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Ischemic heart disease is a leading cause of death, and there is considerable imperative
to identify effective therapeutic interventions. Cardiomyocyte Ca?*t overload is a major
cause of ischemia and reperfusion injury, initiating a cascade of events culminating
in cardiomyocyte death, myocardial dysfunction, and occurrence of lethal arrhythmias.
Responsive to fluctuations in intracellular Ca%*, Ca2*/calmodulin-dependent protein kinase
Il (CaMKII) has emerged as an enticing therapeutic target in the management of ischemic
heart injury. CaMKIl is activated early in ischemia and to a greater extent in the first few
minutes of reperfusion, at a time when reperfusion arrhythmias are particularly prominent.
CaMKIl phosphorylates and upregulates many of the key proteins involved in intracellular
Nat and Ca2?* loading in ischemia and reperfusion. Experimentally, selective inhibition
of CaMKII activity reduces cardiomyocyte death and arrhythmic incidence post-ischemia.
New evidence is emerging that CaMKIll actions in ischemia and reperfusion involve specific
splice variant targeted actions, selective and localized post-translational modifications, and
organelle-directed substrate interactions. A more complete mechanistic understanding of
CaMKIl mode of action in ischemia and reperfusion is required to optimize intervention
opportunities. This review summarizes the current experimentally derived understanding
of CaMKIlI participation in mediating the pathophysiology of the heart in ischemia and in
reperfusion, and highlights priority future research directions.
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ISCHEMIA, REPERFUSION, AND Ca?* OVERLOAD

Ischemic heart disease is a leading cause of mortality world-
wide. Though considerable advances have been made in the
understanding of the processes involved in the pathologi-
cal consequences of an ischemic event, effective therapeu-
tic management of this disease has been difficult to achieve.
Ca®*/calmodulin-dependent protein kinase II (CaMKII) has
emerged as an enticing therapeutic target in the management
of ischemic heart injury, with considerable focus on its inhibi-
tion as a means for reducing injury arising from ischemia and
reperfusion.

A complex series of cardiomyocyte events occur during both
ischemia and reperfusion to culminate in an intracellular milieu
primed for activating CaMKII. Briefly, insufficient tissue perfu-
sion and oxygen availability in ischemia induce a shift to increased
reliance on anaerobic glycolysis for ATP generation, promoting
a build-up of metabolic intermediates including lactate and pro-
tons. This ionic shift stimulates the Na™/H* exchanger (NHE)
to maintain physiological pH, which contributes to an accu-
mulation of intracellular Na¥. The rise in intracellular Na™ is
exacerbated by a decrease in Na efflux, including a reduction
of Na™/K*-ATPase (NKA) activity that may be related to lower
ATP availability (van Echteld etal., 1991). Elevated cytosolic Na™
levels reduce the capacity for Ca?* efflux via the Na®/Ca’*
exchanger (NCX) and promote the Ca?* influx “reverse” operating

mode of this transporter. Re-establishing coronary flow (reperfu-
sion) is essential to ultimately allow any salvage of the ischemic
myocardium, but involves a significant acute cardiomyocyte jeop-
ardy. Reperfusion rapidly restores the trans-sarcolemmal proton
gradient, exacerbating cellular Nat accumulation (concomitant
with restoration of NKA activity) and eventually culminating in
Ca’* overload. High cytosolic Ca?* levels can have profound
negative effects on the cardiomyocyte in reperfusion (Murphy
and Steenbergen, 2008), inducing hypercontracture, electrical
instability, and contractile dysfunction. Ca®* overload is a
major activator of the mitochondrial permeability transition pore
(mPTP) in reperfusion, a response associated with reactive oxygen
species (ROS) generation and the initiation of pro-death path-
ways (Halestrap, 2009). As CaMKII is highly sensitive to cytosolic
Ca2™ levels and regulates many channels and transporters impli-
cated in the steps leading to Ca?* overload, there is considerable
scope for a CaMKII-mediated amplification of high Ca®* related
pathologies (see Figure 1). Furthermore, reports that CaMKII
is susceptible to oxidation (ox-CaMKII(Met281/2)), promoting
autonomous activation (Erickson etal., 2008; Palomeque etal.,
2009), suggests the sub-cellular environment in ischemia (acido-
sis, high cellular Ca?*) and reperfusion (Ca>* overload, oxidative
stress) provides an optimal setting for rapid CaMKII activation —
and highlights the potential for intervention strategies targeting
CaMKIIL.
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FIGURE 1 | Overview of CaMKII activation and substrate interaction in
reperfusion. Post-ischemic restoration of coronary flow re-establishes the
trans-sarcolemmal proton gradient and stimulates Nat/H* exchange. This
promotes reverse-mode Na+/Ca2+ exchange and leads to intracellular Ca2+
overload. CaZ*-activated CaMKIl upregulates many Ca2+-related
channels/transporters, further increasing cytosolic/mitochondrial Ca2™ levels,
and triggers the opening of the mitochondrial permeability transition pore. The
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increase in CaZ* and reactive oxygen species generation creates a positive
feedback on CaMKIl and exacerbates ischemia/reperfusion injury. NCX,
Nat/Ca2+ exchanger; NHE, Nat/H+ exchanger; NKA, Nat/K+-ATPase;
LTCC, L:type Ca2™* channel; SR, sarcoplasmic reticulum; SERCA2a,
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase; PLB, phospholamban;
ROS, reactive oxygen species; mPTP. mitochondrial permeability transition
pore.

CaMKII IS RAPIDLY ACTIVATED IN ISCHEMIA AND
REPERFUSION

Seminal studies involving the characterization of CaMKII activa-
tion in ex vivo rodent hearts have mapped phospholamban (PLB)
phosphorylation at the CaMKII-specific site (P-PLB(Thr17)) as a
marker of CaMKII activation during acute ischemia and reperfu-
sion (Vittone etal., 2002). PLB is a regulatory accessory protein to
the sarcoplasmic reticulum (SR) Ca-ATPase (SERCA2a), which
exerts an inhibitory action on SERCA2a. PLB inhibition is
relieved by phosphorylation either by CaMKII or protein kinase A.
Numerous subsequent studies, including our own, have shown P-
PLB(Thrl17) to be briefly elevated in early ischemia, peaking in the
initial 1-3 min of reperfusion (Vittone et al., 2002; Said et al., 2003;
Valverde et al., 2006; Vila-Petroff etal., 2007; Salas etal., 2010) at
a time when hypercontracture and ventricular arrhythmias are
prevalent, before rapidly returning to basal activation level. This
elevated P-PLB(Thr17) occurs concomitantly with phosphoryla-
tion of other CaMKII substrates, including the SR Ca?™ release
channel (RyR2) and titin (Said etal., 2011; Hidalgo etal., 2013),
and can be blocked with CaMKII inhibitors, including KN93 and
AIP (Vittone etal., 2002; Said etal., 2003; Valverde etal., 2006;
Salas etal., 2010; Hidalgo etal., 2013). The source of Ca?* stim-
ulating CaMKII activity differs in ischemia and reperfusion, with
Ca’>* entry through the L-type Ca?* channel (LTCC) activating
CaMKII in ischemia and the NCX in reperfusion (blocked by
nifedipine and KB-R7943 respectively; Vittone etal., 2002). There
is evidence that CaMKII is activated both by phasic and tonic shifts
in cardiomyocyte intracellular free Ca?* levels, and that local and
global Ca?* signals have distinct effects (Wu etal., 2006). The
relative importance of each type of stimulus, and the additional
influence of post-translational modifications (e.g., oxidation of

the regulatory domain at Met281/282) in determining overall
CaMKII activation status in ischemia and reperfusion is not fully
elucidated.

CaMKII is also undoubtedly influenced by the intracellular aci-
dosis prevalent in ischemia and early reperfusion. Both CaMKII
autophosphorylation (P-CaMKII(Thr287)) and P-PLB(Thrl7)
rapidly increase in acidic conditions, contributing to the recov-
ery of Ca?™ transients and contractile function that are initially
suppressed in acidic conditions (DeSantiago et al., 2004; Mundina-
Weilenmann etal., 2005; Vila-Petroff etal., 2010). Inhibiting
CaMKII suppresses PLB phosphorylation (and hence SERCA
activity), reducing SR Ca®* uptake, causing cytsolic Ca?* lev-
els to increase (affecting both systolic and diastolic function; see
(Mattiazzi and Kranias, 2014)). An increase in P-CaMKII(Thr287)
has also been shown in the initial minutes of reperfusion (Said
etal., 2011), consistent with an elevated autonomous CaMKII
activity recently reported in in vivo mouse hearts subjected
to 1 h ischemia and 3 min reperfusion (Ling etal., 2013).
Interestingly, in contrast to the ex vivo studies, this elevated
activity in vivo was associated with a maintained increase in
P-PLB(Thr17) and RyR2 phosphorylation (P-RyR2(Ser2814))
throughout 120 min of subsequent reperfusion. The substantial
activation of CaMKII, which occurs in ischemia and reper-
fusion, would be expected to be an important determinant
of cardiomyocyte Ca’t homeostasis and post-ischemic out-
comes.

CaMKII EXACERBATES ISCHEMIC INJURY

Increased intracellular Ca?* correlates with the onset of irre-
versible injury in ischemia (Murphy and Steenbergen, 2008).
Inhibiting Ca entry through the LTCC has been shown to
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prevent/delay ischemic contracture onset and arrhythmias (Henry
etal., 1977; Curtis etal., 1984; Curtis and Walker, 1988). Con-
sidering CaMKII activation in early ischemia is linked with Ca
entry through the LTCC (Vittone etal., 2002), it may be pre-
dicted that CaMKII contributes to the cascade of events leading
to ischemic pathogenesis. We have shown that inhibiting CaMKII
with KN93 significantly delays and blunts the extent of ischemic
contracture in ex vivo hearts subjected to 20 min of global
ischemia (Figure 2, (Bell etal, 2012)), suggesting a role for
CaMKII in ischemic myocyte Ca’™ loading and the onset of
irreversible injury. Inhibiting CaMKII also protects the heart
in a chronic in vivo ischemic setting, as demonstrated in stud-
ies utilizing two different CaMKII inhibitor rodent expression
models (CaMKII inhibitor peptide, AC3-I; mitochondrial-specific
CaMKII inhibitor protein, mtCaMKIIN). These studies found
that CaMKII promotes apoptosis in vivo (5 h post-myocardial
infarction) by exacerbating SR and/or mitochondrial Ca?* loading
(Yang et al., 2006; Joiner etal., 2012).

CaMKII ACTIONS IN REPERFUSION RECOVERY ARE
DEPENDENT ON ISCHEMIC DURATION

While initial studies assessing CaMKII in post-ischemic reperfu-
sion suggested that CaMKII activation may improve functional
recovery, subsequent studies have reported different findings and
suggest that the role played by CaMKII in the dysfunction asso-
ciated with reperfusion may be dependent on the duration of the
preceding ischemic insult. In isolated hearts subjected to 20 min
of ischemia, recovery of left ventricular developed pressure in
reperfusion was lower and diastolic dysfunction exacerbated in
the presence of KN93 (Vittone etal., 2002; Said etal., 2003). This
poor recovery was attributed to a disruption of CaMKII actions on
SR Ca®* uptake, as P-PLB(Thr17) was suppressed in early reperfu-
sion. Parallel experiments were conducted on hearts from mutant
mice expressing a PLB Thr to Ala mutation at amino acid residue
17 (Said etal., 2003), such that CaMKII-mediated phosphoryla-
tion at this site could not occur. The inhibitory action of PLB on
SERCA cannot be relieved in these mice. These hearts exhibited a
comparable contractile dysfunction in reperfusion as was observed
in wild-type hearts treated with KN93. Taken together, these obser-
vations indicate that CaMKII can be beneficial in reperfusion, aug-
menting SR Ca?™ uptake in reperfusion and enhancing cytosolic
Ca’* clearance. However, with a longer ischemic challenge, these
benefits attributed to CaMKII activation in modulating reperfu-
sion response are lost. Our further studies showed that extending
the duration of ischemia from 20 to 45 min in ex vivo hearts
profoundly affects how CaMKII influences reperfusion outcomes.
Indeed, treating hearts with KN93 significantly reduces infarct size
and apoptosis, and improves functional recovery (Figure 3, Vila-
Petroff etal., 2007). Isolated cardiomyocyte survival is improved
in simulated ischemia and reperfusion with KN93 and AIP, to an
extent equivalent to the improvement achieved by inhibition either
of reverse-mode NCX or SR Ca?* cycling (SERCA2a and/or RyR2;
(Vila-Petroff etal., 2007; Salas etal., 2010)). These data suggests
that following shorter durations of ischemia, CaMKII activation
augments SERCA2a activity to enhance cytosolic Ca?* removal
and reduce reperfusion injury/dysfunction. However, with more
extensive ischemia, the influence of CaMKII on SR Ca?™ release
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FIGURE 2 | CaMKII inhibition reduces ischemic contracture and
reperfusion arrhythmias in male ex vivo hearts. Hearts subjected to
ischemia/reperfusion were treated with a CaMKII inhibitor (KN93). (A) The
amplitude of ischemic contracture was significantly lower in the presence
of KN93, indicating CaMKII contributes to cardiomyocyte CaZ+ loading in
ischemia. (B) Analysis of ventricular pressure traces showed a substantial
reduction in the total duration of ventricular tachycardia and/or fibrillation in
the first ten minutes of reperfusion in KN93-treated hearts. Data are
expressed as mean + SEM, *p < 0.05 vs. control. Reproduced with
permission (Elsevier, (Bell etal., 2012)).

mechanisms become more prominent in reperfusion, such that
SR Ca’*t leak exceeds the capacity of SERCA2a to reuptake
cytosolic Ca?*, and Ca®*-triggered reperfusion pathologies are
exacerbated.

Phosphorylation of the RyR2 (P-RyR2(Ser2814)) by CaMKII
increases the open probability of the SR Ca?* release chan-
nel, augmenting SR Ca?* leak and elevating cytosolic Ca?™
levels (Wehrens, 2011). A CaMKII-mediated increase in SR
Ca’>*t release channel leakiness with elevation of cytosolic
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FIGURE 3 | Cell death in ischemia/reperfusion was suppressed by

CaMKIl inhibition. (A) Assessment of TTC stained heart cross-sections
showed KN93 significantly reduced infarct size in ischemia/reperfusion.
(B) Lower caspase 3 activation and less TUNEL positive cells in these
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hearts showed KN93 also reduced apoptosis in reperfusion. Data are
expressed as mean + SEM, *p < 0.05 vs. control #p < 0.05 vs.
I/R. Reproduced with permission (Oxford Journals, (Vila-Petroff etal.,
2007)).

Ca®™ levels has important implications for mitochondrial func-
tion and myocyte viability. Studies indicate that inhibiting
CaMKII with KN93 may lower SR Ca’* load to suppress
cytochrome C release and mitochondrial swelling in reperfusion
(Salas etal., 2010), both of which activate pro-death path-
ways in the heart. While this mitochondrial response partly
reflects the close beat-to-beat relationship between cytosolic and
mitochondrial Ca?™ levels (Robert etal., 2001), there is also
evidence that CaMKII directly influences mitochondrial oper-
ation in ischemia/reperfusion (Joiner etal., 2012). Hearts from
mice overexpressing a highly specific CaMKII inhibitor localized
to the mitochondria (mtCaMKIIN) exhibit less mitochondrial
injury and apoptosis, smaller infarcts, and recover contractile
function to a greater degree (vs. wild-type). Evidence suggests
the actions of CaMKII in the mitochondria are multi-faceted,
including a direct phosphorylation of the mitochondrial Ca?*
uniporter to increase the uniporter current (Joiner etal., 2012).
This would increase mitochondrial Ca levels, leading to mPTP
opening and dissipation of the mitochondrial inner membrane
potential. Furthermore, a resultant increase in ROS produc-
tion would be expected to exacerbate CaMKII activation and
actions.

Beyond these mitochondrial actions, recent data suggests that
the role of CaMKII in exacerbating ischemia and reperfusion
pathologies is not restricted to disrupting Ca’>*+ homeostasis at the
SR and mitochondria, and may extend to direct pro-inflammatory
actions. Indeed, cardiac-specific deletion of CaMKII3 reduces
chronic post-ischemic reperfusion (24 h) inflammation and injury
in vivo, diminishing IkBa degradation and NF-kB activation
(Ling etal., 2013). NF-kB is well recognized as an important
pro-inflammatory mediator in ischemia and reperfusion (Van der
Heiden etal., 2010), and this more recent evidence of a direct
stimulatory action on NF-kB and the inflammatory response
extends understanding of CaMKII as a regulator of the ischemic
myocardial stress response.

CaMKIl MODULATION OF RyR2 DETERMINES REPERFUSION
ARRHYTHMOGENESIS

CaMKII has been implicated in generating arrhythmias in numer-
ous different cardiopathologies (Rokita and Anderson, 2012),
primarily attributed to its stimulatory action on RyR2. Aug-
mented P-RyR2(Ser2814) increases SR Ca?™ leak and promotes
Ca?™ extrusion though Na™/Ca?™ exchange. This electrogenic
process partially depolarizes the cell, increasing the likelihood
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of spontaneous contraction. Experimentally, inhibiting CaMKII
reduces spontaneous beats in post-acidotic and pro-oxidant envi-
ronments (Said etal., 2008; Xie etal.,, 2009), both of which play
a central role in the pathogenesis of ischemia and reperfusion
injury. We have shown that CaMKII inhibition with KN93 sup-
presses the incidence of lethal arrhythmias (ventricular tachycardia
and/or fibrillation) in early reperfusion through an unknown
mechanism (Figure 2, (Bell etal., 2012)). There are reservations
regarding the use of KN93 as a CaMKII inhibitor, due to its
reported non-selective actions on other transporters including the
L-type Ca and potassium channels. The occurrence of these non-
selective actions depends on treatment duration and dose (Gao
etal., 2006; Rezazadeh etal., 2006). Studies utilizing a similar
isolated heart preparation and CaMKII inhibition protocol also
report an antiarrhythmic action with KN93, that is absent in par-
allel studies using the inactive analog, KN92 (Said etal., 2011).
This suggests a legitimate role for CaMKII in promoting arrhyth-
mias in reperfusion. Indeed, these studies showed that inhibiting
CaMKII reduces incidence of ventricular premature beats, pri-
marily through a suppression of CaMKII mediated SR Ca release
channel phosphorylation (at RyR2(Ser2814)) and associated SR
Ca leak (Said etal., 2011). CaMKII-dependent phosphorylation
of the SR Ca channel increases channel open probability, lowering
the SR Ca threshold and increasing the propensity for Ca waves
(Curran etal., 20105 Stokke etal., 2011). This ability to modulate
the SR Ca channel and its influence on self-propagating SR Ca
release indicates that inhibiting CaMKII at the time of reperfu-
sion may have therapeutic potential as a first-line antiarrhythmic
agent.

It should be noted that CaMKII actions are dependent on the
balance of substrate phoshorylation by CaMKII and dephospho-
rylation by associated protein phosphatases (PPs) in the myocyte,
including PP1 and PP2a. Downstream Ca handling protein tar-
gets of CaMKII are regulated by these phosphatases. Indeed, PP1
is reported to form part of a multimeric complex in the regu-
lation of PLB (as reviewed previously, (Mattiazzi and Kranias,
2014)), which may influence CaMKII-mediated phosphorylation,
cardiac contractility and the ischemic stress response (Nicolaou
etal., 2009). The balance between CaMKII and phosphatase
activation will therefore clearly influence the relative actions of
CaMKII in the heart. Furthermore, CaMKII autophosphoryla-
tion is itself regulated by phosphatases including PP1, PP2a, and
CaMK phosphatase (CaMKP; Ishida etal., 2008), though little
is known about how these regulate myocardial CaMKII. Very
recently, it has been shown that the CaMKP is expressed in the
heart, and changes in response to systemic loading (Previlon
etal., 2014). Interestingly, basal CaMKP levels were higher in
females (vs. males) and loading-induced CaMKP expressions were
sex-specific. It is important to highlight that all the CaMKII stud-
ies discussed above have involved experimental studies of male
rodent cardiac tissues/myocytes only. There are well-described
sex differences in excitation—contraction coupling and cardiomy-
ocyte Ca®T handling processes, and the myocardial response
to ischemia and reperfusion (Bell etal., 2013a). Limited exper-
imental evidence indicates that CaMKII activity is influenced
by sex and sex steroids (Konhilas etal., 2004), and that estro-
gen may suppress CaMKII actions in ischemia and reperfusion

(Ma etal., 2009). However, our very recent data show that
P-CaMKII(Thr287) and P-PLB(Thr17) levels are augmented in
reperfused female hearts (vs. male controls), despite these hearts
exhibiting fewer arrhythmias in reperfusion (Bell etal., 2013b).
These findings suggest that CaMKII is not always pro-arrhythmic
in reperfusion, and support the concept that CaMKII can have
both beneficial and detrimental actions in reperfusion which may
depend on the sub-cellular environment in which the enzyme is
activated.

EVIDENCE FOR A BENEFICIAL ROLE FOR CaMKII IN
ISCHEMIA AND REPERFUSION

Though considerable evidence indicates a deleterious role for
CaMKII in ischemia and reperfusion, a growing body of work sug-
gests there may be settings where CaMKII is beneficial. CaMKII
has been implicated in the cardioprotection afforded by ischemic
preconditioning (Osada etal., 2000; Benter etal., 2005; Li etal,,
2007) and may form part of the signaling cascade that culmi-
nates in opening of the end-effector Karp channels (Li et al., 2007;
Chai etal.,, 2011; Zhang etal., 2014). Other data also suggest that
CaMKII}3 splice variants may exert differential responses in the
pathological environments prevalent in ischemia and reperfusion.
Peng etal. (2010) showed that CaMKII3p has been shown to pro-
tect against apoptosis in hydrogen peroxide-treated neonatal rat
ventricular myocytes, through an upregulation of heat shock pro-
tein 70 (Peng etal., 2010). However, expression of CaMKIISg
decreases in these conditions over a period of hours, in direct
contrast to CaMKII3¢, such that a reduction of influence on
ischemic resilience would be expected to reduce with time (Peng
etal., 2010). Interestingly, preliminary reports indicate that hearts
from transgenic mice selectively overexpressing CaMKII3p are less
susceptible to ischemia and reperfusion injury (Gray etal., 2013),
corroborating the notion of a cardioprotective action for this splice
variant in ischemia/reperfusion.

As outlined above, CaMKII can provide important inotropic
support to maintain contractile function in stunned hearts sub-
jected to a brief ischemic challenge. An important body of
experimental work supports the view that CaMKII actions can
transition from conferring benefit to liability in a manner which
reflects the myocyte capacity to balance relative SR Ca>* uptake
and leak. CaMKII “protection” is understood to be forfeited when
the greater probability of spontaneous SR Ca>™ release outweighs
the enhancement of cytosolic Ca?* clearance (Mattiazzi and Kra-
nias, 2011). The mechanisms responsible are not fully understood,
but the extent of ox-CaMKII(Met281/2) generation may be impli-
cated. With extended ischemia, it may be that an increase in
ROS production in reperfusion further augments CaMKII activa-
tion and actions, possibly through greater ox-CaMKII(Met281/2)
generation. As ox-CaMKII(Met281/2) increases P-RyR2(Ser2814)
phosphorylation (Ho etal., 2014), an increase in SR Ca?* leak
would be expected. This may be a critical factor in promot-
ing injury in reperfusion. Our very recent findings suggest that
specific post-translational modifications of CaMKII determine
substrate specificity, and that in contrast to P-CaMKII(Thr287),
ox-CaMKII(Met281/2) selectively phosphorylates the RyR2 and
not PLB (Bell etal.,2014). Augmented SR Ca uptake would be pre-
dicted to increase SR Ca?™t load (Shannon etal., 2002; Venetucci
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etal.,, 2007). With a concomitant increase in P-RyR2(Ser2814),
this could augment SR Ca?" leak; an effect that may be offset if
the Ca?* levels at the RyR2 cytoplasmic domain are sufficiently
reduced (Laver, 2009).

In summary, CaMKII is a crucial regulatory intermediate in
ischemia and reperfusion injury. CaMKII is relatively quiescent
under basal conditions, but displays considerable capacity to exac-
erbate Ca>* mismanagement and mitochondrial dysfunction in
response to ischemic changes in cellular Ca>* and redox status.
Thus, there is potential for CaMKII inhibitor utilization as a
prophylactic therapeutic intervention for “at risk” patients with
ischemic heart disease. Conversely, conflicting reports suggest
that in other circumstances maintained CaMKII activation can
improve reperfusion recovery. To optimize and tailor therapeutic
strategies involving manipulation of CaMKII activation, it is clear
that further mechanistic studies are required to fully understand
the nuances of CaMKII response in a range of pathophysiologic
settings.

ACKNOWLEDGMENTS

Career support is provided through the R. Douglas Wright Fac-
ulty Trust Research Fellowship, U. Melb and the National Heart
Foundation of Australia (James R. Bell). Research support pro-
vided through Grant-in-Aid from the National Heart Foundation
of Australia (Lea M. D. Delbridge and James R. Bell).

REFERENCES

Bell, J. R., Bernasochi, G. B., Varma, U., Raaijmakers, A. J., and Delbridge, L. M.
(2013a). Sex and sex hormones in cardiac stress-Mechanistic insights. J. Steroid
Biochem. Mol. Biol. 137, 124-135. doi: 10.1016/j.jsbmb.2013.05.015

Bell, J. R, Raaijmakers, A. ], Reichelt, M. E., Curl, C. L., and Delbridge, L. M.
(2013b). Augmented CaMKII recruitment despite less reperfusion arrhythmias in
female hearts —a matter of differential post-translational modification of CaMKII
splice variants? Proc. Aust. Physiol. Soc. 44:44P (abstract).

Bell, J. R,, Curl, C. L., Ip, W. T,, and Delbridge, L. M. (2012). Ca?*/calmodulin-
dependent protein kinase inhibition suppresses post-ischemic arrhythmogenesis
and mediates sinus bradycardic recovery in reperfusion. Int. J. Cardiol. 159, 112—
118. doi: 10.1016/j.ijcard.2011.02.038

Bell, J. R, Raaijmakers, A. J., Reichelt, M. E., Curl, C. L., and Delbridge, L. M.
(2014). Differential post-translational modification of CaMKII splice variants
may be critical to determining post-ischemic arrhythmia vulnerability in male
and female hearts. Global Heart (abstract) in press.

Benter, L. E, Juggi, J. S., Khan, L, Yousif, M. H., Canatan, H., and Akhtar, S. (2005).
Signal transduction mechanisms involved in cardiac preconditioning: role of Ras-
GTPase, Ca>*/calmodulin-dependent protein kinase II and epidermal growth
factor receptor. Mol. Cell. Biochem. 268, 175-183. doi: 10.1007/s11010-005-
3895-1

Chai, Y., Zhang, D. M, and Lin, Y. E (2011). Activation of cGMP-
dependent protein kinase stimulates cardiac ATP-sensitive potassium channels
via a ROS/calmodulin/CaMKII signaling cascade. PLoS ONE 6:e18191. doi:
10.1371/journal.pone.0018191

Curran, J., Brown, K. H., Santiago, D. J., Pogwizd, S., Bers, D. M., and Shannon,
T. R. (2010). Spontaneous Ca waves in ventricular myocytes from failing hearts
depend on Ca(2+)-calmodulin-dependent protein kinase II. J. Mol. Cell. Cardiol.
49,25-32. doi: 10.1016/j.yjmcc.2010.03.013

Curtis, M. J., Macleod, B. A., and Walker, M. J. (1984). Antiarrhythmic actions of
verapamil against ischaemic arrhythmias in the rat. Br. J. Pharmacol. 83,373-385.

Curtis, M. J., and Walker, M. J. (1988). The mechanism of action of cal-
cium antagonists on arrhythmias in early myocardial ischaemia: studies with
nifedipine and DHM9. Br. J. Pharmacol. 94, 1275-1286. doi: 10.1111/.1476-
5381.1988.tb11648.x

DeSantiago, J., Maier, L. S., and Bers, D. M. (2004). Phospholamban is
required for CaMKII-dependent recovery of Ca transients and SR Ca reuptake

during acidosis in cardiac myocytes. J. Mol. Cell. Cardiol. 36, 67-74. doi:
10.1016/j.yjmec.2003.10.012

Erickson, J. R., Joiner, M. L., Guan, X., Kutschke, W., Yang, J., Oddis, C. V., etal.
(2008). A dynamic pathway for calcium-independent activation of CaMKII by
methionine oxidation. Cell 133, 462—474. doi: 10.1016/j.cell.2008.02.048

Gao, L., Blair, L. A, and Marshall, J. (2006). CaMKII-independent effects
of KN93 and its inactive analog KN92: reversible inhibition of L-type cal-
cium channels. Biochem. Biophys. Res. 345, 1606-1610. doi:
10.1016/j.bbrc.2006.05.066

Gray, C. B. B., Xiang, S., Westenbrink, B. D., Mishra, S., and Brown, J. H. (2013).
CaMKII8 splice variants exert differential effects on heart failure development
and myocardial ischemia/reperfusion injury. J. Mol. Cell. Cardiol. 65, PS1-P49
(Abstract).

Halestrap, A. P. (2009). Mitochondria and reperfusion injury of the heart—a holey
death but not beyond salvation. J. Bioenerg. Biomembr. 41, 113-121. doi:
10.1007/s10863-009-9206-x

Henry, P. D., Schuchleib, R., Davis, J., Weiss, E. S., and Sobel, B. E. (1977). Myocardial
contracture and accumulation of mitochondrial calcium in ischemic rabbit heart.
Am. ]. Physiol. 233, H677-684.

Hidalgo, C. G., Chung, C. S., Saripalli, C., Methawasin, M., Hutchinson, K. R.,
Tsaprailis, G., etal. (2013). The multifunctional Ca(2+)/calmodulin-dependent
protein kinase II delta (CaMKIIdelta) phosphorylates cardiac titin’s spring
elements. J. Mol. Cell. Cardiol. 54, 90-97. doi: 10.1016/j.yjmcc.2012.11.012

Ho, H. T,, Liu, B., Snyder, J. S., Lou, Q., Brundage, E. A., Velez-Cortes, E, etal.
(2014). Ryanodine receptor phosphorylation by oxidized CaMKII contributes to
the cardiotoxic effects of cardiac glycosides. Cardiovasc. Res. 101, 165-174. doi:
10.1093/cvr/cvt233

Ishida, A., Sueyoshi, N., Shigeri, Y., and Kameshita, I. (2008). Negative regulation
of multifunctional Ca?*/calmodulin-dependent protein kinases: physiological
and pharmacological significance of protein phosphatases. Br. J. Pharmacol. 154,
729-740. doi: 10.1038/bjp.2008.127

Joiner, M. L., Koval, O. M., Li, J., He, B. J., Allamargot, C., Gao, Z., etal. (2012).
CaMKII determines mitochondrial stress responses in heart. Nature 491, 269—
273. doi: 10.1038/nature11444

Konbhilas, J. P., Maass, A. H., Luckey, S. W., Stauffer, B. L., Olson, E. N., and Leinwand,
L. A. (2004). Sex modifies exercise and cardiac adaptation in mice. Am. J. Physiol.
Heart Circ. Physiol. 287, H2768—-H2776. doi: 10.1152/ajpheart.00292.2004

Laver, D. R. (2009). Luminal Ca(2+) activation of cardiac ryanodine recep-
tors by luminal and cytoplasmic domains. Eur. Biophys. J. 39, 19-26. doi:
10.1007/500249-009-0417-1

Li, J., Marionneau, C., Koval, O., Zingman, L., Mohler, P. J., Nerbonne, J. M., etal.
(2007). Calmodulin kinase II inhibition enhances ischemic preconditioning by
augmenting ATP-sensitive K+ current. Channels (Austin) 1, 387—394.

Ling, H., Gray, C. B., Zambon, A. C,, Grimm, M., Gu, Y., Dalton, N, etal.
(2013). Ca?*/calmodulin-dependent protein kinase II delta mediates myocar-
dial ischemia/reperfusion injury through nuclear factor-kappaB. Circ. Res. 112,
935-944. doi: 10.1161/CIRCRESAHA.112.276915

Ma, Y., Cheng, W. T., Wu, S., and Wong, T. M. (2009). Oestrogen confers cardio-
protection by suppressing Ca?*/calmodulin-dependent protein kinase II. Br. J.
Pharmacol. 157, 705-715. doi: 10.1111/j.1476-5381.2009.00212.x

Mattiazzi, A., and Kranias, E. G. (2011). CaMKII regulation of phospholamban and
SR Ca?* load. Heart Rhythm 8, 784-787. doi: 10.1016/j.hrthm.2010.11.035

Mattiazzi, A., and Kranias, E. G. (2014). The role of CaMKII regulation
of phospholamban activity in heart disease. Front. Pharmacol. 5:5. doi:
10.3389/fphar.2014.00005

Mundina-Weilenmann, C., Ferrero, P, Said, M., Vittone, L., Kranias, E. G., and
Mattiazzi, A. (2005). Role of phosphorylation of Thr(17) residue of phospho-
lamban in mechanical recovery during hypercapnic acidosis. Cardiovasc. Res. 66,
114-122. doi: 10.1016/j.cardiores.2004.12.028

Murphy, E., and Steenbergen, C. (2008). Mechanisms underlying acute protec-
tion from cardiac ischemia-reperfusion injury. Physiol. Rev. 88, 581-609. doi:
10.1152/physrev.00024.2007

Nicolaou, P., Hajjar, R. J., and Kranias, E. G. (2009). Role of protein phosphatase-1
inhibitor-1 in cardiac physiology and pathophysiology. J. Mol. Cell. Cardiol. 47,
365-371. doi: 10.1016/j.yjmcc.2009.05.010

Osada, M., Netticadan, T., Kawabata, K., Tamura, K., and Dhalla, N.
S. (2000). Ischemic preconditioning prevents I/R-induced alterations in SR
calcium-calmodulin protein kinase II. Am. J. Physiol. Heart Circ. Physiol. 278,
H1791-H1798.

Commun.

Frontiers in Pharmacology | Pharmacology of lon Channels and Channelopathies

May 2014 | Volume 5 | Article 96 | 6


http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive

Bell etal.

CaMKIl in ischemia and reperfusion

Palomeque, J., Rueda, O. V., Sapia, L., Valverde, C. A., Salas, M., Petroff,
M. V,, etal. (2009). Angiotensin II-induced oxidative stress resets the Ca?™t
dependence of Ca?*-calmodulin protein kinase II and promotes a death
pathway conserved across different species. Circ. Res. 105, 1204-1212. doi:
10.1161/CIRCRESAHA.109.204172

Peng, W,, Zhang, Y., Zheng, M., Cheng, H., Zhu, W., Cao, C. M., etal. (2010). Car-
dioprotection by CaMKII-deltaB is mediated by phosphorylation of heat shock
factor 1 and subsequent expression of inducible heat shock protein 70. Circ. Res.
106, 102-110. doi: 10.1161/CIRCRESAHA.109.210914

Previlon, M., Pezet, M., Vinet, L., Mercadier, J. J., and Rouet-Benzineb, P. (2014).
Gender-specific potential inhibitory role of Ca>*+/calmodulin dependent protein
kinase phosphatase (CaMKP) in pressure-overloaded mouse heart. PLoS ONE
9:€90822. doi: 10.1371/journal.pone.0090822

Rezazadeh, S., Claydon, T. W, and Fedida, D. (2006). KN-93 (2-[N-(2-
hydroxyethyl) ]- N -(4-methoxybenzenesulfonyl) Jamino- N-(4-chlorocinnamyl)-
N-methylbenzylamine), a calcium/calmodulin-dependent protein kinase II
inhibitor, is a direct extracellular blocker of voltage-gated potassium channels.
J. Pharmacol. Exp. Ther. 317,292-299. doi: 10.1124/jpet.105.097618

Robert, V., Gurlini, P., Tosello, V., Nagai, T., Miyawaki, A., Di Lisa, E, etal. (2001).
Beat-to-beat oscillations of mitochondrial [Ca?*] in cardiac cells. EMBO J. 20,
4998-5007. doi: 10.1093/emboj/20.17.4998

Rokita, A. G., and Anderson, M. E. (2012). New therapeutic targets in cardiology:
arrhythmias and Caz+/calm0du1in—dependent kinase II (CaMKII). Circulation
126, 2125-2139. doi: 10.1161/CIRCULATIONAHA.112.124990

Said, M., Becerra, R., Palomeque, J., Rinaldi, G., Kaetzel, M. A., Diaz-Sylvester,
P. L, etal. (2008). Increased intracellular Ca?* and SR Ca?* load contribute
to arrhythmias after acidosis in rat heart. Role of Ca?*/calmodulin-dependent
protein kinase II. Am. J. Physiol. Heart Circ. Physiol. 295, H1669-H1683. doi:
10.1152/ajpheart.00010.2008

Said, M., Becerra, R., Valverde, C. A., Kaetzel, M. A., Dedman, J. R., Mundina-
Weilenmann, C., etal. (2011). Calcium-calmodulin dependent protein kinase II
(CaMKII): a main signal responsible for early reperfusion arrhythmias. J. Mol.
Cell. Cardiol. 51, 936-944. doi: 10.1016/j.yjmcc.2011.08.010

Said, M., Vittone, L., Mundina-Weilenmann, C., Ferrero, P., Kranias, E. G.,
and Mattiazzi, A. (2003). Role of dual-site phospholamban phosphorylation
in the stunned heart: insights from phospholamban site-specific mutants. Am.
J. Physiol. Heart Circ. Physiol. 285, H1198-H1205. doi: 10.1152/ajpheart.
00209.2003

Salas, M. A., Valverde, C. A., Sanchez, G., Said, M., Rodriguez, J. S., Portiansky,
E. L, etal. (2010). The signalling pathway of CaMKII-mediated apoptosis and
necrosis in the ischemia/reperfusion injury. J. Mol. Cell. Cardiol. 48, 1298-1306.
doi: 10.1016/j.yjmec.2009.12.015

Shannon, T. R., Ginsburg, K. S., and Bers, D. M. (2002). Quantitative assess-
ment of the SR Ca?" leak-load relationship. Circ. Res. 91, 594—600. doi:
10.1161/01.RES.0000036914.12686.28

Stokke, M. K., Briston, S. J., Jolle, G. E, Manzoor, L, Louch, W. E., Oyehaug, L., etal.
(2011). Ca(2+) wave probability is determined by the balance between SERCA2-
dependent Ca(2+) reuptake and threshold SR Ca(2+) content. Cardiovasc. Res.
90, 503-512. doi: 10.1093/cvr/cvr013

Valverde, C. A., Mundina-Weilenmann, C., Reyes, M., Kranias, E. G., Escobar, A.
L., and Mattiazzi, A. (2006). Phospholamban phosphorylation sites enhance the
recovery of intracellular Ca®* after perfusion arrest in isolated, perfused mouse
heart. Cardiovasc. Res. 70, 335-345. doi: 10.1016/j.cardiores.2006.01.018

Van der Heiden, K., Cuhlmann, S., Luong Le, A., Zakkar, M., and Evans, P. C.
(2010). Role of nuclear factor kappaB in cardiovascular health and disease. Clin.
Sci. (Lond.) 118, 593-605. doi: 10.1042/CS20090557

van Echteld, C. J., Kirkels, J. H., Eijgelshoven, M. H., Van Der Meer, P., and
Ruigrok, T. J. (1991). Intracellular sodium during ischemia and calcium-
free perfusion: a 23Na NMR study. J. Mol. Cell. Cardiol. 23, 297-307. doi:
10.1016/0022-2828(91)90066-U

Venetucci, L. A., Trafford, A. W,, and Eisner, D. A. (2007). Increasing ryanodine
receptor open probability alone does not produce arrhythmogenic calcium waves:
threshold sarcoplasmic reticulum calcium content is required. Circ. Res. 100,
105-111. doi: 10.1161/01.RES.0000252828.17939.00

Vila-Petroff, M., Mundina-Weilenmann, C., Lezcano, N., Snabaitis, A. K.,
Huergo, M. A., Valverde, C. A., etal. (2010). Ca(2+)/calmodulin-dependent
protein kinase II contributes to intracellular pH recovery from acidosis via
Na(+)/H(+) exchanger activation. J. Mol. Cell. Cardiol. 49, 106-112. doi:
10.1016/j.yjmec.2009.12.007

Vila-Petroff, M., Salas, M. A., Said, M., Valverde, C. A., Sapia, L., Portiansky,
E., etal. (2007). CaMKII inhibition protects against necrosis and apoptosis
in irreversible ischemia-reperfusion injury. Cardiovasc. Res. 73, 689—698. doi:
10.1016/j.cardiores.2006.12.003

Vittone, L., Mundina-Weilenmann, C., Said, M., Ferrero, P., and Mattiazzi, A. (2002).
Time course and mechanisms of phosphorylation of phospholamban residues in
ischemia-reperfused rat hearts. Dissociation of phospholamban phosphorylation
pathways. J. Mol. Cell. Cardiol. 34, 39-50. doi: 10.1006/jmcc.2001.1488

Wehrens, X. H. (2011). CaMKII regulation of the cardiac ryanodine receptor
and sarcoplasmic reticulum calcium release. Heart Rhythm 8, 323-325. doi:
10.1016/j.hrthm.2010.09.079

Wu, X., Zhang, T., Bossuyt, J., Li, X., Mckinsey, T. A., Dedman, J. R, etal
(2006). Local InsP3-dependent perinuclear Ca* signaling in cardiac myocyte
excitation-transcription coupling. J. Clin. Invest. 116, 675-682. doi: 10.1172/
JCI27374

Xie, L. H., Chen, E, Karagueuzian, H. S., and Weiss, J. N. (2009). Oxidative-stress-
induced afterdepolarizations and calmodulin kinase II signaling. Circ. Res. 104,
79-86. doi: 10.1161/CIRCRESAHA.108.183475

Yang, Y., Zhu, W. Z,, Joiner, M. L., Zhang, R., Oddis, C. V., Hou, Y., etal.
(2006). Calmodulin kinase II inhibition protects against myocardial cell apop-
tosis in vivo. Am. ]. Physiol. Heart Circ. Physiol. 291, H3065-H3075. doi:
10.1152/ajpheart.00353.2006

Zhang, D. M., Chai, Y., Erickson, J. R., Heller Brown, J., Bers, D. M., and
Lin, Y. F. (2014). Modulation of sarcolemmal ATP-sensitive potassium chan-
nels by nitric oxide via sGC/PKG/ROS/ERK1/2/CaMKII signaling in ventricular
cardiomyocytes. J. Physiol. 592(Pt 5),971-990. doi: 10.1113/jphysiol.2013.264697

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 22 January 2014; accepted: 16 April 2014; published online: 06 May 2014.
Citation: Bell JR, Vila-Petroff M and Delbridge LMD (2014) CaMKII-dependent
responses to ischemia and reperfusion challenges in the heart. Front. Pharmacol. 5:96.
doi: 10.3389/fphar.2014.00096

This article was submitted to Pharmacology of Ion Channels and Channelopathies, a
section of the journal Frontiers in Pharmacology.

Copyright © 2014 Bell, Vila-Petroff and Delbridge. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal s cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

May 2014 | Volume 5 | Article 96 | 7


http://dx.doi.org/10.3389/fphar.2014.00096
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive

	CaMKII-dependent responses to ischemia and reperfusion challenges in the heart
	Ischemia, reperfusion, and Ca2+ overload
	CaMKII is rapidly activated in ischemia and reperfusion
	CaMKII exacerbates ischemic injury
	CaMKII actions in reperfusion recovery are dependent on ischemic duration
	CaMKII modulation of RyR2 determines reperfusion arrhythmogenesis
	Evidence for a beneficial role for CaMKII in ischemia and reperfusion
	Acknowledgments
	References


