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Aims Calmodulin (CaM) regulates Naþ channel gating through binding to an IQ-like motif in the C-terminus. Ca2þ/CaM-
dependent protein kinase II (CaMKII) regulates Ca2þ handling, and chronic overactivity of CaMKII is associated with
left ventricular hypertrophy and dysfunction and lethal arrhythmias. However, the acute effects of Ca2þ/CaM and
CaMKII on cardiac Naþ channels are not fully understood.

Methods
and results

Purified NaV1.5–glutathione-S-transferase fusion peptides were phosphorylated in vitro by CaMKII predominantly on
the I– II linker. Whole-cell voltage-clamp was used to measure Naþ current (INa) in isolated guinea-pig ventricular
myocytes in the absence or presence of CaM or CaMKII in the pipette solution. CaMKII shifted the voltage depen-
dence of Naþ channel availability by �þ5 mV, hastened recovery from inactivation, decreased entry into intermedi-
ate or slow inactivation, and increased persistent (late) current, but did not change INa decay. These CaMKII-induced
changes of Naþ channel gating were completely abolished by a specific CaMKII inhibitor, autocamtide-2-related
inhibitory peptide (AIP). Ca2þ/CaM alone reproduced the CaMKII-induced changes of INa availability and the fraction
of channels undergoing slow inactivation, but did not alter recovery from inactivation or the magnitude of the late
current. Furthermore, the CaM-induced changes were also completely abolished by AIP. On the other hand,
cAMP-dependent protein kinase A inhibitors did not abolish the CaM/CaMKII-induced alterations of INa function.

Conclusion Ca2þ/CaM and CaMKII have distinct effects on the inactivation phenotype of cardiac Naþ channels. The differences
are consistent with CaM-independent effects of CaMKII on cardiac Naþ channel gating.
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Keywords Na-channel † Calcium † Calmodulin † Ca2þ/CaM-dependent protein kinase II

1. Introduction
Voltage-gated Naþ channels are transmembrane proteins respon-
sible for the action potential (AP) upstroke that initiates cell exci-
tation and determines the velocity of impulse propagation.1 In
humans, altered Naþ channel gating underlies some forms of
long-QT syndrome (LQT3),2 Brugada’s syndrome,3 and heritable
cardiac conduction disease4,5 leading to life-threatening ventricular
arrhythmias. Naþ channel gating is altered in acquired diseases
such as cardiac ischaemia and heart failure, and aberrant Naþ

channel regulation may contribute to ventricular arrhythmias and
sudden cardiac death.

A number of signalling pathways that regulate Naþ channel func-
tion6 are altered in the diseased heart, such as cAMP-dependent
protein kinase A (PKA)7,8 and PKC.9 Calcium ions (Ca2þ) have a
fundamental role in the coupling of cardiac myocyte excitation
and contraction; however, mechanisms whereby intracellular
Ca2þ may directly modulate Naþ channel function have yet to
be fully clarified.10 Calmodulin (CaM) regulates Naþ channel
gating through binding to an IQ-like motif in the C-terminus.11

†This study was presented in part at the Scientific Session of the Heart Rhythm Society, 9–12 May 2007, and published in abstract form [Heart Rhythm 2007;4(Suppl. 149)].
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Ca2þ/CaM-dependent protein kinase II (CaMKII) is one of the most
important transducers of Ca2þ signals in many cell types and is
highly conserved across animal species.12 CaMKII plays an impor-
tant role in cardiac physiology, and the specific effects of CaMKII
in the myocardium may be difficult to identify because its targets
converge with those of PKA, the key mediator of catecholamine
responses in the heart. CaMKII regulates Ca2þ handling,13 and
overexpression of CaMKII causes left ventricular hypertrophy
and dysfunction14 and lethal arrhythmias.15 The effect of CaMKII
on cardiac Naþ currents has been examined using adenovirus-
mediated CaMKII overexpression.16 However, the direct physio-
logical function of Ca2þ/CaM and CaMKII or PKA on cardiac
Naþ channels remains controversial. The purpose of this study is
to investigate the acute effects of Ca2þ/CaM, CaMKII, and PKA
on native cardiac Naþ channels. We demonstrated that CaM and
CaMKII have distinct effects on the inactivation phenotype of
cardiac Naþ channels, consistent with CaM-independent effects
of CaMKII on cardiac Naþ channel gating. These findings have
been presented in preliminary form.17

2. Methods
The investigation confirms with the Guide for the Care and Use of
Laboratory Animals published by US National Institution of Health
(NIH Publication No. 85-23, revised 1996) and was approved by the
Animal Care and Use Committee of the Johns Hopkins Medical Insti-
tutions (which conform to National Institutes of Health guidelines).

2.1 Isolated guinea-pig left ventricular
myocytes
Single ventricular myocytes were prepared from adult guinea-pig heart
using enzymatic dissociation methods as described previously.18 After
digestion, cells were stored at room temperature in a high potassium
solution (mM: K-glutamate 120, KCl 25, MgCl2 1, glucose 10, HEPES
10, and EGTA 1; pH 7.4) until use.

2.2 Patch-clamp experiments
Whole-cell voltage-clamp was used to measure INa with an Axopatch
200A patch-clamp amplifier (Molecular Devices Corp.) at room temp-
erature (228C). Voltage command protocols were generated by
custom-written software. Capacitance compensation was optimized
and series resistance was compensated by 40–80%. Membrane currents
were filtered at 5 kHz and digitized with 12-bit resolution through a
DigiData-1200 interface (Molecular Devices Corp.). The patch pipettes
had 1–1.5 MV tip resistances when filled with a pipette solution con-
taining (in mM): NaCl 5, CsCl 40, glutamate 80, CsOH 80, Mg-ATP 5,
EGTA 5, HEPES 10, and CaCl2 1.5 (free [Ca2þ] ¼ 100 nM, pH 7.2,
with CsOH, liquid junction potential ¼ þ5 mV). The bath solution
contained (in mM) NaCl 10, MgCl2 2, CsCl2 5, TEA-Cl 125, and
HEPES 20 (pH 7.4 with CsOH). In all experiments, recording was
begun 10–15 min after establishment of the whole-cell mode to
permit stabilization of the voltage dependence and kinetics of gating.

For the measurement of APs, whole-cell current-clamp was per-
formed at 378C; the patch pipettes had 3–4 MV tip resistances
when filled with pipette solution containing (in mM): 120 Kþ-
glutamate, 10 KCl, 10 HEPES, 5 EGTA, and 5 Mg-ATP adjusted to
pH 7.2 with KOH and standard Tyrode’s bath solution. The stimulation
frequency was varied over a range of pacing intervals from 0.5–4.0 s,

and the steady-state APs were recorded and analysed at least 1 min
after the initiation of pacing at each pacing interval.

2.3 Solutions/pharmacology
CaMKII (CaMKIIa, Biolabs, NE, USA) was activated by diluting the
desired amount of enzyme in a reaction buffer containing (in mM):
Tris–HCl 50, MgCl2 10, dithiothreitol 2, Na2EDTA 0.1 (pH 7.5)
with ATP 100 mM, CaM 1.2 mM, and CaCl2 2 mM, then incubating
for 10 min at 308C. Activated CaMKII was diluted in the pipette sol-
ution (1:10) such that the final CaMKII concentration in the pipette
was 5000 U/mL. The CaMKII-containing pipette solution which con-
tains both CaMKII and CaM is referred to as the CaMKII condition.
CaM (in the absence of CaMKII), the CaMKII-specific inhibitor
autocamtide-2-related inhibitory peptide (AIP, Calbiochem), PKA
inhibitor peptide (PKI, Millipore), and PKA catalytic subunit (New
England Biolabs) were added to the pipette solution to final concen-
trations of 110, 200 nM, 50 mM, and 5000 U/mL, respectively.

2.4 Voltage protocols
The protocols used for the assessment of the voltage dependence of
activation/inactivation, recovery from inactivation, and entry into inac-
tivation are provided as insets in the relevant figures. To determine the
V1/2 and slope factor k, steady-state inactivation data were fit with a
Boltzmann function of the form: I/Imax ¼ f1 þ exp[(V 2 V1/2)/k]g21.
Recovery from inactivation data were fit with a bi-exponential function
of the form: I(t)/Imax ¼ A1 exp(2t/t1) þ A2 exp(2t/t2) þ A3, using a
non-linear least squares minimization. The decay phase of the
current during a voltage step was fit with a bi-exponential function
of the form: I(t) ¼ Af exp(2t/tf) þ As exp(2t/ts), where Af and As

are the fractions of fast and slow inactivating components, respectively.
The persistent inward (late) Naþ current was the tetrodotoxin
(TTX)-sensitive current (30 mM) measured at 100–500 ms after the
depolarizing voltage step. Data analysis was performed with custom-
written software (Ionview) and Origin (Microcal).

2.5 Western blotting and phosphorylation
PCR amplified cDNAs encoding regions of NaV1.5 were cloned into
the EcoRI site of pGEX-6P1 (GenBank ID: U78872). The resulting
glutathione-S-transferase (GST) fusion constructs were confirmed
for proper orientation and sequence by automated DNA sequencing.
These plasmids were used to transform BL21 Escherichia coli. The pro-
teins were expressed by isopropylthiogalactoside induction of cultures
grown to an absorbance at 600 nm (A600) between 0.6–1.0, followed
by culture for another 1–2 h. Cells were pelleted and resuspended in
ice-cold phosphate-buffered saline (PBS) with protease inhibitors and
then lysed by sonication. The sonicate was centrifuged and the
soluble fraction was passed over a GSTrap column (GE Healthcare).
The column was washed with more than 10 column volumes of PBS
and eluted with 10 mM glutathione. The purified fragments were sep-
arated by electrophoresis on 4–12% polyacrylamide gel electrophor-
esis (PAGE). The purified fragments were incubated with 5000 IU
CaMKIIa in the presence of g-32P-labelled ATP. The labelled peptides
were run on the same percentage gel and exposed to film.

2.6 Statistics
The results are presented as mean+ SD or SEM. Statistical compari-
sons were made using a one-way ANOVA followed by Bonferroni/
Dunn tests for multiple comparisons. Differences in serial studies
were assessed by repeated measures ANOVA. In some cases, an
unpaired Student’s t-test was used to evaluate the significance of
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the difference between means. Statistical significance was assumed at
P , 0.05.

3. Results

3.1 CaMKII-dependent phosphorylation
on Na1 channel
We first demonstrated that the a-subunit of the cardiac Naþ

channel (NaV1.5) is a substrate for CaMKII-dependent phosphoryl-
ation. We prepared GST fusion peptides of the N- and C-termini
and all of the interdomain linkers of NaV1.5. Purified NaV1.5 pep-
tides incubated with activated CaMKII and ATP-g-32P were phos-
phorylated predominantly on the I– II linker and to a lesser
extent in the C-terminus (Figure 1).

3.2 Current–voltage relationship and
steady-state gating
The current–voltage (I–V ) relationship of cardiac INa was influ-
enced by CaMKII and CaM (Figure 2A and B). The peak current
density was significantly larger with CaMKII (245 to þ10 mV)
or CaM (250 to þ5 mV) in the pipette compared with that in
control solution, and the peak of the I–V relationship was
shifted 24 mV in CaM (244+4 mV, P , 0.05 vs. control) but
not in CaMKII (239+ 4 mV) compared with control conditions
(240+3 mV) (Figure 2B). The CaM- or CaMKII-induced increase
in the peak current density was abolished by AIP. No significant
difference was found in the reversal potentials in the presence of
CaM or CaMKII (see Supplementary material online, Table S1).

Neither CaM nor CaMKII altered the voltage dependence of
Naþ channel activation as illustrated in the conductance (GNa)

curves (Figure 2C and Table 1). In contrast, the voltage dependence
of steady-state inactivation was influenced by CaMKII/CaM signal-
ling. Representative Naþ currents (INa) and steady-state inacti-
vation curves are shown in Figures 3A and B. To assess the
voltage dependence of steady-state inactivation, INa was measured
during test pulses to 220 mV (50 ms) after 500 ms pre-pulses
from 2140 to 220 mV (in 5 mV increments). CaMKII in the
pipette produced a þ5 mV shift in INa steady-state inactivation
compared with the control condition (V1/2: 272.7+8.4 vs.
279.7+ 5.2 mV, P , 0.05; Table 1). The CaMKII-activating buffer
contains CaM, and CaM alone produced the same voltage shift
in INa steady-state inactivation (V1/2: 271.8+6.7 mV, P , 0.05
vs. control). However, CaMKII-activating buffer in the absence of
both CaM and CaMKII (vehicle) had no significant effect on the
voltage dependence of INa availability (see Supplementary material
online, Figure S1). To assess whether CaM or CaMKII modulates
Naþ channels, we added the specific CaMKII inhibitor AIP to the
pipette solution with CaM or CaMKII. AIP completely abolished
not only the CaMKII-induced voltage shift in steady-state inacti-
vation (279.8+7.0 mV CaMKII þ AIP, P , 0.05 vs. CaMKII) but
also the CaM-induced alteration of steady-state inactivation
(279.9+ 6.0 mV CaM þ AIP, P , 0.05 vs. CaM), suggesting that
the CaM effect is mediated by endogenous CaMKII which is
blocked by AIP. Furthermore, to assess whether the CaM/
CaMKII-induced effect is mediated by PKA, we added the PKI to
the pipette solution with CaM or CaMKII. PKI did not affect the
CaM/CaMKII-induced change of INa steady-state inactivation
(Table 1). Therefore, the CaM/CaMKII-induced voltage shift of
Naþ channels is mediated by CaMKII-induced phosphorylation of
the Naþ channel or other targets that influence the channel
gating, but is not the direct result of CaM binding to the
channel. This is not a general effect of channel phosphorylation
as PKA altered neither steady-state inactivation nor activation
(Table 1, see Supplementary material online, Figure S2).

3.3 Recovery from inactivation
Inactivation and recovery from inactivation are closely correlated
and critically regulate channel function and cardiac electrophysi-
ology. Recovery from inactivation was investigated using a conven-
tional two-pulse protocol. We used a sustained depolarization to
220 mV for 300 ms (P1) followed by a variable recovery interval
and subsequent 220 mV test pulse (P2). As shown in Figure 4,
CaMKII hastened the recovery from inactivation compared with
control conditions. The fast time constant of recovery from inacti-
vation (tfast) was significantly smaller in CaMKII than that in control
(tfast: 3.8+ 1.2 ms, CaMKII vs. 5.4+0.9 ms, control; P , 0.05).
The CaMKII-induced faster recovery from inactivation was abol-
ished by the addition of AIP to the pipette (tfast: 6.5+2.5 ms,
and tslow: 54.1+ 37.0 ms, CaMKII þ AIP; P , 0.05 vs. CaMKII).
On the other hand, neither CaM alone nor CaMKII-activating
buffer (vehicle) altered the recovery from inactivation (Figure 4,
see Supplementary material online, Figure S1). In contrast to
steady-state inactivation, PKA also hastened the recovery from
inactivation compared with control (tfast: 3.9+ 1.7 ms, P , 0.05
vs. control) (Table 1, see Supplementary material online,
Figure S2); however, PKI did not abolish the CaMKII-induced
faster recovery from inactivation (Table 1).

Figure 1 In vitro phosphorylation of the Na channel by CaMKII.
Purified GST fusion proteins of the intracellular domains of
NaV1.5 were phosphorylated in vitro with CaMKII in the presence
of g-32P-labelled ATP. Proteins were separated by SDS–PAGE
and transferred to nitrocellulose. Total protein was visualized
by Ponceau-S stain (top) and incorporated 32P was visualized
by autoradiography (bottom). Phosphorylation occurred predo-
minantly on the I– II linker, with a smaller amount occurring on
the CT domain. NT, amino terminus; CT, carboxyl terminus. I–
II, II-III, and III– IV denotes the I– II, II– III, and III– IV interdomain
linkers, respectively.
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3.4 Entry into inactivation
Figure 5 and Table 2 summarize the effect of CaM and CaMKII on
the entry into inactivated states of cardiac Naþ channels. Entry into
inactivation was measured using depolarizations of variable dur-
ation (P1) followed by a 20 ms recovery period at 2140 mV,
allowing for recovery from fast inactivation but not from inter-
mediate or slower inactivation (IM). CaMKII decreased the fraction
of INa that undergo slow inactivation (y0: 0.78+0.05 CaMKII vs.
0.73+0.07 control, P ¼ 0.08), and CaM alone produced the
same decrease in the fraction of channels undergoing slow inacti-
vation (0.79+ 0.06 CaM, P , 0.05 vs. control). AIP completely
abolished not only the CaMKII-induced decrease in the entry
into INa inactivation but also the CaM-induced alteration of entry
into inactivation (0.69+0.05 CaMKII þ AIP and 0.71+ 0.08
CaM þ AIP, respectively), suggesting that the CaM effect is
mediated by endogenous CaMKII. On the other hand, PKI did
not abolish the CaMKII- and CaM-induced alteration of IM. Thus,
Ca2þ/CaM and CaMKII decreased the fraction of the current
undergoing intermediate inactivation.

3.5 Decay time constant
The initial (tfast) and late (tslow) time constants of INa decay are
shown in Table 1. Neither the initial nor the slow time constants
of INa decay were altered by CaM, CaMKII, or PKA in the
pipette. Furthermore, the addition AIP or PKI to the pipette
either with or without CaM/CaMKII had no effect on INa decay.

3.6 Late current
Figure 6A shows the superimposed persistent (late) INa in control
conditions and with CaMKII in the pipette. Late INa was elicited
by 800 ms depolarizations to 220 mV (from 2140 mV), and
TTX-sensitive currents were normalized to peak INa. The
current integral was calculated between 100 and 500 ms after
the depolarizing pulse. As shown in Figure 6, CaMKII significantly
increased late INa compared with control (0.95+ 0.47 vs.
0.23+ 0.10%, P , 0.05), and the CaMKII-induced increase in per-
sistent INa was completely abolished by AIP (0.29+0.11%
CaMKII þ AIP, P , 0.05 vs. CaMKII) (Figure 6B). On the other
hand, CaM and PKA did not increase the late INa compared with

Figure 2 Ca2þ/CaM and CaMKII increase Naþ currents in guinea-pig ventricular myocytes. (A) Representative families of Naþ currents (INa)
are shown with control and CaMKII-containing pipette solutions. Cells were held at 2120 mV and currents were elicited by 50 ms test pulses
to potentials ranging from 2100 to þ40 mV. (B) Peak current–voltage relationships of cardiac INa with pipette solutions containing either CaM
or CaMKII with or without AIP. (C) The voltage dependence of activation (G/Gmax) of INa in guinea-pig myocytes with the same pipette sol-
utions. The data are fit to a Boltzmann distribution. CaM and CaMKII had no effect on the voltage dependence of activation. The number
of cells is shown next to the symbols in the legend in this and all subsequent figures. †P , 0.05 vs. control and *P , 0.05 vs. CaM.
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control. These findings demonstrate that the CaMKII-induced
increase in late INa could not be replicated by CaM alone but
instead required CaMKII and presumably phosphorylation of a
Naþ channel subunit or regulatory protein. Moreover, phosphoryl-
ation by PKA does not reproduce the effect of CaMKII on the late
Naþ current.

3.7 CaMKII-dependent alterations on AP
A number of ionic currents in the heart are modulated by CaMKII,
yet it is still not clear how acute increases in the activity of CaMKII
affect the cardiac AP. Therefore, we examined the effects of
CaMKII and its antagonists KN-93 or AIP on the AP duration
(APD). As shown in the representative APs superimposed at
various pacing intervals (Figure 7A), KN-93 (10 mmol/L in the
bath solution) significantly abbreviated the APD compared with
control (P , 0.01), whereas CaMKII in pipette prolonged the
APD (P ¼ 0.05) compared with control. CaMKII increased the
APD over a range of pacing cycle lengths and steepened the
APD–pacing rate relationship particularly at rapid rates of stimu-
lation (Figure 7B). The pacing cycle length–APD relation curves
show attenuation of CaMKII-induced APD prolongation and flat-
tening of the curves by both KN-93 and AIP compared with
both CaMKII and control. Furthermore, the maximum dV/dt of
phase 0 of the APs were significantly decreased by KN-93 and
AIP, but not significantly changed by CaMKII over a range of stimu-
lation frequencies compared with control (Figure 7C).

4. Discussion
The present study demonstrates the acute effect of CaM and
CaMKII on cardiac Naþ channel function in isolated guinea-pig ven-
tricular myocytes. We demonstrated that CaMKII shifted the
voltage dependence of Naþ channel availability to more positive
membrane potentials, hastened recovery from inactivation,
decreased fraction of channels undergoing slow inactivation, and
increased the persistent (late) current. CaM alone reproduced
the CaMKII-induced changes on INa availability and the fraction of
channels undergoing slow inactivation, but did not alter recovery
from inactivation or late current. Furthermore, the CaM-induced
changes on the I–V relationship, channel availability, and entry
into slow inactivation were also completely abolished by AIP.
Thus CaM and CaMKII have distinct effects on the inactivation phe-
notype of cardiac Naþ channels, consistent with both interdepen-
dent and independent CaM and CaMKII regulation of cardiac Naþ

channel gating. Furthermore, these effects are distinct from those
mediated by activation of PKA.

4.1 Na1 channel regulation by CaM and
CaMKII
The effects of CaM and CaMKII on Naþ channels remain contro-
versial. Tan et al.11 showed that CaM binds to the carboxy-terminal
‘IQ’ domain of expressed human cardiac Naþ channels (NaV1.5) in
a Ca2þ-dependent manner. This binding significantly enhanced
slow inactivation, shifted the steady-state inactivation curve to
more negative potentials, and slowed fast inactivation and recovery
from inactivation. It is important to recognize that other studies
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have shown that CaM effects on expressed Naþ currents are both
isoform and cell expression system-dependent.19,20 It has been
suggested that CaM modulates the interaction of the C-terminus
of NaV1.5 channels with the III– IV linker, stabilizing the inactivation
gate in the closed position, minimizing the persistent INa.

21–23 In
general, the effects of CaM and CaMKII are closely correlated;24

therefore, we attempted to study the effects of CaM alone and
CaM–CaMKII on native cardiac Naþ channels. CaM alone (or in
the presence of CaMKII inhibitors, AIP) did not alter the Naþ

channel voltage-dependent steady-state availability, recovery from
inactivation, and entry into slow or intermediate inactivation in
normal guinea-pig ventricular myocytes.

CaM activates the multifunctional CaMKII, which targets several
critical calcium homeostatic proteins, including L-type Ca2þ chan-
nels.25 The cardiac (and other isoforms) Naþ channel is equipped
with functional Ca2þ sensing sites in the C-terminus including a
Ca2þ-binding EF-hand-like domain10 and a CaM-binding IQ
domain.11,26 Pharmacological CaMKII inhibition slows fast inacti-
vation, delays entry into inactivation, and shifts channel availability
to depolarized potentials of NaV1.5 channels expressed in HEK
cells.20 However, in cerebral granule cells in culture, CaMKII inhibi-
tors shifted the voltage dependence of Naþ channels to more

hyperpolarized potentials and reduced current density.27 These
data highlight the importance of isoform-specific and native com-
pared with expressed current regulation by CaMKII.

In this study, CaMKII shifted the voltage dependence of Naþ

channel availability to more positive membrane potentials, has-
tened recovery from inactivation, and increased late current in
normal guinea-pig ventricular myocytes. These results are distinct
from (except for the increase in late INa) a recent study that exam-
ined the effects of chronic overexpression by adenovirus-mediated
CaMKIIdc infection of rabbit ventricular myocytes and
CaMKIIdc-TG mice.16 CaMKIIdc overexpression shifted the
voltage dependence of Naþ channel availability to more negative
membrane potentials, enhanced intermediate inactivation, slowed
recovery from inactivation, and increased persistent INa.

16 The
divergence of findings is not surprising given the methodological
differences between the studies. First, it is notable that chronic
cardiac CaMKII overexpression causes ventricular hypertrophy
and dilated cardiomyopathy28 with associated mechanical, electri-
cal, and cellular Ca2þ remodelling responsible for prolongation
of APD and susceptibility to arrhythmias. In cells isolated from
the failing canine heart, CaMKII signalling slows inactivation of
Naþ current and increases late current.29 The data are consistent

Figure 3 CaM and CaMKII modulate steady-state inactivation of Naþ current in guinea-pig ventricular myocytes. (A) Representative whole-
cell currents are shown in the absence (control) or presence of CaMKII in the pipette solution. Cells were held at 2120 mV and currents were
elicited by 50 ms test pulses at 220 mV after 500 ms pre-pulses ranging from 2140 to 220 mV. (B) The voltage dependence of steady-state
inactivation (I/Imax) of INa in the previously described pipette solutions. The data are fit to a Boltzmann distribution. CaM and CaMKII shifted the
voltage dependence of steady-state inactivation by approximately þ5 mV, whereas AIP abolished both CaM- and CaMKII-induced shift of
voltage-dependent steady-state inactivation.
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with both direct and indirect effects of CaMKII overexpression on
Naþ channel function. The indirect effects are a consequence of
CaMKII-induced cardiac hypertrophy and heart failure and the
associated electrical remodelling. An increase in late INa is consist-
ently observed with both acute and chronic increases in CaMKII
activity. The differences in the voltage dependence and kinetics
of gating with CaMKII overexpression are more difficult to inter-
pret given the structural and functional remodelling that occurs
with chronic increases in CaMKII activity that are absent in this
acute overexpression study.

4.2 Comparison of CaMKII with PKA
effects on INa
Stimulation of b-adrenergic receptors activates the PKA signalling
cascade, which plays a pivotal role in the modulation of cardiac
function not only in normal but also in failing hearts. The functional
effects of PKA on cardiac INa have been debated.30 –33 Two serine
residues (Ser532 and Ser529) in the I– II cytoplasmic linker of
cardiac Naþ channels are substrates for phosphorylation by
PKA.7 Upon phosphorylation by PKA, Naþ channel gating is
unchanged, but whole-cell conductance increases,33 which is
neither due to increased single channel amplitude nor altered
mean open or closed times but due to an increase in the
number of functional channels.34 Stimulation of PKA increases
expressed NaV1.5 current by increasing trafficking of cardiac
Naþ channels to the plasma membrane.8 These findings are con-
sistent with our results, in that PKA did not alter the voltage
dependence of INa availability but hastened recovery from

inactivation, and increased peak current (see Supplementary
material online, Figures S2 and S3).

Chronic b-adrenergic receptor stimulation in the heart is inti-
mately linked to CaMKII signalling.35,36 PKA and CaMKII have over-
lapping targets for phosphorylation including L-type Ca2þ

channels,37,38 ryanodine receptors (RyR2), and the SR Ca2þ-

Figure 5 Kinetics of entry into slow inactivated states of
guinea-pig ventricular INa. The voltage protocol is shown in the
inset and the mean data are fit to a single exponential function.
CaM and CaMKII decreased the extent of slow inactivation
without changing the rate of entry into slow inactivation. AIP
completely abolished the CaM/CaMKII-induced change of entry
into slow inactivation. *P , 0.05 by repeated ANOVA.

Figure 4 Recovery from inactivation of INa in guinea-pig ventricular myocytes. (A) Representative current recordings in control and CaMKII-
containing pipette solutions. The currents were elicited by 300 ms pulses to 220 mV (P1) with varying inter-pulse durations at a recovery
potential of 2140 mV and subsequent 220 mV test pulses (P2). (B) The time course of recovery from inactivation of INa. Recovery data
are fit to double exponential functions. CaMKII hastened the recovery from inactivation compared with control, and AIP suppressed the
CaMKII-induced change in recovery from inactivation of INa.
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ATPase regulator phospholamban.39 We compared the effects of
PKA and CaMKII regulation on another common effector,
cardiac INa. Our data demonstrates that the cardiac Naþ channel
is a substrate for phosphorylation by CaMKII predominantly in
the I– II linker (Figure 1). Both kinases increased the current
density, but the increase was much larger with PKA compared
with CaMKII (253.2+9.0 pA/pF at 245 mV vs. 239.7+
6.9 pA/pF at 240 mV, P , 0.05). CaMKII but not PKA shifted
the steady-state inactivation of INa positively and increased late
INa; in contrast, both kinases hastened recovery from inactivation.
CaMKII-induced changes in Naþ current in part overlap with the

effects of PKA, but also exhibit distinct phenotypic features,
some of which may be highly arrhythmogenic. It is uncertain
whether CaMKII and PKA phosphorylate common sites on the
channel or other regulatory proteins accounting for the partially
overlapping functional effects.

4.3 CaMKII alters APD and dynamics
Previous studies have demonstrated that increased CaMKII activity
is linked to not only cardiomyopathy14 but also fatal arrhythmias
due to prolongation of AP and development of early afterdepolar-
izations. CaMKII-mediated prolongation of the AP may primarily

Figure 6 CaMKII enhanced late INa. Late INa was elicited by 800 ms depolarizations to 220 mV (from 2140 mV), and TTX-sensitive currents
were normalized to peak INa. (A) Representative normalized TTX-sensitive current in control and CaMKII-containing pipette solution. (B) The
average amplitude of the late current between the 100 and 500 ms was normalized to the peak INa. CaMKII (n ¼ 7) significantly increased the
late INa compared with control (n ¼ 7), and the addition of AIP (n ¼ 4) abolished the CaMKII-induced increase in late INa. CaM (n ¼ 5) and PKA
(n ¼ 5) did not change the late INa.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Effects of CaM/CaMKII on entry into inactivation of Na1 current

y0 A t n

Control 0.73+0.07 0.28+0.08 222+98 8

AIP 0.72+0.09 0.29+0.09 169+48 5

PKI 0.72+0.11 0.26+0.11 222+197 4

CaMKII 0.78+0.05 (P ¼ 0.08 vs. control) 0.19+0.07† 256+137 8

CaMKII þ AIP 0.69+0.05# 0.28+0.09 (P ¼ 0.06 vs. CaMKII) 344+85 5

CaMKII þ PKI 0.79+0.01 0.18+0.04 232+192 4

CaM 0.79+0.06† 0.18+0.08† 230+85 9

CaM þ AIP 0.71+0.08# 0.28+0.10 (P ¼ 0.06 vs. CaM) 274+106 6

CaM þ PKI 0.82+0.06† 0.13+0.02† 341+169 4

PKA 0.69+0.05 0.31+0.01 178+78 4

Mean+ SD. Abbreviations are as given in Table 1. The development of intermediate inactivation was fitted with single exponential functions: y(t) ¼ y0 þ A exp(– t/t).
†P , 0.05 vs. control.
#P , 0.05 vs. AIP (2) by ANOVA with Bonferroni/Dunn test.
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result from an increase in L-type Ca2þ current (ICa) density.12,13,15

However, CaMKII affects a number of ion channels, SR Ca2þ-
handling proteins, and the other intracellular proteins; it is difficult
to discern the relative effects of CaMKII modulation of INa, ICa, or
delayed rectifier Kþ current (IK) on the ventricular AP. Recently,
Grandi et al.40 simulated the effect of CaMKII overexpression on
ventricular APs and suggested that CaMKII-induced alteration of
the APD was dependent on the effect on transient outward
current (Ito) because CaMKII enhanced not only inward current
but also outward Kþ current. In the present study, we directly
recorded the acute changes in the AP by CaMKII and its specific
inhibitors using normal guinea-pig myocytes, showing that
CaMKII prolonged AP, whereas CaMKII inhibitors significantly
abbreviated APD and decreased maximum dV/dt at phase 0. The
prolongation of APD by CaMKII in this model is almost certainly
caused by an increased ICa, but an enhanced persistent INa may
also play a role. In guinea-pig ventricular myocytes, Ito is not signifi-
cantly contributing to the AP changes. In addition, guinea-pig AP
simulations support a significant role for CaM/CaMKII modulation
of INa on the prolongation of ventricular AP, primarily because of
increased late INa.

41 The increased late INa by CaMKII is consistent
with previous overexpression models,16 but contrasts with the
CaM effect on expressed NaV1.5, which minimizes the persistent
INa.

21 Thus, CaMKII suppression might be a useful therapeutic

target for some forms of congenital LQT3. Notably, these APD
changes were recorded in normal but not failing myocytes; there-
fore, further studies to evaluate the effect of CaMKII or its inhibi-
tors on APD in failing myocytes are necessary.

4.4 Study limitations
In this study, we used CaMKIIa (mainly expressed in the nerve
cells) not d, which is prominently expressed in the heart.
However, the CaMKII isoforms have highly homologous functional
motifs (catalytic, regulatory, and association), sharing �80–90%
identity across these core domains,12,42 thus we believe that the
difference in CaMKII isoforms did not significantly alter the regu-
lation of cardiac Naþ channels, but cannot exclude this possibility
definitively. As in all studies of signalling in native cardiac myocytes,
the interpretation of the data regarding the effects on INa is com-
plicated by the existence of multiple effectors in these signalling
pathways. This is especially true of Ca2þ/CaM/CaMKII which pro-
minently influences intracellular [Ca2þ] which has direct and indir-
ect effects on cardiac INa.

Supplementary material
Supplementary material is available at Cardiovascular Research
online.

Figure 7 The effect of CaMKII on the APD and dV/dtmax. (A) Representative APs in the absence (control) or presence of CaMKII in the
pipette and bath-applied KN-93 paced at cycle lengths (CL) of 500, 1000, 2000, and 4000 ms. (B) The relationship between pacing CL and
APD in control, CaMKII-, AIP-, and KN-93-containing pipette solutions. The data are fit by a hyperbolic relation of the form: APD ¼ CL/
[(aCL) þ b]. (C ) Relationship between pacing CL and dV/dtmax in control, CaMKII-, AIP- and KN-93-containing pipette solutions. †P , 0.05
vs. control by repeated ANOVA.
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