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Abstract

Aim: The multifunctional signal molecule calmodulin kinase II (CaMKII)
has been associated with cardiac arrhythmogenesis under conditions where
its activity is chronically elevated. Recent studies report that its activity is
also acutely elevated during acidosis. We test a hypothesis implicating
CaMKII in the arrhythmogenesis accompanying metabolic acidification.
Methods: We obtained monophasic action potential recordings from
Langendorff-perfused whole heart preparations and single cell action
potentials (AP) using whole-cell patch-clamped ventricular myocytes. Spon-
taneous sarcoplasmic reticular (SR) Ca**release events during metabolic
acidification were investigated using confocal microscope imaging of Fluo-4-
loaded ventricular myocytes.

Results: In Langendorff-perfused murine hearts, introduction of lactic acid
into the Krebs-Henseleit perfusate resulted in abnormal electrical activity and
ventricular tachycardia. The CaMKII inhibitor, KN-93 (2 um), reversibly
suppressed this spontaneous arrhythmogenesis during intrinsic rhythm and
regular 8 Hz pacing. However, it failed to suppress arrhythmia evoked by
programmed electrical stimulation. These findings paralleled a CaMKII-
independent reduction in the transmural repolarization gradients during
acidosis, which previously has been associated with the re-entrant substrate
under other conditions. Similar acidification produced spontaneous AP firing
and membrane potential oscillations in patch-clamped isolated ventricular
myocytes when pipette solutions permitted cytosolic Ca** to increase
following acidification. However, these were abolished by both KN-93 and use
of pipette solutions that held cytosolic Ca** constant during acidosis. Acidosis
also induced spontaneous Ca** waves in isolated intact Fluo-4-loaded
myocytes studied using confocal microscopy that were abolished by KN-93.
Conclusion: These findings together implicate CaMKII-dependent SR Ca**
waves in spontaneous arrhythmic events during metabolic acidification.
Keywords action potentials, arrhythmia, CaMKII, electrophysiology,
metabolic acidosis.

Previous experiments in isolated whole hearts (Eloff cell acidification (Orchard & Cingolani 1994). Acidifi-

et al. 2003), strips of cardiac tissue (Coetzee & Opie cation is an early and important biochemical change
1987, Orchard et al. 1987) and single cardiomyocytes associated with acute myocardial ischaemia (Elliott
(Kurachi 1982, Coetzee & Opie 1987) have consistently et al. 1992, Vandenberg et al. 1993) and may contrib-
demonstrated marked arrhythmogenic effects during ute importantly to the enhanced risks of potentially
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life-threatening arrhythmias in such situations (Senges
et al. 1979, Lugman et al. 2007). The mechanisms
underlying arrhythmogenicity in metabolic acidification
have therefore attracted extensive study (Orchard &
Cingolani 1994).

More recently, acidification has also been associated
with elevated activity in the multifunctional,
Ca**-dependent signal molecule calmodulin kinase II
(CaMKII) (Hulme et al. 1997, Komukai et al. 2001,
DeSantiago et al. 2004). CaMKII has been previously
shown to exert generally pro-arrhythmic effects (Wu
et al. 2002, Anderson 2007) under conditions of its
chronic elevation. For example, its overexpression
increases arrhythmogenic tendency by causing cardiac
hypertrophy in murine hearts (Wu et al. 2002, Zhang
et al. 2003, Kohlhaas et al. 2006). It has also been
implicated in arrhythmogenesis in atrial natriuretic
(Kirchhof etal. 2004).

However, CaMKII may also be involved in acute

peptide-deficient  mice
regulation of cardiac function (Komukai et al. 2001,
Kohlhaas ef al. 2006). Thus, inotropic effects leading to
recovery of contractile function in ventricular myocytes
during sustained acidification are blocked by the widely
used and specific CaMKII inhibitor, KN-93 (Sumi et al.
1991, DeSantiago et al. 2004). This inotropic effect was
attributed to increased SR Ca®* reuptake and SR Ca>*
content due to a CaMKII-specific phosphorylation of
phospholamban and consequent restoration of action
potential (AP)-evoked Ca®* transients (Komukai et al.
2001, DeSantiago et al. 2004). Thus, acidosis signifi-
cantly increased the amplitude of the caffeine-induced
Ca?* transient used to assess SR Ca®* content, but this
increase with acidosis did not take place in the presence
of KN-93 (Komukai et al. 2001). However, the accom-
panying elevation of SR Ca** content with such acidosis
could potentially also cause SR Ca** overload leading to
spontaneous SR Ca®* release, spontanecous APs and
triggered arrhythmias (Dibb ez al. 2007), all features
also associated with acidification (Orchard et al. 1987,
Orchard & Cingolani 1994). Taken together these
studies implicate CaMKII in the arrhythmia associated
with acidosis. This notion is further strengthened by a
recent study reporting that after a period of respiratory
acidosis a CaMKII-dependent elevation in the SR Ca**
content/leak induced enhanced triggering of spontane-
ous APs (Said et al. 2008). The role of CaMKII for
arrhythmia arising during acidosis and particularly
during metabolic acidosis is, however, unknown. Yet
the above findings raise the hitherto untested possibility
that CaMKII is also involved in the enhanced arrhythm-
ogenic properties during metabolic acidosis. The present
study accordingly investigated for possible acute roles of
CaMKII in the arrhythmogenicity during metabolic
acidification in murine hearts for the first time. Using
Langendorff-perfused hearts we first associated meta-
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bolic acidification with enhanced arrhythmic substrate
and triggered arrhythmic events. We then demonstrated
that CaMKII inhibition by KN-93 reduced the incidence
of spontaneous arrhythmias during metabolic acidificat-
ion in Langendorff-perfused hearts. Finally, in single
ventricular myocytes we show that two independent
approaches for CaMKII inhibition markedly suppressed
electrical abnormalities and Ca** waves during meta-
bolic acidification.

Materials and methods

Animal handling and heart isolation

All animal handling followed UK animal welfare regu-
lations. Mice were fed ad libitum and kept under a
constant temperature environment with 12:12 h
light : dark cycles. Wild-type male or female mice (age
3-7 months) mice were killed by cervical dislocation
(Schedule 1, UK Animals (Scientific Procedures) Act
1986). Hearts were rapidly excised, submerged under ice-
cold Krebs-Henseleit solution and the aorta cannulated
and fixed to a size 21-gauge cannula using a micro-
aneurysm clip (Harvard Apparatus, Edenbridge, UK).

MAP recordings from Langendorff-perfused hearts

Cannulated hearts were retrogradely perfused in a
Langendorff perfusion set-up with a flow rate of
2-3 mL min~". The flow rate was kept constant using a
peristaltic pump (101U/R; Watson Marlow, Falmouth,
UK). The heated perfusate (37 °C) was passed through a
2 um filtering membrane (Millipore, Watford, UK). The
control Krebs-Henseleit solution contained (in mm): 119
NaCl, 25 NaHCOj3, 4.0 KCl, 1.2 KH,PO4, 1.0 MgCl,,
1.8 CaCl,, 10 glucose, and 2.0 sodium pyruvate. In the
solution designed to cause metabolic acidification,
20 mMm NaHCOj3; was exchanged with 20 mm sodium
L-lactate. During all experiments, solutions were
continuously bubbled using 95%/5% O,/CO, resulting
in pH ~7.4 for control solutions and ~6.7 for solutions
causing metabolic acidification.

Cardiac electrical activity was recorded from the
epicardial or endocardial surface of the left ventricle
using unipolar monophasic action potential (MAP)
electrodes (Linton Instruments, Harvard Apparatus,
Edenbridge, UK). Recordings were bandpass filtered
(0.005-1 kHz) and sampled at 5 kHz using a Neurolog
amplifier (NL-900D; Digitimer, Welwyn Garden City,
UK), a 1401 plus interface and SPIKE software (Cam-
bridge Electronic Design, Cambridge, UK). Electrical
activity was recorded from hearts during three types of
stimulation: (1) intrinsic rhythm, (2) regular 8 Hz pacing
and (3) programmed electrical stimulation (PES) (Killeen
et al. 2007, Thomas et al. 2008). The latter two types of
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stimulation excited the right ventricle using constant
voltage pulses (1-4 V, 2 ms duration; Grass S48 stimu-
lator, Grass Technologies, West Warwick, RI, USA). PES
stimulation mimics the appearance of triggered activity
and therefore permits assessment for the presence or
otherwise of arrhythmic substrate.

Isolation of ventricular myocytes

Cannulated hearts were retrogradely perfused at
2-3 mL min~! (37 °C) in a Langendorff set-up similar
to that used for MAP recordings. All solutions used in
the isolation procedure and for storing isolated myocytes
during experiments were made from the same basic
solution containing (in mm): 120 NaCl, 5.4 KCI,
5 MgSOy, 10 glucose, 5.4 sodium pyruvate, 20 taurine
and 10 HEPES. During the first 2 min of the isolation
procedure, hearts were perfused with a nominally
Ca**-free solution (pH 6.95), made from the basic
solution but also containing 5 mm NTA (N,N-bis
[carboxymethyl|glycine disodium salt, Ca** chelator)
intended to sequester extracellular Ca**. Subsequently,
hearts were perfused for 10 min with a digestion
solution modified from the basic solution by additionally
containing 250 um CaCl,, collagenase type II (13 000
units in 50 mL) and hyaluronidase (22 000 units in
50 mL), pH 7.4. The ventricles were then isolated and
placed in a modified basic solution that additionally
contained 250 um CaCl,, 2 mg mL™" BSA and pH 7.4
to stop enzymatic digestion. Ventricles were then gently
cut and triturated using disposable Pasteur pipettes to
separate the myocytes. After 15-20 min rest the myo-
cytes were transferred to the storing solution. This was
essentially the basic solution but additionally contained
1 mg mL™" BSA and 1 mm CaCl,.

Patch clamping experiments

Single cell APs were recorded using whole-cell patch-
clamping in the current clamp mode (Axoclamp 700B,
Molecular Devices, Sunnyvale, CA, USA). Pipettes
(2-4 MQ) were pulled from filamented borosilicate glass
(GC150F-10; Harvard Apparatus) using a vertical
pipette puller (PC-10; Narishige, Tokyo, Japan). Myo-
cytes were placed in a perfusion chamber (PDMI-2,
Harvard Apparatus) that allowed a complete solution
change within ~2 min (flow rate ~2 mL min~', gravity
driven) and visualization of myocytes was achieved using
an inverted microscope (Nikon Eclipse, TE2000-U;
Neurolog, Welwyn Garden City, UK). All recordings
were performed at 37 °C. All recordings were performed
without applying holding current and APs were triggered
by applying small constant current pulses through the
recording electrode. Recordings were low-pass filtered at
10 kHz and sampled at 20 kHz. The external control
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solution contained (in mm): 145 NaCl, 5 KCI, 10 HEPES,
10 glucose, 1 MgCl,, 1 CaCly; pH was adjusted to 7.4
with NaOH. In solutions designed to produce metabolic
acidification, 20 mm NaCl was replaced by 20 mm
sodium r-lactate, and pH was adjusted to 6.7 with
NaOH.

In the patch-clamp experiments two pipette solutions
were used. In one solution a rise in cytosolic free Ca**
during acidification was prevented by using 5 mm
BAPTA as the Ca®* chelating agent (BAPTA solution)
(Tsien 1980). In contrast to BAPTA, the Ca®* chelating
property of EGTA is highly pH sensitive in the
physiological pH range (Harrison & Bers 1989).
Accordingly, in the second solution both BAPTA and
EGTA were included in such proportions (EGTA-
BAPTA solution, 5 mMm total) that during acidosis the
change in free Ca** could replicate that occurring in
acidified, intact myocytes. In both solutions the free
Ca** was 50 nM at pH 7.2. When acidified, the BAPTA
solution could be assumed to maintain the free Ca**
constant (Tsien 1980) while in the EGTA-BAPTA
solution the free Ca?* would increase from ~50 to
~300 nm with a drop of pH from 7.2 to 6.7. The
proportions of EGTA and BAPTA in the EGTA-BAPTA
solution were estimated as follows. The total Ca** in a
solution containing both EGTA and BAPTA at pH 7.2
and 6.7, respectively, is given by:

K;EGTA,ZZ [EGTA] [Ca2+]free.7.2
1+ Kggrazo [Ca2+]free,7,2
K;SAPTA [BAPTA] [Ca2+} free,7.2

b}
1+ KyppralCa™ e 72

[Ca2+]t0m| = [Cazﬂfree,7.2+

Kigrae7[EGTA] [Caﬂ]ﬁeeﬁj
1+ K%GTA,6A7[C32+]free,6,7
K ppra [BAPTA] [Ca”] free,6.7

2
1+ K;&APTA[Ca Jr]free4,6.7

[Caz+]tutal = [Cal+]free‘6.7 +

Assuming that the total Ca®* remained unchanged

during acidosis, the concentration of BAPTA that was

required in the EGTA-BAPTA solution could be

calculated as:

A[Ligand}total - [Ca2+]free‘6.7 + [C32+]free,7.2
A+ KgppraB

2 24
A— ( KiZGTAJ,Z[Ca +]frcc,n KEGTA@J[Ca ]frcc,6.7 >
- 2 - 2
1+ Kigra72[Ca™ e 72 1+ Kigra 67(Ca™ hrees.7

[Ca2+]free,7.2 >

2
1+ KgppralCa™ e 72

[BAPTA] =

( [Ca2+]free,6.7

2
1+ KpppralCa™ e 7

where Kf,pry = 4.7 x 10° M™" is the apparent affinity
constant of BAPTA at 36 °C and an ionic strength of
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194 mm (Harrison & Bers 1987). Kj,pra can be
assumed to remain unchanged with acidification (Tsien
1980). Kigraz.= 749 ¥ 10° m™! is the apparent affin-
ity constant of EGTA at pH 7.2, 37 °C and ionic
strength of 150 mm (Harrison & Bers 1989). At pH 6.7
Kigrae = 7-69 x 10°m™". The EGTA concentration
was subsequently  calculated from [EGTA] =
[Ligand]iowai — [BAPTA] and total Ca** could then be
determined. The total Mg** added to ensure a final
concentration of 1 mM free Mg?* in a setting of 5§ mm
ATP was calculated from (Ashley & Moisescu 1977):

KATPJ.Z [Mg2+} free [ATP}

M 2+ — M 2+ 4
[ g ]total [ g ]free 1+K;\Tp77_2[Mg2+]

free

where K/y;p = 10* M™! is the apparent affinity constant
of ATP for Mg®* at pH 7.1, 37 °C (Stephenson &
Williams 1981). Table 1
solutions.

summarizes the pipette

Imaging of cytosolic Ca**

For confocal microscope imaging of intact myocytes,
cells were pre-loaded with 10 um Fluo-4-AM (20%
Pluronic-DMSO) for 30 min followed by a 20 min wash.
Cells were placed in a custom-designed experimental
chamber placed on an inverted Leica confocal micro-
scope (Model TCSSPS; Leica, Heidelberg, Germany).
The chamber was perfused at 2-3 mL min™" and the
bathing solution could be completely exchanged within
~2 min. Cells were stimulated by field stimulation at
0.5 Hz using constant voltage pulses (30 V cm™, 2 ms
duration). All recordings were done in frames (64 x 64)
with a frame speed of ~16 Hz. External solutions were
similar to patch-clamp experiments. All experiments
were performed at room temperature (~24 °C). For
quantification, the fluorescence in a cell-free region of the
image (Fpackground,control) Was subtracted from the fluo-
rescence of resting cells in control conditions (Fest control)-

Table | Composition of patch-clamp solutions used in the
whole-cell patch-clamp experiments (mm)

BAPTA EGTA-BAPTA
K-aspartate 110 110
Na,-ATP 5 5
MgCl, 5.37 5.37
HEPES 10 10
EGTA 4.12
BAPTA 5 0.88
CaCl, 1 1.29
pH 7.2 7.2
Free Mg”* 1 1
Free Ca** 5%x107° 5x107°
(pH = 7.2) (3 x107* at pH 6.7)
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This gave the Fy value. Amplitudes of fluorescence signals
during AP-evoked Ca®* transients and during Ca®*
waves, Fpeakes» were related to this Fo value after
subtracting the resting fluorescence of the cell under the
conditions when the transients or waves were recorded,

F rest,test*

AF

FO Frest,control - Fbackgmund,control

Fpeak,test - Frcst,tcst

For imaging of patch-clamped cells, 100 um cell-
impermeant Fluo-4 was added to the pipette solution
and the fluorescence was recorded using a Cairns
photometric Optoscan system (Cairns Research, Faver-
sham UK).

Chemicals

All chemicals were of analytical grade. Fluo-4-AM,
cell-impermeant Fluo-4 and pluronic DMSO were from
Molecular Probes (Invitrogen, Carlsbad, CA, USA).
Collagenase type II was from Worthington (Lakewood,
NJ, USA). KN-93 was from Tocris (Bristol, Avon, UK);
all other chemicals were from Sigma-Aldrich (Poole,
Dorset, UK).

Statistical analysis

Fisher’s exact test was used to assess whether association
between two categorical data groups was non-random.
Student’s ¢-test was used to test whether two data groups,
which were assumed to be normally distributed, had
identical means. All z-tests were preceded by F-tests to test
for equal variance between two data groups concerned.
Average data are presented as means + SEM. P < 0.05
was considered the limit of significance.

Results

KN-93 suppresses spontaneous arrhythmogenesis during
metabolic acidification

Arrhythmogenicity produced by metabolic acidification
was initially assessed by recording epicardial MAPs
from intact, Langendorff-perfused, hearts. All hearts
were both initially examined under control conditions
of normal extracellular pH and then during subsequent
metabolic acidification. Figure 1a shows that during
8 Hz regular pacing metabolic acidification was associ-
ated with the appearance of spontaneously generated
APs. In addition, ventricular tachycardia (VT) was
observed both during 8 Hz regular pacing and during
intrinsic rhythm. In contrast, inclusion of the CaMKII
inhibitor KN-93 abolished VT during intrinsic rhythm
and reduced the incidence of VT during regular pacing

© 2009 The Authors
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Figure | Effect of CaMKII inhibition on arrhythmogenicity of metabolic acidification. Representative recordings of epicardial

MAPs from hearts perfused with control solution or solution causing metabolic acidification in the absence (a) or presence (b) of
CaMKII inhibition (2 um KN-93). Panels (a) and (b) show recordings during regular 8 Hz pacing and during intrinsic rhythm.

Stimulations are indicated by squares under traces. No arrhythmic tendencies were observed during control conditions in the
presence or absence of KN-93 (c). Panels (d)—(f) show the numbers of hearts that fired spontaneous APs (d), developed VT during

regular pacing (e) and precipitated to VT during intrinsic rhythm (f) during metabolic acidification in the presence and absence of

KN-93. *Significant difference between the absence and presence of KN-93 as assessed using Fisher’s exact test.

(Fig. 1b). Figure 1c—f quantifies these observations from
26 hearts exposed to metabolic acidification with the
differing accompanying conditions. Of these, 16 hearts
were studied in the absence and 10 in the presence of
KN-93 using the protocols illustrated in Figure 1a,b.
Abnormal electrical activity was not observed in any of
these 26 hearts under the initial conditions of normal
extracellular pH whether during regular pacing or
intrinsic rhythm (Fig. 1c). However, acidified hearts
subject to 8 Hz regular pacing showed evidence of
spontaneous arrhythmogenic tendencies that could be
classified into spontaneous firing of single APs or
spontaneous VT (Fig. 1d,e respectively). Thus, in the
absence of KN-93, acidification resulted in spontaneous
APs in all hearts and spontaneous VT in 63% of the
hearts. In the presence of KN-93, acidosis only pro-
duced spontaneous APs in 50% of the hearts and VT in
20% of the hearts (P < 0.01 and < 0.05, testing findings
obtaining in the presence vs. the absence of KN-93 for
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spontaneous APs and spontaneous VT during metabolic
acidosis respectively: Fisher’s exact test). During intrin-
sic rhythm, metabolic acidification was similarly asso-
ciated with spontaneous VT in 53% of the hearts when
KN-93 was absent (Fig. 1f). However, acidification did
not induce spontaneous VT in intrinsically active hearts
exposed to KN-93. During intrinsic rhythm CaMKII
inhibition thus markedly reduced spontaneous arrhyth-
mogenicity produced by acidosis (P < 0.01, presence vs.
absence of KN-93 during acidosis) but CaMKII inhibi-
tion did not affect the frequency of the intrinsic rhythm
under control or acidic conditions. Thus, under control
conditions of normal extracellular pH, the intrinsic
rhythm was 228 + 64 beats min™' and 197 + 41
in the absence and presence of KN-93
respectively (P < 0.69). Under acidified conditions the
intrinsic rhythm was 127 4+ 35 and 197 + 56 beats
~1 in the absence and presence of KN-93 respec-
< 0.33). Taken together these findings suggest

beats min~!

min
tively (P

17
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that CaMKII inhibition reduced spontaneous arrhyth-
mogenicity caused by
whether during regular 8 Hz pacing or during intrinsic

metabolic  acidification
activity.

Complementary experiments on three hearts exposed
to 8 Hz regular pacing showed that the anti-arrhythmic
effects of KN-93 during metabolic acidosis were
reversible. In these experiments KN-93 was initially
introduced under conditions of normal pH (Fig. 2a) and
during the following metabolic acidification that lasted
20 min (Fig. 2b). KN-93 was then removed, leaving the
DMSO vehicle while metabolic acidification was
maintained for another 20 min (Fig. 2¢). After this
40 min of acidification, the control solution without
KN-93 was re-introduced (Fig. 2d). In all hearts
studied, VT during metabolic acidification only
occurred after KN-93 was washed out.

CaMKll-independent reductions in transmural
repolarization gradients during metabolic acidification

Data of the kind illustrated in Figure 2¢ suggested an
association between metabolic acidification and spon-
taneous and sustained arrhythmias under the conditions
adopted in the present experiments. The occurrence of
such arrhythmias during intrinsic rhythm or during
regular pacing requires initiation by a triggering event.
However, once triggered, continued arrhythmogenic
activity requires maintenance by an arrhythmic sub-
strate. Previous work in gain-of-function murine models
for long QT syndrome 3 (LQT3) and hypokalaemia has
attributed such arrhythmic substrate to reduced trans-
mural repolarization gradients in the left ventricles
resulting from preferential prolongations of epicardial
over endocardial MAPs (Killeen et al. 2007, Thomas
et al. 2008).

The experiments that followed tested for the possible
relationships between such substrate, the arrhythmoge-
necity brought about by acidosis and possible contrast-

(a) Control, KN-93 (b)

i '
05s 05s

()  Metabolic acidosis, DMSO (d) Control, DMSO
............ . . . : .
05s 05s
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ing effects of KN-93 upon these. They investigated the
effects of metabolic acidification and KN-93 on left
ventricular epicardial and endocardial MAPs in intact
hearts during regular 8 Hz pacing. Figure 3a,b super-
imposes representative epicardial and endocardial MAP
recordings obtained under conditions of normal extra-
cellular pH (Fig. 3a) and during metabolic acidification
(Fig. 3b). Figure 3d, e gives a similar display of record-
ings obtained in the presence of KN-93. MAP duration
was assessed from the time to reach 90% repolarization
(APDgg). Such experiments demonstrated that meta-
bolic acidification significantly prolonged epicardial
APDy, regardless of whether KN-93 was absent
(~40%, P <0.001, Fig.3c) or present (~44%,
P < 0.001, Fig. 3f). In contrast, such acidification did
not alter endocardial APDy, values whether KN-93 was
absent (P = 0.14, Fig. 3¢) or present (P = 0.47, Fig. 3f).
In addition, KN-93 did not affect either epicardial or
endocardial APDgy whether under conditions of normal
extracellular pH (P = 0.55 and 0.27 respectively) or
during metabolic acidification (P = 0.95 and 0.66
respectively).

These findings associate metabolic acidification with
significantly reduced left ventricular transmural gradients
of repolarization (AAPDgyg = endocardial APDg, —
epicardial APDyg) but demonstrate that these were
independent of CaMKII inhibition (P = 0.46, absence
vs. presence of CaMKII).

Metabolic acidification is associated with a CaMKII-
dependent triggering of arrhythmia

The above measurements of left ventricular AAPDgq
appeared to exclude an involvement of arrhythmo-
genic substrate in effects of KN-93 under conditions
of metabolic acidification. This notion was reinforced
by the results of stimulating hearts using PES (Killeen
et al. 2007, Thomas et al. 2008). PES involves a
stimulation of hearts by external extrasystolic stimuli

Metabolic acidosis, KN-93

Figure 2 Reversibility of CaMKII inhi-

bition on arrythmogenicity of metabolic
Mo acidification. Representative recordings of
epicardial MAPs from a Langendorff-
perfused murine heart paced regularly
at 8 Hz during exposure to metabolic
acidification in the absence and presence
of KN-93. (a) Control conditions with
KN-93, (b) metabolic acidification with
KN-93, (c) metabolic acidification after
removal of KN-93 and (d) control
conditions without KN-93.
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(@

Figure 3 CaMKII inhibition reduces
spontaneous arrhythmia during metabolic

Control

Ly . 40 ms
acidification but does not affect the —

reduction in transmural gradient of repo-

larization (AAPDgg) during acidosis.

Representative recordings of epicardial Endo
and endocardial MAPs during control Epi
conditions (a) and during metabolic

acidification (b). Summarized data and

calculated values for AAPDy during (d)

control conditions and during metabolic

acidification (c). Representative epicardial 40 ms
and endocardial MAPs in the presence of
KN-93 during control conditions (d) and
during metabolic acidification (e). Sum- Endo
marized data for experiments with KN-93 Eol

pi

(f). *Significant difference between
control conditions and metabolic
acidification.

that mimic the appearance of intrinsic triggers for
arrhythmia. PES is accordingly considered primarily to
provide a means for assessing arrhythmic substrate
that might sustain, rather than triggered activity that
might initiate, arrhythmogenesis (Killeen ez al. 2007,
Thomas et al. 2008). The present experiments dem-
onstrate that in contrast to findings obtained under
conditions of normal extracellular pH (Fig. 4a), PES
could induce VT under conditions of metabolic
acidification (Fig. 4b) consistent with an appearance
of the required arrhythmic substrate. In the presence
of KN-93, PES similarly did not induce any abnormal
electrical activity under conditions of normal extra-
cellular pH (Fig. 4c). However, it did induce VT
during metabolic acidification (Fig. 4d). Thus, during
metabolic acidification PES caused VT in 25% of the
hearts in the absence of KN-93 and in 43% of hearts
when KN-93 was present (P = 0.61). The episodes of
VT during metabolic acidification that were observed
either using regular pacing or PES, generally had a
monomorphic appearance with activation cycles of
76 £ 8ms and 71+ 7 ms in the
presence of KN-93 respectively. This indicates that
KN-93 did not markedly affect the arrhythmic
substrate during acidosis.

absence and

Taken together the whole heart experiments suggest
that CaMKII inhibition acts to reduce AP triggering
mechanisms without affecting the arrbythmic substrate
that arises during metabolic acidification.

Metabolic acidosis induces CaMKll-dependent Ca**
waves

The cellular mechanisms behind the arrhythmogenic
trigger during acidosis and the role of CaMKII in this

© 2009 The Authors
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triggering were next explored by confocal microscope
imaging to compare SR Ca®* handling both under
conditions of normal extracellular pH and during met-
abolicacidification in the absence and presence of KN-93.

Figure Sa,b shows 10 s records of Ca®* transients
evoked by 0.5 Hz stimulation of typical ventricular
myocytes in the absence (Fig. 5a) or presence (Fig. 5b)
of KN-93 under conditions of normal extracellular pH
(left panels) and during subsequent metabolic acidifi-
cation (right panels). Under control conditions, KN-93
did not significantly affect the magnitudes of Ca**
transients. First, metabolic acidification was associated
with reduced amplitudes of the evoked Ca®* transients
in both the presence and absence of KN-93 (Fig. 5a,b).
This decline in Ca** transients was most pronounced in
the presence of KN-93 (Fig. 5¢), which would be
consistent with previous reports in which elevated
CaMKII activity under acidotic conditions counteracted
the inhibitory actions of acidosis on AP-evoked Ca**
transients (Hulme et al. 1997, Komukai et al. 2001,
DeSantiago et al. 2004). However, despite this decline,
acidification also resulted in an appearance of large
spontaneous Ca>* waves (Fig. 5a, right panel; see also
Fig. 5d). Remarkably, these waves were abolished by
KN-93: Less than 1 wave was seen on average during
4-6 min of acidification in the presence of KN-93
whereas more than 10 waves were seen in its absence.
Such Ca** waves are likely to play a substantial role for
triggering spontaneous APs during acidosis by poten-
tially generating delayed after depolarizations (DADs).

Secondly, as reported in other studies, acidification
was associated with a CaMKII-independent increase in
the free cytosolic Ca>* (Orchard et al. 1987, Hulme
et al. 1997). Thus, after 5 min of acidification this
baseline Ca®* had increased by 38 + 18% in the
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Figure 4 CaMKII inhibition does not affect the arrhythmogenic substrate arising during metabolic acidification. To assess for
arrhythmic substrate the PES protocol was employed to stimulate the hearts with a regular 8 Hz pacing (S1) and with extrasystolic
stimuli (S2), which are included to mimic the appearance of intrinsic arrhythmogenic triggers. (a) and (b) show epicardial MAP

recordings during the PES stimulation in control conditions (a) and during metabolic acidification (b). During acidosis the S2
stimulus triggered VT. Similar representative traces from experiment performed in the presence of KN-93 are presented in (c) and

(d). In panel (e) the summarized data are presented.

absence of KN-93 and by 22 + 11% in the presence of
KN-93 (P = 0.62).

Metabolic acidification causes CaMKIl-dependent
oscillations in the resting membrane potential and
spontaneous APs

Finally, to test whether such DADs and spontaneous
APs during metabolic acidification could indeed be
observed at the cellular level, single cell APs were
recorded using whole-cell patch-clamp recordings from
ventricular myocytes. The confocal microscopy record-
ings showed that in accordance with previous studies,
acidification was associated with a CaMKII-indepen-
dent elevation in free cytosolic Ca** (Fig. 5a,b) and it
has been suggested that increased CaMKII activity
during acidosis arises secondarily to this increased free
cytosolic Ca®* (Hulme et al. 1997). In our experiments,
this increase in Ca** was mimicked by using patch-
clamp electrodes filled with the EGTA-BAPTA solution
designed to allow free Ca** to rise from ~50 to
~300 nm for a drop of pH from 7.2 to 6.7. Results
obtained using this pipette solution were compared with
those obtained using electrodes containing a BAPTA
solution that should prevent major alterations in free
Ca®* with imposed acidification. To test whether free

Ca®* was indeed differently affected by imposed
acidification with the use of the two pipette solutions,
the baseline free Ca®* was initially measured in
patch-clamped cells during the first 5 min of acidificat-
ion. Figure 6a shows representative traces of the free
Ca®* from such experiments. In all six cells that were
patch-clamped with the EGTA-BAPTA solution,
three of which were treated with KN-93, acidification
caused a marked change in the free Ca®*. In contrast,
with the BAPTA solution the acidic condition did not
markedly affect free Ca®*. In addition to confirming
that only cells that were patch-clamped using EGTA-
BAPTA solution showed significant changes in free Ca**
during acidosis, these experiments also confirmed that a
net intracellular acidification was achieved following
imposition of extracellular acidification.

Figure 6b—d shows records of APs obtained at a
stimulation frequency of 1 Hz under conditions of
normal extracellular pH (left panels) and after 5 min of
subsequent metabolic acidification (right panels) of cells
patch-clamped using either the BAPTA (Fig. 6b,e) or
the EGTA-BAPTA solution (Fig. 6¢,d). In cells investi-
gated using BAPTA solution, metabolic acidification did
not cause electrophysiological abnormalities in the nine
cells investigated (Fig. 6b). In contrast, in cells patch-
clamped using the EGTA-BAPTA solution, acidification

© 2009 The Authors
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Figure 5 Effect of CaMKII inhibition on AP-evoked SR Ca®* transients and SR Ca?* waves during metabolic acidosis. (a, b)
Representative 10 s recordings of AP-evoked SR Ca®* transients (0.5 Hz) in control conditions (left panels) and after 5 min of
metabolic acidification (right panels) in the absence (a) and presence of KN-93 (b). During acidification a Ca** wave was observed
in the absence of KN-93. (c) Effect of KN-93 on amplitudes of AP-evoked SR Ca?* transients during acidosis relative to those
observed under control conditions and (d) the number of Ca** waves observed during 2 min sampling periods during control
conditions and during acidosis. Average data are shown as mean + SEM.

caused oscillations in the resting membrane potential
(10 of 13 cells) that occasionally led to episodes of
spontaneous APs (5 of 13 cells) (Fig. 6¢,e). However,
when experiments were performed using EGTA-BAPTA
solution and in the presence of KN-93, resting mem-
brane potential oscillations during acidosis were only
observed in one of six cells and spontaneous APs were
not observed in any of the cells examined (Fig. 6d,e).
In cells investigated with the BAPTA solution the
maximal rate of rise in the APs (dv/dt) dropped from
530 + 43 V 57! before acidification to 426 + 36 V s~
after 5 min acidification (P < 0.01, n = 7). However,
the APDy, remained wunchanged (35 +6 and
29 + 7 ms; P =0.42, n="7). In the experiments with
EGTA-BAPTA solution the presence of KN-93 did not
affect either dv/dt or APDy, under control conditions or
during acidosis. Thus, dv/d¢ dropped from 503 + 48 to
476 + 24 V s~ ! after 5 min acidification in the absence
of KN-93 (P =0.43, n=28) and from 492 + 71 to
440 + 85 Vs! in the presence of KN-93 (P = 0.65,
n = 5), also suggesting an absence of significant effects

© 2009 The Authors

of KN-93 by itself on dv/dt either before or after
acidification. With EGTA-BAPTA solution APDyy was
51 + 6 ms under control conditions and 40 + 7 ms
after 5 min of metabolic acidification in the absence of
KN-93 (P = 0.23, # = 8) and in the presence of KN-93
APDyy was 65 £+ 12 ms under control conditions and
43 + 9 ms after 5 min of metabolic acidification
(P=0.16, 7= 5).

Discussion

Metabolic acidification is a key cellular alteration in a
number of clinically important situations including the
cardiac ischaemia that occurs with acute coronary
artery occlusion. Such situations are associated with
increased arrhythmogenicity (Senges et al. 1979, Elliott
et al. 1992, Vandenberg et al. 1993, Lugman et al.
2007). This study demonstrates for the first time that in
murine hearts the arrhythmia occurring during such
metabolic acidification can be triggered via CaMKII-
dependent mechanisms in turn involving alterations in
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cellular Ca®* homeostasis. It reports experiments that

Membrane potential (mV)
!

assessed acute arrhythmogenicity in intact Langendorff-
perfused hearts and correlated these findings with
corresponding changes in electrical activity and Ca®*
homeostasis at the single cell level. Both types of
experiments involved a measurement of physiological
properties in the absence and presence of metabolic
acidification achieved by lactic acid administration.
This is known to produce a rapid intracellular acidifi-
cation via its transmembrane transport by mono-
1989). The
experiments at the whole heart level were performed

carboxylate transporters (Poole et al.

to characterize the arrhythmia arising during metabolic
acidification while experiments at the single cell level
were employed to relate these findings to earlier cellular
studies focusing on the effect of metabolic acidification
on Ca®* homeostasis. As such, three aspects of the

S

using EGTA-BAPTA solution and in the
absence of KN-93; **Fisher’s exact test.

arrhythmia arising during metabolic acidification were
explored in this study; (1) the enhanced arrhythmic
triggering, (2) the re-entrant substrate and finally (3) the
role of CaMKII in the arrhythmogenecity associated
with metabolic acidification.

First, the experiments at the whole heart level
separated arrhythmic tendency during metabolic acid-
ification that could be attributed to #riggered activity
from arrhythmic tendency arising from re-entrant
substrate as detected using PES stimulation. During
intrinsic rhythm a significant proportion of acidified
hearts developed spontaneous VT. With regular 8 Hz
pacing, all acidified hearts fired spontaneous APs and a
significant proportion showed VT. These findings
associated metabolic acidification with the appearance
of spontaneous APs that could act as triggers for VT.
To study the role of SR Ca?* handling in this
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arrhythmic triggering during metabolic acidification
confocal imaging of intact myocytes was performed
during initial conditions of normal extracellular pH
and subsequently during metabolic acidification. These
experiments directly demonstrated that acidosis led to
the appearance of large Ca®* waves, known to cause
DADs via an increased Na*-Ca?* exchange current
(Coetzee & Opie 1987, Orchard & Cingolani 1994,
Dibb et al. 2007). The large amplitudes of the Ca**
waves were compatible with a markedly increased SR
Ca®* content during acidification. The latter would
agree with other studies focusing on the effect of
acidification on SR Ca®* loading (Orchard et al. 1987,
Orchard & Cingolani 1994). It is therefore likely that
the spontaneous arrhythmia in the whole heart during
metabolic acidification resulted from SR Ca®* waves
and DADs. Such a notion is further supported by the
patch-clamp experiments, which could study spontane-
ous electrical activity in single isolated ventricular
myocytes in isolation from re-entrant substrate. Results
were compared between cells patch-clamped using
pipettes that contained either BAPTA solution or
EGTA-BAPTA solution. In the first case, metabolic
acidification altered neither cytosolic free [Ca’'],
reflected in the fluorescence of a loaded Fluo-4, nor
the normal pattern of AP firing, in so doing additionally
excluding significant arrhythmogenic actions of the
lactate ion itself in the present experiments. In the
second case using the EGTA-BAPTA solution, meta-
bolic acidification increased intracellular Ca** similar
to the rise in baseline Ca** in the confocal imaging
during acidosis, in so doing confirming successful cell
acidification, and produced DADs and spontaneous
APs. The above findings together suggest in wvivo
situations in which acidosis elevates free cytosolic
Ca** that in turn produces altered SR Ca®* handling
and triggered arrhythmic phenomena.

Secondly, in addition, metabolic acidification also
resulted in re-entrant substrate that might result in
persistent arrhythmogenesis following such spontane-
ous APs. Thus, epicardial and endocardial MAP
recordings suggested an association between metabolic
acidification and reduced AAPDy, arising from pref-
erential prolongation of epicardial MAPs. This is in
common with the re-entrant arrhythmic substrate
reported in murine models of LQT3 and hypokala-
emia (Killeen et al. 2007, Thomas et al. 2008). It has
previously been shown in Langendorff-perfused whole
hearts that arrhythmic tendencies arising during acid-
ification can be reduced by a gap junction opener
(Eloff et al. 2003), indicating that during acidosis
reduced conduction velocity may generate an arrhyth-
mic substrate separate from the reduced AAPDy,. This
is further supported by the reduced dv/d¢ of the
single cell APs during acidosis, which indicates that

© 2009 The Authors
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acidification caused a reduction in Na* current during
the AP that may add to closure of gap junctions in
generating a reduced AP conduction velocity.
Thirdly, acidification has also been associated with
elevated CaMKII activity (Hulme er al. 1997, Komukai
et al. 2001, DeSantiago et al. 2004). Chronic CaMKII
overexpression is known to cause cardiac hypertrophy
and increased arrhythmogenicity in murine hearts (Wu
et al. 2002). Also, a recent study demonstrated that
CaMKII is involved in arrhythmogenecity after a period
of respiratory acidosis (Said er al. 2008). However, the
role of CaMKII in the generation of acute arrhythmo-
genecity under acidotic conditions has not been inves-
tigated. In the present experiments, in acidified
Langendorff-perfused hearts, KN-93 abolished all
evidence of VT during intrinsic rhythm and sharply
reduced the incidence of spontaneous APs and VT
during regular pacing. Previous work has indicated that
KN-93 elicits potent and specific inhibitory effects on
CaMKII phosphorylating activity similar to those of the
very specific peptide inhibitor AIP (Sumi et al. 1991,
Kohlhaas et al. 2006, Vila-Petroff et al. 2007). Further-
more, in patch-clamped single cells, CaMKII inhibition
produced either by KN-93 or indirectly by avoidance of
a rise in cytosolic Ca** during acidosis greatly reduced
DADs and completely abolished spontaneous APs
during acidosis. In confocal imaging experiments,
KN-93 caused a larger decline in the electrically evoked
Ca®* transients and abolished the spontaneous SR Ca**
waves during the metabolic acidification despite acido-
sis still causing a marked rise in baseline Ca** in the
presence of KN-93. However, it did not prevent the
arrhythmias and abnormal electrical activity during
PES. Nor did it affect epicardial or endocardial APDg,
or AAPDyy whether during control conditions or during
metabolic acidification. Together these findings indicate
that whilst CaMKII did not affect the substrate for
arrhythmia that arose with metabolic acidification, it
enhanced AP triggering during metabolic acidosis by the
generation of spontaneous SR Ca** waves.
Spontaneous SR Ca** waves are generally believed to
occur when the free luminal SR Ca®* reaches a
threshold concentration for RyR2A opening (Dibb
et al. 2007), following enhanced SR Ca>* uptake or
reduced thresholds for RyR2A opening. The increased
phosphorylation of the CaMKII-specific site on phos-
pholamban during acidosis (Hulme et al. 1997, DeSan-
tiago et al. 2004) is believed to relieve the inhibitory
effect of phospholamban on SERCA. Indeed, it is well
established that KN-93 can suppress the enhanced SR
Ca** content usually observed during acidosis (Komu-
kai efal. 2001, DeSantiago et al. 2004). CaMKII-
mediated RYR2a phosphorylation may also increase
RyR2a opening probabilities (Guo et al. 2006), effec-
tively lowering the threshold concentration of free SR
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Ca”* that leads to RyR2A opening. However, a recent
study suggested that CaMKII phosphorylation of
RyR2A actually reduces its opening probability (Yang
et al. 2007). Thus, we speculate that the Ca>* waves
observed in this study in metabolically acidified myo-
cytes could arise from SR Ca®* overloading due to
CaMKII-mediated phospholamban phosphorylation
and possibly from CaMKII-mediated RYR2a phosphor-
ylation causing increased opening probability of RyR2a.

It is well established that the activity of CaMKII
becomes elevated during structural heart disease (Yang
et al. 2005) and during ischaemia/reperfusion (Vila-
Petroff et al. 2007). Experiments with animal models of
cardiac hypertrophy have implicated CaMKII in the
structural remodelling and arrhythmogenesis associated
with cardiac hypertrophy (Wu e al. 2002). Also, in
mice where hypertrophy was induced by chronic
adrenergic stimulation, treatment with KN-93 or
expression of a CaMKII inhibitory peptide, AC3-I,
successfully reduced structural remodelling and arrhyth-
mogenecity (Yang et al. 2005). These studies implicate
chronically elevated CaMKII activity in heart disease. In
the present study, acute metabolic acidification caused
CaMKII-dependent increases in ventricular automatic-
ity. As metabolic acidification is a hallmark of acute
cardiac ischaemia, we suggest that CaMKII may be
involved in the triggering of cardiac arrhythmia during
acute myocardial ischaemia.

Conflict of interest
We report no conflict of interest.

We thank the Danish Medical Research Council (T.H.P.),
Medical Research Council (UK), the Wellcome Trust, the
British Heart Foundation (UK), Helen Kirkland Trust and
Papworth Hospital, UK for their generous support.

References

Anderson, M.E. 2007. Multiple downstream proarrhythmic
targets for calmodulin kinase II: moving beyond an ion
channel-centric focus. Cardiovasc Res 73, 657-666.

Ashley, C.C. & Moisescu, D.G. 1977. Effect of changing the
composition of the bathing solutions upon the isometric
tension-pCa relationship in bundles of crustacean myofi-
brils. J Physiol 270, 627-652.

Coetzee, W.A. & Opie, L.H. 1987. Effects of components of
ischemia and metabolic inhibition on delayed afterdepolar-
izations in guinea pig papillary muscle. Circ Res 61, 157-
165.

DeSantiago, J., Maier, L.S. & Bers, D.M. 2004. Phospholam-
ban is required for CaMKII-dependent recovery of Ca**
transients and SR Ca®* reuptake during acidosis in cardiac
myocytes. | Mol Cell Cardiol 36, 67-74.

Dibb, K.M., Graham, H.K., Venetucci, L.A., Eisner, D.A. &
Trafford, A.W. 2007. Analysis of cellular calcium fluxes in

Acta Physiol 2009, 197, 13-25

cardiac muscle to understand calcium homeostasis in the
heart. Cell Calcium 42, 503-512.

Elliott, A.C., Smith, G.L., Eisner, D.A. & Allen, D.G. 1992.
Metabolic changes during ischaemia and their role in con-
tractile failure in isolated ferret hearts. | Physiol 454, 467-
490.

Eloff, B.C., Gilat, E., Wan, X. & Rosenbaum, D.S. 2003.
Pharmacological modulation of cardiac gap junctions to
enhance cardiac conduction. Circulation 108, 3157-3163.

Guo, T., Zhang, T., Mestril, R. & Bers, D.M. 2006. Ca**/
calmodulin-dependent protein kinase II phosphorylation of
ryanodine receptor does affect calcium sparks in mouse
ventricular myocytes. Circ Res 99, 398-406.

Harrison, S.M. & Bers, D.M. 1987. The effect of temperature
and ionic strength on the apparent Ca-affinity of EGTA and
the analogous Ca-chelators BAPTA and dibromo-BAPTA.
Biochim Biophys Acta 925, 133-143.

Harrison, S.M. & Bers, D.M. 1989. Correction of proton and
Ca association constants of EGTA for temperature and ionic
strength. Am | Physiol 256, C1250-C1256.

Hulme, J.T., Colyer, J. & Orchard, C.H. 1997. Acidosis alters
the phosphorylation of Ser16 and Thr17 of phospholamban
in rat cardiac muscle. Pfliigers Arch 434, 475-483.

Killeen, M.J., Thomas, G., Gurung, L.S., Goddard, C.A., Fra-
ser, J.A., Mahaut-Smith, M.P., Colledge, W.H., Grace, A.A.
& Huang, C.L. 2007. Arrhythmogenic mechanisms in the
isolated perfused hypokalaemic murine heart. Acta Physiol
189, 33-46.

Kirchhof, P., Fabritz, L., Kili¢, A., Begrow, F., Breithardt, G. &
Kuhn, M. 2004. Ventricular arrhythmias, increased cardiac
calmodulin kinase II expression, and altered repolarization
kinetics in ANP receptor deficient mice. ] Mol Cell Cardiol
36, 691-700.

Kohlhaas, M., Zhang, T., Seidler, T., Zibrova, D., Dybkova,
N., Steen, A., Wagner, S., Chen, L., Brown, J.H., Bers, D.M.
& Maier, L.S. 2006. Increased sarcoplasmic reticulum cal-
cium leak but unaltered contractility by acute CaMKII
overexpression in isolated rabbit cardiac myocytes. Circ Res
98, 235-244.

Komukai, K., Pascarel, C. & Orchard, C.H. 2001. Compen-
satory role of CaMKII on Ic, and SR function during
acidosis in rat ventricular myocytes. Pfliigers Arch 442,
353-361.

Kurachi, Y. 1982. The effects of intracellular protons on the
electrical activity of single ventricular cells. Pfliigers Arch
394, 264-270.

Lugman, N., Sung, R.]., Wang, C. & Kuo, C. 2007. Myocar-
dial ischemia and ventricular fibrillation: Pathophysiology
and clinical implications. Int | Cardiol 119, 283-290.

Orchard, C.H. & Cingolani, H.E. 1994. Acidosis and
arrhythmias in cardiac muscle. Cardiovasc Res 28, 1312~
1319.

Orchard, C.H., Houser, S.R., Kort, A.A., Bahinski, A.,
Capogrossi, M.C. & Lakatta, E.G. 1987. Acidosis facilitates
spontaneous sarcoplasmic reticulum Ca?* release in rat
myocardium. | Gen Physiol 90, 145-165.

Poole, R.C., Halestrap, A.P., Price, S.]J. & Levi, A.]J. 1989. The
kinetics of transport of lactate and pyruvate into isolated
cardiac myocytes from guinea pig. Kinetic evidence for the

© 2009 The Authors

24 Journal compilation © 2009 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2009.01991.x



Acta Physiol 2009, 197, 13-25

presence of a carrier distinct from that in erythrocytes and
hepatocytes. Biochem | 264, 409-418.

Said, M., Becerra, R., Palomeque, J., Rinaldi, G., Kaetzel,
M.A., Diaz-Sylvester, P.L., Copello, J.A., Dedman, J.R.,
Mundifia-Weilenmann, C., Vittone, L. & Mattiazzi, A.
2008. Increased intracellular Ca** and SR Ca** load con-
tribute to arrhythmias after acidosis in rat heart. Role of
Ca”*/calmodulin-dependent protein kinase II. Am: | Physiol
Heart Circ Physiol. 295, H1669-H1683.

Senges, J., Brachmann, J., Pelzer, D., Mizutani, T. & Kiiebler,
W. 1979. Effects of some components of ischemia on elec-
trical activity and reentry in the canine ventricular con-
ducting system. Circ Res 44, 864-872.

Stephenson, D.G. & Williams, D.A. 1981. Calcium-activated
force responses in fast- and slow-twitch skinned muscle
fibres of the rat at different temperatures. | Physiol 317,
281-302.

Sumi, M., Kiuchi, K., Ishikawa, T., Ishii, A., Hagiwara, M.,
Nagatsu, T. & Hidaka, H. 1991. The newly synthesized
selective  Ca?*/calmodulin ~ dependent  protein
II inhibitor KN-93 reduces dopamine contents in
PC12h cells. Biochem Biophys Res Commun 181, 968—
975.

Thomas, G., Killeen, M.]., Grace, A.A. & Huang, C.L. 2008.
Pharmacological separation of early afterdepolarizations
from arrhythmogenic substrate in DeltaKPQ Scn$a murine
hearts modelling human long QT 3 syndrome. Acta Physiol
192, 505-517.

Tsien, R.Y. 1980. New calcium indicators and buffers with
high selectivity against magnesium and protons: design,

kinase

© 2009 The Authors

T H Pedersen et al. « CaMKIl initiates arrhythmia during metabolic acidification

synthesis, and properties of prototype structures. Biochem-
istry 19, 2396-2404.

Vandenberg, J.I., Metcalfe, J.C. & Grace, A.A. 1993. Mecha-
nisms of pH; recovery after global ischemia in the perfused
heart. Circ Res 72, 993-1003.

Vila-Petroff, M., Salas, M.A., Said, M., Valverde, C.A., Sapia,
L., Portiansky, E., Hajjar, R.]., Kranias, E.G., Mundina-
Weilenmann, C. & Mattiazzi, A. 2007. CaMKII inhibition
protects against necrosis and apoptosis in irreversible ische-
mia-reperfusion injury. Cardiovasc Res 73, 689-698.

Wu, Y., Temple, J., Zhang, R., Dzhura, 1., Zhang, W., Trim-
ble, R., Roden, D.M., Passier, R., Olson, E.N., Colbran, R.]J.
& Anderson, M.E. 2002. Calmodulin kinase II and
arrhythmias in a mouse model of cardiac hypertrophy.
Circulation 106, 1288-1293.

Yang, Y.Y., Grueter, C.E., Ni, G., Price, E.E., Jr, Thiel, W.,
Guatimosim, S., Song, L.S., Madu, E.C., Shah, A.N., Vish-
nivetskaya, T.A. et al. 2005. Calmodulin kinase II inhibition
protects against structural heart disease. Nat Med 11,
409-417.

Yang, D., Zhu, W.Z., Xiao, B., Brochet, D.X., Chen, S.R.,
Lakatta, E.G., Xiao, R.P. & Cheng, H. 2007. Ca**/cal-
modulin kinase II-dependent phosphorylation of ryanodine
receptors suppresses Ca”* sparks and Ca®* waves in cardiac
myocytes. Circ Res 100, 399-407.

Zhang, T., Maier, L.S., Dalton, N.D., Miyamoto, S., Ross, J.,
Jr, Bers, D.M. & Brown, J.H. 2003. The deltaC isoform of
CaMKII is activated in cardiac hypertrophy and induces
dilated cardiomyopathy and heart failure. Circ Res 92,
912-919.

Journal compilation © 2009 Scandinavian Physiological Society, doi: 10.1111/j.1748-1716.2009.01991.x 25



