosis). Bars represent overall results of phosphorylation of Thr17 of PLN. During acidosis, phosphorylation of CaMKII and Thr17 of PLN showed a
similar pattern. Phosphorylation of Thr17 did not significantly change after acidosis. Of note, maximal phosphorylation of Thr17 occurs in association with
maximal increase in SR Ca21 content during acidosis (A). C: the increase in the phosphorylation of Thr17 of PLN and SR Ca21 content at the beginning of
acidosis were both significantly diminished by pretreatment with 1 mM KN-93 (n 5 3–6 experiments). *P , 0.05 with respect to control; #P , 0.05 with respect
to acidosis without KN-93.
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immediately after the decay of Thr17 phosphorylation, failed to
avoid the arrhythmic pattern: upon returning to control pH the
number of ectopic beats recorded were 38 6 7, a figure similar
to that observed in the absence of drugs in the same time period
(Fig. 1D).

The Return to Normal pH Increased SR Ca21 Leak
and Relieves the RyR2

To examine whether the return to normal pH produces a leak
of Ca21 from an overloaded SR, the SR Ca21 leak was studied

in isolated myocytes after the acidosis period. A second group
of myocytes was studied under control conditions (myocytes
not submitted to acidosis). This group was paced at the same
rate as the group submitted to acidosis and for the same period
as the acidotic period. A third group of myocytes was studied
at the end of acidosis. In this group the extracellular Ca21 was
decreased to 0.5 mM to match a similar SR Ca21 content as the
one observed after acidosis. Figure 6A depicts the protocol
used. Figure 6B shows the overall results of these experiments.
The return to normal pH was associated with an increase in SR

Fig. 6. CaMKII-inhibition prevented the SR Ca21 leak observed upon returning to normal pH. A: scheme of the protocol used to assess SR Ca21 leak. In
indo-1-loaded myocytes, stimulation was stopped and the myocytes were exposed to 0 Na1-0 Ca21 solution for 60 s to block the Na1-Ca21 exchanger (NCX)
so that little or no Ca21 can entered or left the resting cell in the absence and presence of tetracaine to block the SR Ca21 release channel. The difference in
diastolic Ca21 with and without tetracaine was taken as an estimation of SR Ca21 leak. SR Ca21 leak was measured in the presence and absence of 1 mM KN-93.
B: comparison of the average SR Ca21 load and leak at pH 7.4 (control) at the end of acidosis and at the postacidosis period. The return to normal pH after
acidosis increased SR Ca21 leak with respect to control myocytes with a lower SR Ca21 load and to myocytes submitted to acidosis with a similar SR Ca21

load achieved by decreasing extracellular Ca21. In the presence of KN-93, SR Ca21 leak after acidosis was not significantly different from control (n 5 3
experiments in each experimental group). C, left: immunoblots showing the phosphorylation of Ser2815 and Ser2809 of RyR2 before acidosis and upon returning
to normal pH. Iso, phosphorylation of both RyR2 residues observed in hearts perfused with isoproterenol as a positive control. C, right: overall results of these
experiments (n 5 3 to 4 experiments). No significant alterations in the phosphorylation of RyR2 were detected. *P , 0.05 vs. control; #P , 0.05 vs. acidosis.
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Ca21 leak when compared with control (same pH and lower
SR Ca21 content) or with the end of acidosis period (lower pH
and similar SR Ca21 content). As expected, the increase in SR
Ca21 leak observed after acidosis significantly decreased to-
ward control values when the acidosis period was induced in
the presence of KN-93. Taken together, these results would
indicate that the return to normal pH evokes the leak of Ca21

from a Ca21-overloaded SR. An increase in spontaneous SR
Ca21 release has been previously related to either PKA or
CaMKII-dependent phosphorylation of RyR2 at either Ser2809

or Ser2815 sites, respectively (12, 30). Figure 6C shows West-
ern blots and the overall results indicating that no significant
changes were observed in the phosphorylation of Ser2809 or
Ser2815 of RyR2 either during acidosis or after returning to
normal pH with respect to control values. Thus the increase in
SR Ca21 leak observed after returning to normal pH with
respect to that observed during acidosis for a similar SR Ca21

load may be attributed to a reversible inhibition of RyR2 by
acidosis.

Acidosis Reversibly Inhibits RyR2

Although it is generally held that acidosis inhibits RyR2,
there are some differences between reports testing the action of
protons on RyR2 (44, 51). On the one hand, increasing/
decreasing the pH around physiological levels (pH ;7.2),
respectively, activated/inhibited RyR2 (44). In another report,
only the inhibition was found at pH , 7 (51). These discrep-
ancies may reflect differences in experimental conditions, in-
cluding levels of cytosolic free [Ca21] (51). In Fig. 7, we then
compared the effect of changing pH at the cytosolic surface of
RyR2 bathed with 2 mM free cytosolic [Ca21] (;EC50 for
RyR2 activation) or with 200 mM (which fully activates the
channels) (11).

Figure 7, A and B, shows that with cytosolic-free [Ca21] (;2
mM), Po decreased at each step of acidification. The Hill
equation, Po 5 Po0/{1 1 ([H1]/IC50)N} was fitted to these
data. Po0 (Po predicted in the absence of H1) was 0.65 6 0.04,
IC50 ([H1] that induces half-maximal inhibition) was 63 6 7

Fig. 7. Cytosolic pH affects RyR2 activity at low (2 mM) cytosolic-free Ca21. A: single channel recordings at pH 7.9 (right) and 6.6 (left). Recording conditions
were high-luminal [Ca21] (50 mM), membrane potential 5 0 mV, and 2 mM cytosolic-free [Ca21]. B: mean open probability (Po) as a function of pH observed
in RyR2 bathed with 2 mM cytosolic free [Ca21] (F, n 5 6 experiments) or with 200 mM (E, n 5 5 experiments). C: mean Po of RyR2 channels as a function
of time (t) (n 5 4 experiments). At pH 5 6.6 (t , 0), RyR2 remained closed. At t 5 0, pH was changed back to 7.3 (for details, see METHODS). CaCyt

21 , cytosolic
Ca21; O, open; C, closed.
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nM (equivalent to pH ;7.2), and N (minimum apparent num-
ber of H1 inhibitory sites in RyR2) was 2.0 6 0. The inhibitory
action of protons on RyR2 was readily reversed (within ;30 s)
by increasing the pH from 6.6 to 7.3 (Fig. 7C). When the RyR2
were bathed with saturating cytosolic-free [Ca21], Po values
did not decrease with acidity (Fig. 7B, open circles). The
results suggest that protons decreased the affinity of the RyR2
activating cytosolic sites for Ca21.

CaMKII-Dependent DADs Can Be Detected
After the Acidosis Period

The dependence of the arrhythmic pattern described on
the SR Ca21 release and SR Ca21 content would suggest
that arrhythmias may be triggered by DADs. We therefore
followed a defined pacing protocol with pauses test for
spontaneous activity to detect the possible appearance of
DADs (see METHODS). Figure 8A shows MAPs recorded from
the epicardial wall after this protocol. After termination of
pacing at 240 beats/min and simultaneous return to normal pH,
two membrane depolarizations were observed. Whereas the
first was followed by two spontaneous beats, the second
triggered an episode of ventricular arrhythmia. This behavior
was observed in five of five experiments of this type and in
zero of three experiments when KN-93 was present (Fig. 8B).
When MAPs were recorded simultaneously from the endocar-
dial and epicardial ventricular wall, the number of DADs
detected from the endocardial wall was significantly lower than
that detected from the epicardial surface (4 6 2 vs. 15 6 4, n 5
5) in the three first minutes of normal pH after acidosis. Taken
together, these experiments would indicate that the returning to
normal pH evoked membrane depolarizations, suggestive of
DADs, mainly detected from the epicardial surface of the
ventricular wall, which are able to trigger arrhythmic episodes
and are prevented by CaMKII inhibition.

DISCUSSION

In the present study we investigated the cellular mechanisms
underlying the arrhythmias that occur after acidosis, upon
returning to normal pH. We observed that arrhythmias are
dependent on the activity of the SR. More importantly, we

showed that the ectopic activity is suppressed by the inhibition
of the multifunctional Ca21/calmodulin-dependent protein ki-
nase, CaMKII, and did not occur in a transgenic mouse model
with the inhibition of CaMKII targeted to the SR. Arrhythmias
appear to be triggered by slow membrane depolarizations,
typical of DADs, that were also prevented by CaMKII inhibi-
tion. The inhibition of CaMKII also blunted the increase in
phosphorylation of Thr17 of PLN and in SR Ca21 content that
occurred associated with the onset of acidosis, as well as the
increased SR Ca21 leak that occurred after returning to a
normal pH. The results further showed that the return to a
normal pH reversed the acidosis-induced inhibition of RyR2
activity and of the NCX. Taken together, these findings indi-
cate a primary role of CaMKII on the enhancement of the SR
Ca21 content observed during acidosis and suggest that the
phosphorylation of Thr17 of PLN may be possibly involved in
this effect, in agreement with previous findings (14, 34, 36).
The results further suggest that the spontaneous activity that
takes place after returning to normal pH is triggered by
CaMKII-dependent DADs, which would be favored by two
concurrent factors: 1) the CaMKII-dependent enhancement of
the SR Ca21 content that occurred at the beginning of acidosis
and still persists after acidosis and 2) the simultaneous relief of
RyR2 and NCX previously inhibited by acidosis.

Monophasic APs

MAPs are extracellularly recorded waveforms that are not
identical to true transmembrane AP recordings. Nevertheless,
they can accurately reproduce the time course of transmem-
brane APs and are suitable for studying the characteristics of
local myocardial electrophysiology in intact animal prepara-
tions and in the clinical setting (5, 8, 13, 17, 33). Indeed,
recording MAPs is the only possible method to explore local-
ized myocardial activation and repolarization in the human
heart or in the in vivo animal hearts. In the present experiments
we used MAP recordings to assess the type of arrhythmia that
takes place upon returning to a normal pH after acidosis.
Although the application of this method has several practical
problems such as MAPs instability or registration of artifacts,
we were able to minimize the influence of these problems and

Fig. 8. Arrhythmias after acidosis are triggered by membrane depolarizations typical of delayed afterdepolarizatons (DADs). A: protocol of pacing and pauses
tests for spontaneous activity. Hearts were paced at 240 beats/min during acidosis and then returned to normal pH in the absence of pacing to allow for
spontaneous activity. The trace shows that after acidosis, spontaneous membrane depolarizations typical of DADs triggered the ectopic activity. B: overall results
showing that DADs developed mainly in the epicardial (Epi) surface and are prevented by pretreatment with KN-93. VT, ventricular tachycardia; Endo,
endocardial.
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to obtain stable MAP recordings that could be simultaneously
assessed in the endocardial and epicardial ventricular walls and
could be suppressed by different interventions.

Arrhythmias After Acidosis Are Suppressed
by CaMKII Inhibition

The present results showed that the ectopic activity after
acidosis was significantly decreased in transgenic animals with
the inhibition of CaMKII targeted to the SR, compared with
that in the age-matched WT mice. The arrhythmic pattern was
also prevented by the CaMKII inhibitor, KN-93, but not by its
inactive analog KN-92, in the perfused rat heart. The arrhyth-
mias appeared to be triggered by membrane depolarizations,
typical of DADs that were also blocked by KN-93. These
results indicate that the triggered arrhythmias are dependent on
a CaMKII phosphorylation, which would likely occur at the SR
level. Since RyR2 were not significantly phosphorylated either
during or after acidosis, these experiments support the notion
of a major role of PLN phosphorylation, specifically the
CaMKII site Thr17, in the increase in SR Ca21 content that
occurs at the beginning of acidosis. Recent evidence indicated
that SR-AIP mice show a consistent decrease in CaMKII-
dependent facilitation at the L-type Ca21 channels level (40).
However, acidosis either decreases or does not change the
L-type Ca21 current (20, 26), making a possible contribution of
this current to the acidosis-induced increase in SR Ca21 load
unlikely. Moreover, if this contribution takes place, it would
not fade the importance of Thr17 phosphorylation on this effect.

It has been previously shown that CaMKII inhibition re-
duces Ca21 current facilitation, L-type Ca21 channel opening
probability, and EADs (2, 15, 49, 50). Taken together, these
findings convincingly showed the link between EADs initia-
tion, L-type Ca21 current, and CaMKII activation. Moreover,
a different type of evidence demonstrated that CaMKII may
affect Na1 and K1 channels, which would be expected to
modify AP duration (43, 48). We did not observe changes in
AP duration after KN-93 administration (Table 1), which
would preclude an effect of either the drug or of CaMKII on
these channels under basal conditions.

DADs are not linked to ion-channel alterations but rather to
conditions that favor SR Ca21 overload (29). Earlier studies by
Wu et al. (49) indicated that when artificially prolonged AP
waves are used as voltage-clamp commands, cell membranes
exhibit a transient-inward current that is blocked by the dialysis
of a CaMKII inhibitory peptide. These results may suggest that
Ca21 influx during a prolonged AP is capable of overloading
the SR with Ca21, producing currents likely to be responsible
for DADs (1). However, the potential role of CaMKII activity
in DADs formation had never been directly tested. The present
results indicate that the arrhythmias observed after acidosis are
suppressed by CaMKII-inhibition and are likely triggered by
DADs. In our experimental conditions, DADs primarily orig-
inated in the epicardium. This mechanism would constitute the
main mechanism of triggered arrhythmias after a period of
acidosis. In the context of these results, it is important to
mention that although it has been previously thought that
DADs originate mainly in the endocardium (28), recent work
reported that DADs and the triggered activity associated with
spontaneous SR Ca21 release occurred preferentially near the
epicardium in a model of abnormal RyR2 function induced by

FKBP12.6 dissociation and b-adrenergic stimulation. The au-
thors attributed the higher ectopy of the epicardium with
respect to the endocardium to the faster SR Ca21 uptake
observed, possibly due to a higher expression of SERCA2a
compared with that observed in the endocardium (22, 35).

Mechanism of SR Ca21 Load During Acidosis

Previous experiments causally linked the spontaneous me-
chanical recovery that occurs during acidosis to an increase in
SR Ca21 load (18). Earlier evidence indicated that the signal-
ing cascade involved in this increase was triggered by the
activity of the Na1-H1 exchanger, enhanced by intracellular
acidosis, which in turn would increase intracellular Na1 and
intracellular Ca21 by slowing the forward mode of the NCX

Fig. 9. Cascade of events proposed to explain the arrhythmias triggered after
acidosis upon returning to normal pH. The increase in the phosphorylation of
Thr17 by acidosis-induced CaMKII activation, favored by the acidosis-induced
inhibition of NCX and RyR2, would increase SR Ca21 load. Alleviation of the
acidosis-induced RyR2 and NCX inhibition, upon returning to normal pH,
would produce an enhanced SR Ca21 leak and Ca21 efflux through the forward
NCX mode, which would in turn increase Na1 influx. The increase in Na1

influx would underlie the depolarizing current that produces DADs. Cai
21,

intracellular Ca21; INCX, current produced by NCX.

H1680 ARRHYTHMIAS, ACIDOSIS, AND CaMKII

AJP-Heart Circ Physiol • VOL 295 • OCTOBER 2008 • www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart (163.010.250.070) on September 29, 2020.



and eventually reversing it. It was hypothesized that the in-
crease in Ca21 promoted by this pathway would be sufficient
to overcome the direct inhibitory action of acidosis on the
activity of SERCA2a (18, 39). More recent studies indicated,
however, that this cascade of events, although possibly neces-
sary, was not sufficient by itself to increase the Ca21 content of
the SR. It was shown that the activation of CaMKII and the
phosphorylation of Thr17 of PLN were necessary events un-
derlying the mechanical recovery (14, 34, 36). In line with
these previous findings, the present experiments also show that
acidosis produces an increase in SR Ca21 load and a mechan-
ical recovery, both of which were reduced by CaMKII inhibi-
tion, as it was the significant increase in the phosphorylation of
Thr17 of PLN. The increase in the phosphorylation of Thr17

occurred at the beginning of acidosis associated to the maximal
increase in SR Ca21 content (Fig. 5). We are aware of the fact
that the increase in SR Ca21 content observed during acidosis
is qualitative and may be distorted due to possible changes in
cytoplasmic Ca21 buffering. However, the increase in SR Ca21

content during acidosis has been validated by quantitative
measurements of SR Ca21 and Ca21 buffering and from
changes in NCX current on repolarization (10). The present
findings add to these previous results the fact that the increase
in SR Ca21 content during acidosis is dependent of CaMKII, in
agreement with previous findings in mice by DeSantiago et al.
(14). Taken together, the results suggest that the activation of
CaMKII seems to be a necessary step required to increase SR
Ca21 load, possibly through the phosphorylation of Thr17 of
PLN (14, 34). In this scenario and relevant to the present study,
it is important to rescue the role of the acidosis-induced
inhibition of RyR2 and NCX in favoring SR Ca21 overload
under acidosis conditions (see below).

Why Is the Ectopic Activity More Closely Associated
to the Return to Normal pH?

If the increase in SR Ca21 content occurs during acidosis,
the question is, then, Why are the arrhythmias more closely
associated to the return to normal pH? The explanation to this
finding may be given by experimental evidence showing the
inhibitory effects of acidosis on RyR2 and on the frequency of
Ca21 spark (3, 10, 44, 46, 51). In agreement with these results,
we showed that acidosis reversibly inhibits the RyR2 open
probability in planar lipid bilayers at not saturating cytosolic
Ca21 levels (see Fig. 7). Moreover, the SR Ca2 leak observed
after returning to normal pH was not only greater than control,
possibly due to a significant increase in SR Ca21 content, but
also more important than the Ca2 leak observed at the end of
acidosis, for a similar SR Ca21 load. An increase in SR Ca21

leak may also be favored by a CaMKII-dependent phosphor-
ylation of RyR2 (12, 30). However, our results did not detect
any significant increase in the phosphorylation of either Ser2815

or Ser2809 sites, neither during the acidosis period nor after
returning to normal pH. Thus returning to normal pH would
increase the opening probability of the Ca21 release channel of
a Ca21 overloaded SR. Returning to normal pH would also
favor the reactivation of NCX inhibited by acidosis. In agree-
ment with previous findings (47), the present experiments
indeed showed that the rate of Ca21 decline of caffeine
transients was significantly slowed by acidosis, an effect that
was fully reversible upon returning to normal pH. All these

mechanisms, acting in concert, would be responsible for the
increase in SR Ca21 leak and triggered arrhythmias observed.

Figure 9 depicts the proposed mechanism for the arrhyth-
mias triggered after a period of acidosis.

Clinical Implications

The present experiments indicated that the return to normal
pH after a period of hypercapnic acidosis triggered an arrhyth-
mic pattern that is dependent on CaMKII. Intracellular acidosis
seems to be the important change, since metabolic acidosis
produced a significant lower number of ectopic beats after
returning to normal pH. Our findings may be of interest in the
clinical setting, since substantial changes in intracellular pH
may occur in different clinical disturbances of the acid /base
status, like ischemia-reperfusion injury, the syndrome of sleep
apnea/hypopnea (32), or in patients in dialysis (42), that may
affect cardiac function. The present experiments suggest that
alterations in intracellular pH associated with all these pathol-
ogies may be the substrate of at least part of the arrhythmias
observed in these diseases.

CaMKII has emerged as an important arrhythmogenic sig-
naling molecule in the setting of the LQT syndrome (49),
cardiac hypertrophy (50), and cardiomyopathy (24). All these
studies pointed to the crucial role of CaMKII in generating
EADs and triggered arrhythmias. The present results strongly
suggest that CaMKII is also responsible for DADs that trigger
post-acidosis arrhythmias. As such, CaMKII may be an anti-
arrhythmic drug target during this type of arrhythmias.
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