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Abstract

Ca2*-Calmodulin kinase Il (CaMKI1) activation is deleterious in cardiac ischemia/reperfusion
(I/R). Moreover, inhibition of CaMKII-dependent phosphorylations at the sarcoplasmic reticulum
(SR) prevents CaMKII-induced I/R damage. However, the downstream targets of CaMKI|I at the
SR level, responsible for this detrimental effect, remain unclear.

In the present study we aimed to dissect the role of the two main substrates of CaMKII at the SR
level, phospholamban (PLN) and ryanodine receptors (RyR2), in CaMKII-dependent I/R injury.

In mouse hearts subjected to global I/R (45/120 min), phosphorylation of the primary CaMKI|I
sites, S2814 on cardiac RyR2 and of T17 on PLN, significantly increased at the onset of
reperfusion whereas PKA-dependent phosphorylation of RyR2 and PLN did not change. Similar
results were obtained in vivo, in mice subjected to regional myocardial I/R (1/24 hrs). Knock-in
mice with an inactivated serine 2814 phosphorylation site on RyR2 (S2814A), significantly
improved post-ischemic mechanical recovery, reduced infarct size and decreased apoptosis.
Conversely, knock-in mice, in which CaMKI| site of RyR2 is constitutively activated (52814D),
significantly increased infarct size and exacerbated apoptosis. In S2814A and S2814D mice
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subjected to regional myocardial ischemia, infarct size was also decreased and increased
respectively. Transgenic mice with double-mutant non-phosphorylatable PLN (S16A/T17A) in the
PLN knockout background (PLNDM) also showed significantly increased post-ischemic cardiac
damage. This effect cannot be attributed to PKA-dependent PLN phosphorylation and was not due
to the enhanced L-type Ca2* current, present in these mice.

Our results reveal a major role for the phosphorylation of S2814 site on RyR2 in CaMKII-
dependent I/R cardiac damage. In contrast, they showed that CaMKII-dependent increase in PLN
phosphorylation during reperfusion opposes rather than contributes to I/R damage.

Keywords
RyR2; PLN; CaMKI|I; ischemia/reperfusion injury; apoptosis; necrosis; myocardium

1. Introduction

Myocardial infarction (Ml1) is the leading cause of morbidity and mortality in the Western
world with >700,000 heart attacks diagnosed each year only in the United States [1].
Ischemic injury results from severe impairment of coronary blood supply and oxygen to the
myocardium and prompt restoration of coronary flow can limit the infarct size and reduce
mortality. Currently, primary reperfusion therapies, including percutaneous coronary
intervention and thrombolysis, are the standard treatments for patients suffering from M.
However, the strategy of rapid reperfusion of ischemic myocardium is usually associated
with additional cell damage, cardiac dysfunction and ventricular arrhythmias as a result of
reperfusion injury [2-4] The causes of these deleterious effects are multifactorial, but altered
Ca?* handling has emerged as a major contributor to post-ischemic dysfunction and injury
[3, 5-7].

In the heart, Ca2* handling during the excitation-contraction coupling process is mediated
by a mechanism known as Ca2*-induced Ca?*release [8], by which a small influx of external
Ca?* through the L-type Ca2*channel binds to and opens the cardiac Ca?* release channel/
ryanodine receptor (RyR2), producing a large release of Ca2* from the sarcoplasmic
reticulum (SR). Cytosolic Ca2* is then re-sequestered into the SR by the SR Ca2*-ATPase
(SERCAZ2a). The function of this Ca2*pump is regulated by the phosphorylation level of a
regulatory protein, also associated with the SR, named phospholamban (PLN). PLN in turn,
is subject of additional regulation by interacting partners like HAX-1 (an anti-apoptotic
protein) and Gm or the anchoring subunit of protein phosphatase 1, which affect the overall
SERCA-mediated Ca%*-transport [9, 10].

Recent studies strongly suggested that the phosphorylation of SR proteins by the CaZ*/
calmodulin-dependent protein kinase Il (CaMKII), is involved in reperfusion damage
(necrosis, apoptosis, functional impairment) following prolonged ischemia. Conversely,
inhibition of CaMKII activity at the SR level protects from the injury caused by ischemia/
reperfusion (I/R) [11]. However, the downstream targets of CaMKII responsible for the
detrimental effects of I/R, remain unclear. For instance, it has been shown that CaMKII-
dependent phosphorylation of the threonine 17 site of PLN (T17), occurs at the onset of
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reperfusion [11, 12], yet the functional consequences of this phosphorylation events are
uncertain. Indeed, the effects of enhanced SR Ca2* uptake in the face of an ischemic insult
are controversial. On one hand, experimental evidence indicated that gene transfer of
SERCAZ2a alleviated post-ischemic cardiac injury in rat and porcine animal models[13, 14],
suggesting a beneficial effect of increasing SR Ca?* uptake in I/R. On the other hand,
several studies indicated that inhibiting SR Ca2* uptake is cardioprotective whereas
increasing it, is harmful [15-18]. In line with these previous findings, more recent studies
have shown that deletion of PLN eliminated the protective effects of a CaMKII-inhibitory
peptide in mice (AC3-1) subjected to myocardial infarction. PLN deletion also exacerbated
the deleterious cardiac effects of CaMKII transgenic mice [19]. Interestingly, the recently
described protective effect of HAX-1/Hsp90 complex on I/R damage [10] can also be
related to the inhibitory effect of the combined action of these compounds on SR Ca%*
uptake [10, 20].

Referent to RyR2, it is known that the increased SR Ca2* leak resulting from CaMKII-
dependent phosphorylation of RyR2 is a main contributor to heart failure and reperfusion
arrhythmias [4, 21-23].

The main goal of the present study was to dissect the role of the two primary targets of
CaMKI|I at the SR level, PLN and RyR2, in CaMKII-dependent I/R injury. We demonstrate
here that RyR2 channels are phosphorylated by CaMKII during I/R and play a crucial role in
CaMKII-dependent cardiac damage. Knock-in mice with a genetically inactivated CaMKII-
phosphorylation site on RyR2 (S2814A) [22] are protected from necrosis, apoptosis and
impaired cardiac function, following irreversible I/R injury. Conversely, knock-in mice with
a phosphomimetic mutation on RyR2 (S2814D) [21] are more susceptible to cardiac damage
following I/R. In contrast, PLN phosphorylation during reperfusion opposes rather than
contributes to I/R damage.

Thus, CaMKII-dependent phosphorylation of RyR2 during reperfusion is crucial in
determining cardiac damage and the main factor at the SR level, responsible for the
deleterious effect of CaMKII in I/R injury.

2. Materials and Methods

2.1 Animals

An expanded Methods section is available in the online Supplementary material.

Experiments were performed in knock-in male mice (4 months old) in which the S2814 site
of RyR2 was either replaced by alanine (S2814A mice), to genetically inhibit RyR2
phosphorylation by CaMKII [22] or aspartic acid (52814D mice), to mimic constitutive
phosphorylation of RyR2 by CaMKII [21]. An additional experimental group was
performed in transgenic male mice, expressing a mutant PLN in which both phosphorytables
residues (S16 and T17) were replaced by Ala (PLNDM) [24], (Obtained from MMRRC,
University of Missouri/Harlan, Mouse Regional Resource Center, NCRR, NIH) [24]. The
corresponding wild type (WT) littermates were utilized as controls for the S2814A/D mice
[21]. C57BL/6 mice were used as controls for the PLNDM mice. Finally, a small group of
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global CaMKI18-knockout mice [25] was also used in the in vivo experiments (See Results).
Animals were inbreeded and maintained in our animal facilities in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised
1996). The protocols were approved by the Ethics Committee of the Cardiovascular
Research Center, National Research Council (CONICET).

2.2 Preparations
a. Ex-vivo experiments: Langendorff perfusion and experimental protocol—
Isolated hearts were perfused according to the Langendorff technique [26]. After a 10 min
stabilization period, hearts were subjected to 45 min of global ischemia followed by 120 min
of reperfusion [11].

b. Isolated Myocytes—Enzymatic isolation of ventricular myocytes and fluorescence
measurements were performed as previously described [27, 28]. The standard whole-cell
configuration of the patch-clamp technique was used for voltage-clamp recordings with a
patch-clamp amplifier [29].

c. In-vivo experiments—Mice were anesthetized by sodium pentobarbital (45 mg/kg,
i.p.) and then subjected to myocardial ischemia induced by left anterior descending (LAD)
coronary artery occlusion for 1 hr followed by reperfusion for 24 hrs. Sham operated mice
were subjected to the same surgical procedures without LAD ligation [25].

2.3 Infarct size

Infarct size was assessed by the triphenyltetrazolium chloride (TTC) technique [12, 25].

2.4 LDH determinations

Cardiac injury was evaluated by LDH released in the perfusion effluent. LDH samples were
taken every minute during the first 10 min of reperfusion [11, 12].

2.5 Terminal deoxynucleotidyltransferase-mediated dUTP nick-end (TUNEL) labeling

TUNEL assay was performed on myocardial slices fixed in buffered formalin and processed
for histological examination[11, 12]

2.6 Electrophoresis and Western blot analysis

Cardiac homogenates were prepared as previously described [11, 30]. Proteins were probed
with antibodies raised against S16 and T17-phosphorylated PLN, total PLN, S2814 and
S2808-phosphorylated RyR2, total RyR2, Bcl-2 and Bax [3, 11]. GAPDH was used as
control loading.

2.7 Statistical analysis

Data are expressed as mean+ SEM. Unpaired, paired Student t-test or ANOVA followed by
Tukey post hoc test were used for statistical comparisons when appropriate. Differences
were considered significant at P<0.05.
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3. Results
3.1 Increased CaMKIl, but not PKA-dependent phosphorylation of RyR2 and PLN during I/R

To define the cardioprotective mechanisms associated with CaMKII-inhibition at the SR
level, we performed ex-vivo experiments in Langendorff perfused mouse hearts subjected to
a protocol of 45 min ischemia followed by reperfusion. At different times during reperfusion
(3 and 15 min), hearts were freeze-clamped to measure the phosphorylation status of RyR2,
at S2814 and S2808, and PLN, at T17 and S16, using phospho-epitope specific antibodies.
Selection of these reperfusion times for phosphorylation assessment was based on previous
results that showed that maximal CaMKII-dependent phosphorylation of PLN occurred at
the onset of reperfusion and then declined [11, 26, 31], consistent with the abrupt increase in
diastolic Ca%* observed at the onset of reperfusion [32]. Western blotting of ventricular
lysates revealed a significant increase in S2814 phosphorylation (CaMKII site) in perfused
hearts subjected to myocardial infarction following by 3 min of reperfusion, compared to
pre-ischemia (Figure 1A). After 15 min of reperfusion, phosphorylation of S2814 site was
still higher than pre-ischemic values. In contrast, there were no significant changes in S2808
phosphorylation (PKA site) of RyR2 in either group. Moreover, we also observed a decrease
in RyR2 abundance at the onset of reperfusion, similar to previous findings [11, 33].
Phosphorylation of PLN at T17 (CaMKI|I site), also significantly increased in hearts
subjected to 3 and 15 min of reperfusion, whereas phosphorylation of PLN at S16 (PKA
site) remained unchanged in reperfused hearts versus pre-ischemic controls (Figure 1B),
consistent with previous reports [11, 12, 25, 26, 31]. Control experiments in which hearts
were continuously perfused for a period of time identical to that of hearts submitted to I/R
protocol, did not show any significant change in either the expression or phosphorylation of
RyR2 or PLN (results not shown).

To further confirm the role of RyR2 phosphorylation on I/R in vivo we performed an
additional series of experiments in WT mice submitted to regional myocardial ischemia
followed by reperfusion (1/24 hrs). Supplementary Figure 1 shows immunoblots and
averaged results of these experiments. No changes in total expression/degradation of RyR2
were apparent after 24 hrs of reperfusion in the in vivo experiments, which suggests that
RyR2 alterations during global I/R might be rescued during reperfusion. Moreover, and
similar to the results in the intact heart, no significant changes in S2808 phosphorylation
were observed in WT mice after the 1/24 hrs I/R protocol. However, WT mice showed
significantly increased RyR2 phosphorylation at S2814 site, whereas there were no
significant changes in the phosphorylation of this site in parallel I/R experiments performed
in CaMKI113-KO mice [25].

3.2 Inhibition of CaMKII-dependent Ser2814 phosphorylation on RyR2 protects against
necrosis and apoptosis following I/R injury

To determine whether genetic inhibition of CaMKII phosphorylation of RyR2 prevented
cardiac damage following I/R, we studied RyR2 knock-in mice [22] in which the S2814
phosphorylation site was mutated to alanine (S2814A). CaMKII-phosphorylation patterns of
PLN in these mice were similar to those in WT mice (Supplementary Figure 2). At baseline,
twitch shortening and Ca2* transient amplitude during electric field stimulation (0.5 Hz) and
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SR Ca?* load (assessed by rapid application of 25mmol/L caffeine) in isolated myocytes,
were similar to those of WT mice (Supplementary Figure 3). Basal contractility was also
similar in WT vs. S2814A mice in the intact heart (Figure 2). At the onset of global
ischemia, isovolumic left ventricular developed pressure (LVVDP) dropped essentially to O in
both groups. However, on reperfusion, S2814A mice exhibited better post-ischemic
mechanical recovery, i.e. LVDP was higher in S2814A mice compared to WT (Figure 2A).
The vast contractile depression observed in both groups of mice after 45 min ischemia may
not only be attributed to the infarct areas (See below) but also to the presence of myocardial
stunning areas peripheral to the infarct size zone. Postischemic dysfunction (stunned
myocardium) has been shown to revert after approximately 48/72 hs of reperfusion [34].
This would greatly influence contractility depression observed in acute experiments after
prolonged ischemic periods, as used herein. By comparing Figure 2 A and B, it is clear than
in this model of I/R with a prolonged ischemic period, the alteration of contractile (systolic)
activity is trivial contrasted with the marked elevation of diastolic pressure. However, the
increase in LVEDP was not significantly different between the WT and S2814A animals. In
spite of that, it was possible to detect a significant difference in LVDP. To better study
mechanical recovery, an additional series of experiments was performed in which ischemia
was reduced to 20 min. This ischemic period also produced infarct damage in mouse hearts
(results not shown). Supplementary Figure 4 indicates that the mechanical recovery was
significantly more important in S2814A than in WT mice, similar to the results obtained
with prolonged ischemia.

To further delineate the effects of inhibition of RyR2 phosphorylation in post-ischemic
damage, the extent of I/R-induced myocardial infarction was assessed. The infarct size post
I/R (45/120 min) was 24.6£2.2% in WT hearts, whereas it was significantly attenuated in
S2814A mice (12.6+1.2%; P< 0.05) (Figure 2C). Moreover the extent of necrotic cell death
examined by lactate dehydrogenase (LDH) efflux during the first 10 min of reperfusion was
decreased by approximately 40% in S2814A mice relative to WT (Figure 2D). Finally, the
extent of apoptotic cell death examined by the ratio between the proapoptotic protein Bax
and the antiapoptotic protein Bcl2 (Bax/Bcl2) and TUNEL assay, were also significantly
lower in S2814A than in WT mice after reperfusion (Figure 2E-G).

Taken together these results indicate that prevention of S2814 phosphorylation diminished
I/R injury, i.e. necrotic and apoptotic death, and improved functional recovery in the intact
heart.

3.3 Constitutive phosphorylation of S2814 does not affect contractile recovery but
enhances I/R damage

To further assess the role of RyR2 in the deleterious effect of CaMKII in I/R, we performed
experiments in mice, with a S2814D mutation in RyR2 to mimic constitutive
phosphorylation [21]. CaMKII-phosphorylation patterns of PLN in these mice were similar
to those in WT mice (Supplementary Figure 2). Supplementary Figure 3A and B shows that
twitch shortening and Ca?* transient amplitude were similar in S2814D compared with WT
and S2814A mice, although SR Ca?* load was lower than in the other two strains. The
decrease in SR Ca?* load in S2814D is presumably the consequence of the higher diastolic
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SR Ca?* leak observed in these mice [21]. Thus, S2814D mice exhibited enhanced
fractional SR Ca?* release (ratio of twitch/caffeine-induced Ca?* transient), compared with
WT or S2814A mice, supporting the notion that RyR2 phosphorylation at S2814 activates
both diastolic and systolic RyR2 Ca?* release [21, 35]. Basal contractility in the intact heart
was also similar in S2814D and WT mice and post-ischemic mechanical recovery (LVDP)
was not significantly altered. (Figure 3A and B). Similar results were obtained when the
ischemic period was reduced to 20 min (Supplementary Figure 4). In contrast to the
contractile behavior, infarct size measured at the end of 45/120 min I/R, was significantly
greater in S2814D than in WT mice, as shown in the typical examples and overall results of
Figure 3C. LDH release was slightly higher in S2814D compared with WT mice at baseline
and significantly increased in the first minutes of reperfusion in S2814D mice compared to
WT mice. This difference disappeared however in samples obtained at the end of 10min of
reperfusion (Figure 3D). These results suggest that necrosis was primarily enhanced at the
onset of reperfusion in S2814D hearts. Apoptotic cell death was also increased in S2814D
mice. Figures 3E to G shows a significantly higher Bax/Bcl2 ratio and more TUNEL
positive nuclei after reperfusion in S2814D mice than in WT animals.

Interestingly, Ser2814D mice showed a dissociation between infarct size and mechanical
recovery, i.e. whereas the mechanical recovery was not significantly different relative to
WT, the infarct size was significantly increased. A possible explanation for these somewnhat
discordant results may lie on the increased fractional release observed in these mice (See
above and Supplementary Figure 3), which would be able to counteract the deleterious
mechanical effect of I/R.

To further test the impact of CaMKII-dependent phosphorylation of RyR2, we performed an
additional series of in vivo experiments in S2814A, S2814D and WT mice subjected to
regional myocardial ischemia induced by left anterior descending (LAD) coronary artery
occlusion for 1 h followed by 24hs of reperfusion. Supplementary Figure 5 shows that the
infarct size relative to the area at risk was significantly decreased in S2814A mice and
increased in S2814D compared to WT mice. Taken together, the data in S2814A and
$2814D mice demonstrate that CaMKII-dependent phosphorylation of RyR2 is an essential
signaling event that promotes cardiac damage and contributes to irreversible I/R injury.

3.4 CaMKIll-dependent PLN phosphorylation does not participate in the deleterious effect
of CaMKIll in I/R

To determine whether CaMKII-dependent phosphorylation of PLN also contributes to I/R
damage, we performed experiments in transgenic mice in which the PKA and CaMKI|I-
dependent phosphorylation sites of PLN (T17 and S16) were both mutated to Ala, and
thereby rendered non-phosphorylatable. Supplemental Figure 6A shows that the ability of
isoproterenol to increase PLN phosphorylation at T17 was blocked in these PLN double
mutant (PLNDM) mice. The relaxant effect of isoproterenol was likewise blunted although
the positive inotropic effect of the 3-agonist was similar in both groups (Supplementary
Figure 6B and C). The similar inotropic action of isoproterenol in PLNDM and WT mice
was attributed to enhanced L-type CaZ* current in these animals [24].
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Figure 4A shows that LVDP was significantly impaired during reperfusion after ischemia in
PLNDM mice after 120 and of ischemia, whereas LVEDP did not significantly changed (B),
consistent with previous findings in which perfused hearts were submitted to a shorter
ischemic period [6]. Infarct size and LDH release were not reduced but, on the contrary they
were significantly enhanced in PLNDM compared to WT mice (Figure 4C and D). The
finding that preventing PLN phosphorylation exacerbates the functional and structural heart
damage after MI, suggests that the CaMKII-dependent phosphorylation of PLN observed
during reperfusion (Figure 1B) favors post-ischemic recovery and protects from I/R cardiac
damage.

An important limitation of PLNDM mice is that they develop an increase in L-type Ca%*
current [24] which was interpreted to be a compensatory mechanism since basal contractility
was not affected (Figure 4 and Supplementary Figure 6). To further explore whether this
increase in L-type Ca2* current contributes to the increased infarct size observed in PLNDM
mice, additional experiments were performed to determine the effect of returning this
current to basal levels. In patch-clamp experiments performed in isolated myocytes from
PLNDM and WT mice, we observed an increase in L-type Ca?* current of approximately
20%, in agreement with previous findings [24]. This increase was inhibited in the presence
of 10 nmol/L of the Ca%* channel blocker nifedipine. Figure 5A and B show typical records
and overall results of these experiments. Figure 5C to F show that contractile recovery,
infarct size and LDH release were not significantly changed in the presence of a nifedipine
concentration sufficient to block the increase in L-type Ca2* current in PLNDM myocytes.
Of note, this nifedipine concentration slightly decreased LVVDP under basal conditions
although without reaching significant levels. These findings indicate that the increase in L-
type Ca2* current does not significantly contribute to the detrimental effect of I/R in
PLNDM mice. Taken together the above results reveal that phosphorylation of T17 of PLN
at the beginning of reperfusion is not detrimental. On the contrary, this response serves to
oppose to the deleterious action of RyR2 phosphorylation.

4. Discussion

Previous works from our laboratory has shown that CaMKII-dependent phosphorylation of
Ca?* handling proteins at the SR level is responsible for the detrimental effects of CaMKII
during irreversible I/R injury [11, 12]. The salutary effects of CaMKII-inhibition at the SR
level resulted from normalization of SR Ca2* homeostasis that contributes to post-ischemic
cell death and mechanical dysfunction. We have further shown that I/R-induced activation
of CaMKII and phosphorylation of SR Ca2* handling proteins contribute to mitochondrial
dysfunction and subsequent necrotic and apoptotic cell death [11, 12]. However the specific
targets phosphorylated by CaMKII at the SR level and responsible for this effect, were not
dissected in those previous papers. In the present work, we explored two main candidates for
this action: RyR2 and PLN, based on the facts that they are the two main proteins involved
in SR Ca?* handling and that both are targets of CaMKI|.

Here we provide evidence that CaMKII-dependent phosphorylation of RyR2 during
reperfusion is a critical determinant of the severity of detrimental effects of CaMKI|I
(necrosis, apoptosis and contractile depression) following I/R injury. We used knock-in mice
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which express either the CaMKII-phosphomimetic S2814D or the non-phosphorylatable
S2814A mutants on RyR2, which enabled us to evaluate the importance of CaMKI|
phosphorylation of RyR2 [21, 22]. Our results provide direct evidence showing that
CaMKII-dependent phosphorylation of RyR2 is the main target responsible for I/R damage
at the SR level. The in vivo experiments, in which I/R was produced by left coronary artery
ligation, -the gold standard model of I/R-, also revealed the critical role of CaMKII-
dependent RyR2 phosphorylation in I/R injury, giving further support to the above
conclusion. Furthermore, CaMKII-dependent PLN phosphorylation at the onset of
reperfusion did not contribute to the deleterious effect of I/R. To the best of our knowledge,
this is the first report that shows that RyR2 phosphorylation is a major mediator of CaMKI|I-
induced injury in I/R.

4.1 The RyR2 is a major downstream target of CaMKIl, mediating its detrimental effects

during I/R

A major conclusion from the present work is that when RyR2 cannot be phosphorylated by
CaMKIl, the irreversible damage associated with I/R (necrosis, apoptosis) as well as the
associated mechanical dysfunction, are largely prevented. A second major conclusion is that
constitutive CaMKII-phosphorylation of RyR2 increases the susceptibility to post-ischemic
myocardial damage, in both ex-vivo and in-vivo models. An important corollary of these two
findings is that the increase in CaMKII-dependent phosphorylation of RyR2 that occurs
during reperfusion (Figure 1A and Supplementary Figure 1) is a primary determinant of
CaMKII-induced necrosis and apoptosis following I/R injury. Although we did not assess
either diastolic Ca2* or SR Ca2* leak upon reperfusion in these mice, it is possible to
speculate that the increase in SR Ca2* leak produced by RyR2 phosphorylation may favor
mitochondria Ca2* overload and cardiac damage. Thus, preventing this phosphorylation
event could ameliorate cardiac reperfusion injury. In previous experiments performed in the
rat heart [11], we demonstrated that CaMKII-dependent cardiac damage during irreversible
I/R was reliant on a CaMKII-phosphorylation at the SR level. In these experiments there
was a trend to increase in the ratio of phosphorylated S2814/RyR2. However, this increase
failed to reach statistical significance. The reason for the discrepancy between these
previous findings and the present results is not apparent to us. Although we cannot discard
that species differences may underlie this inconsistency, it is also possible that the
simultaneous changes in RyR2 expression and Ser2814 phosphorylation that occurs at the
onset of reperfusion, enhances data spreading, making the detection of a significant increase
in the Ser2814/RyR2 ratio, more difficult. The present experiments in mouse hearts,
showing a significant increase in the ratio Ser2814/RyR2 and in knock-in mice revealing a
significant decrease and increase of I/R injury in Ser2814A and Ser2814D mice,
respectively, together with the fact that T17 phosphorylation seems not to contribute to
cardiac damage, clearly show however that the damaging effect of CaMKII in I/R is chiefly
dependent on the phosphorylation of S2814 on RyR2. The previously described diminished
expression levels of RyR2 at the onset of reperfusion [33], was also found in the present
experiments (Figure 1A). Although this alteration seems to be reversible, since it was not
apparent in the in vivo experiments (Supplementary Figure 2), a possible contribution of
RyR2 degradation to I/R damage cannot not be discarded from the present results. Current
experiments in our laboratory are exploring this possibility.
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4.2 Beneficial effects of CaMKII-dependent PLN phosphorylation in I/R injury

The present experiments also indicate that preventing CaMKII-dependent phosphorylation
of PLN at T17 site at the onset of reperfusion, as assessed in mice in which PLN
phosphorylation sites S16 and T17 are ablated, increased cardiac injury. This finding cannot
be attributed to inhibition of S16 phosphorylation, since phosphorylation of this site did not
increase during reperfusion (Figure 1B). Neither can it be due to the 20% increase in L-type
Ca?* current, the typical compensation observed in these transgenic mice [24], since similar
results were obtained in the presence of a nifedipine concentration that blocked the Ca2*
current increase observed in isolated myocytes from PLNDM mice (Figure 5). These
experiments therefore imply that there is a beneficial effect of CaMKII-dependent PLN
phosphorylation in I/R injury.

The role of PLN phosphorylation in I/R has been difficult to ascertain and indeed previous
results support either a beneficial or a detrimental effect of PLN phosphorylation [11, 36,
37]. These contradictory observations may reflect the unique effect of PLN phosphorylation
on accelerating SR Ca?* uptake, which could result in two opposite consequences. On the
one hand, it would counteract the diastolic Ca2* elevation resulting from SR Ca?* leak, thus
avoiding an increase in mitochondrial Ca2* and favoring contractile recovery. Indeed,
previous studies in PLNDM mice submitted to I/R revealed an increase in diastolic Ca*
during reperfusion relative to WT mice [6]. On the other hand, by increasing SR Ca?* load,
it may favor SR Ca?* leak due to the regulatory effect of intra-SR CaZ*on RyR2 function.
This would eventually produce a futile circle in which the continuous SR Ca2* leak would
evoke mitochondrial Ca?* overload and cardiac injury. This latter sequence may underlie the
detrimental effect of maximally increasing SR Ca2* uptake in I/R, when interbreeding AC3-
I mice (which were protected against I/R) with PLNKO mice [38] and may also explain the
cardioprotective effect of inhibiting SR Ca?* uptake, like the one produced by HAX-1/hsp90
complex [10]. The role of PLN phosphorylation on I/R would therefore depend on several
factors among which are the status of the different PLN protein partners, the degree and time
course of PLN phosphorylation, the CaZ* threshold for SR Ca?* leak and the status
(integrity, phosphorylation, redox alterations) of RyR2. This latter factor appears to be
crucial, since it is clear that in hearts of PLNKO mice, which mimic a maximum degree of
PLN phosphorylation but conserve intact RyR2 under resting conditions, there is no evident
necrosis or apoptosis [38].

Previous experiments from our laboratory using perfused mouse hearts that express an
inhibitory CaMKI|I peptide at the SR level (SR-AIP mice), reported that infarct size was
reduced by approximately 60% [11], not different from the reduction observed in S2814A
mice (present results). Notably in SR-AIP mice, CaMKII-dependent phosphorylation of
PLN and of RyR2 are both inhibited while in the S2814A mice only the CaMKII-dependent
phosphorylation of RyR2 was prevented. This finding indicates that when CaMKI|I-
dependent RyR2 phosphorylation is precluded, prevention of PLN phosphorylation failed to
increase cardiac injury as should be expected from the results in PLNDM mice. Thus,
CaMKII-dependent inhibition of RyR2 phosphorylation seems to be necessary and sufficient
to prevent the CaMKII-dependent cardiac damage that originates at the SR level in I/R.
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In summary, we demonstrate for the first time that phosphorylation of S2814 of RyR2 plays
a major role in the detrimental effect of CaMKII in I/R. Our studies using knock-in mice
which express either the CaMKII-phosphomimetic S2814D or the non-phosphorylatable
S2814A mutants of RyR2 provide direct evidence showing that RyR2 are the main CaMKI|
targets at the SR responsible for I/R damage. Our previous results indicated that CaMKI|I
promotes mitochondrial dysfunction and subsequent necrotic and apoptotic cell death during
I/R through a phosphorylation occurring at the SR level. The present findings revealed that
CaMKII-dependent phosphorylation of RyR2 by enhancing SR Ca?* leak is the main
responsible of this post-ischemic cardiac damage. In contrast, CaMKIl-dependent PLN
phosphorylation does not contribute to this injury but rather opposes to it. Our experiments
further indicate that inhibition of RyR2 phosphorylation may be necessary and sufficient to
prevent the CaMKII-dependent cardiac damage that originates at the SR level in I/R. Given
the critical role of RyR2 in I/R damage, the strategy of impairing CaMKII phosphorylation
at these Ca2* release sites would represents a promising therapeutic strategy for the
prevention/treatment of I/R damage.
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Figure 1. Reperfusion significantly increases CaMKII1 dependent phosphorylation of RyR2 and
PLN

A. Western blots and summary results of CaMKII and PKA-dependent phosphorylation of
RyR2 at S2814 and S2808 respectively, and of RyR2 expression, in Langendorff perfused
WT mouse hearts subjected to 45 min ischemia followed by various reperfusion times.
Comparing with pre-ischemic values (Pre-lIsch) there was a significant increase in S2814
phosphorylation at 3 min of reperfusion, without significant changes in the phosphorylation
of S2808. A decrease in the expression of RyR2 was present at 3 and 15 min of reperfusion.
B. Results of PLN phosphorylation sites during reperfusion. A significant increase in the
phosphorylation of the CaMKII-dependent site, T17, was evident at 3 and 15 min of
reperfusion with no significant changes in the PKA dependent site, S16. PLN expression did
not change relative to pre-ischemic values. GAPDH was used as a loading control. Data
represent the average + SEM of values from 4-9 hearts per group.* P<0.05 vs. the
corresponding pre-ischemic values.
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Figure 2. Lack of CaMKII-phosphorylation of RyR2 protects against I/R injury
Perfused hearts from S2814A mice subjected to I/R (45/120 min), showed a significant

improvement of contractile parameters during reperfusion when compared to WT mice, i.e.
left ventricular developed pressure (LVDP), was increased (A). Left ventricular end diastolic
pressure (LVEDP), showed a trend to be lower in S2814A vs. WT mice, although without
reaching significant levels (B). Myocardial viability was enhanced in S2814A vs. WT mice,
as reflected by a decrease in the infarct size at the end of reperfusion (C) and in LDH
released during the first 10 min of reperfusion (D). Apoptosis was also diminished in
S2814A vs. WT mice: Typical immunoblots and overall results after 120 min of reperfusion,
depicted in panel (E), showed a decrease in the ratio between the proapoptotic protein Bax
and the antiapoptotic protein Bcl2, (Bax/Bcl2). TUNEL assay confirmed apoptotic death
decrease in S2814A mice hearts relative to WT. Examples of TUNEL stained cardiac tissue
are shown in (F). Total nuclei were stained with DAPI (light blue). Apoptotic nuclei, in red,
are marked with arrow heads. Original magnification is 40x. Overall results of this assay are
shown in (G). Data represent the average + SEM of n =5 - 12 hearts per group.*P<0.05 vs.
WT mice. # P<0.05 vs. the corresponding pre-ischemic values.
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Figure 3. Constitutive activation of CaMKII-dependent S2814 site of RyR2 does not change post-
ischemic mechanical recovery but enhances I/R cardiac damage

Perfused hearts from mice with constitutive phosphorylation of S2814 on RyR2 (S2814D
mice), showed a similar post-ischemic mechanical recovery (LVDP and LVEDP) compared
with WT mice (A, B). In contrast, constitutive activation of S2814 increased infarct size (C)
and LDH release at 1 and 5 min of reperfusion (D). The apoptotic death was also enhanced
at the end of reperfusion in S2814D mice relative to WT, when evaluated by the increase in
either Bax/Bcl2 ratio (E) or TUNEL staining. Typical examples and overall results of the
TUNEL assay are shown in panels (F) and (G) respectively. Apoptotic nuclei, in red, are
marked with arrowheads. Data represent the average = SEM of n = 7 - 12 hearts per
group.*P<0.05 vs. WT mice. # P<0.05 vs. the corresponding pre-ischemic values.
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Figure 4. Lack of PLN phosphorylation increases I/R injury
Double PLN mutant mice (PLNDM) exhibited a significant decrease in contractile recovery

vs. WT mice (A), without significant changes in LVEDP (B). Infarct size at the end of
reperfusion (C) and LDH released during the first 10 min of reperfusion (D) were also
significantly increased when compared with WT mice. Data represent the average + SEM of
n =7 - 14 per group. *P<0.05 vs. WT mice. # P<0.05 vs. the corresponding pre-ischemic

values.
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Figure 5. Enhanced I/R injury in PLNDM mice is not due to the increased L-type Ca2+ current
A. Current density-voltage relations for average data of peak current density collected from

WT mice (n=8) and from PLNDM mice (n=11). Representative traces of ICa, compensated
for cell capacitance evoked by the voltage-clamp depolarizing step to 0 mV, recorded in WT
and PLNDM myocytes, are shown below. B. Representative traces of 1Ca, compensated for
cell capacitance, recorded in a PLNDM myocyte before and after application of nifedipine
(Nife) to the bath solution (left) and average data of peak ICa density of 6 cells recorded at 0
mV before and after nifedipine (right), are displayed. The currents were evoked by a
voltage-clamp depolarizing step to 0 mV (250 ms) from a prepulse potential of 40 mV. C.
There were not significant differences in left ventricular developed pressure, (LVDP, C), left
ventricular end-diastolic pressure, (LVEDP, D), infarct size at the end of reperfusion (E) and
LDH released during the first 10 min of reperfusion (F) between PLNDM with or without
nifedipine. * P< 0.05 vs. WT; $ P< 0.05 PLNDM vs. PLNDM + Nife; # P< 0.05 vs. the
corresponding pre-ischemic values.

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 September 01.



