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The force frequency relationship (FFR), first described by Bowditch
139 years ago as the observation that myocardial contractility
increases proportionally with increasing heart rate, is an important
mediator of enhanced cardiac output during exercise. Individuals
with heart failure have defective positive FFR that impairs their
cardiac function in response to stress, and the degree of positive
FFR deficiency correlates with heart failure progression. We have
identified a mechanism for FFR involving heart rate dependent
phosphorylation of the major cardiac sarcoplasmic reticulum cal-
cium release channel/ryanodine receptor (RyR2), at Ser2814, by cal-
cium/calmodulin–dependent serine/threonine kinase–δ (CaMKIIδ).
Mice engineered with an RyR2-S2814A mutation have RyR2 chan-
nels that cannot be phosphorylated by CaMKIIδ, and exhibit
a blunted positive FFR. Ex vivo hearts from RyR2-S2814A mice also
have blunted positive FFR, and cardiomyocytes isolated from the
RyR2-S2814A mice exhibit impaired rate-dependent enhancement
of cytosolic calcium levels and fractional shortening. The cardiac
RyR2 macromolecular complexes isolated from murine and human
failing hearts have reduced CaMKIIδ levels. These data indicate that
CaMKIIδ phosphorylation of RyR2 plays an important role in medi-
ating positive FFR in the heart, and that defective regulation of
RyR2 by CaMKIIδ-mediated phosphorylation is associated with
the loss of positive FFR in failing hearts.

calcium channels | excitation–contraction coupling

When heart rate increases during exercise, contractility must
increase concomitantly; otherwise cardiac output falls as

a result of decreased diastolic filling time. Early studies on the
mechanism underlying the positive force frequency relationship
(FFR) (1) demonstrated that systolic Ca2+ transient amplitude is
elevated at faster pacing frequencies (2). This observation has
been linked to frequency dependent activation of calcium/
calmodulin–dependent serine/threonine kinase–δ (CaMKIIδ) (3,
4). CaMKIIδ, a dodecameric holoenzyme found in cardiac mus-
cle, is activated by Ca2+-calmodulin when Ca2+ levels are high
and, when activated, autophosphorylates at Thr287, enabling the
enzyme to remain active even when Ca2+ levels are low (5, 6). In
the heart, it is hypothesized that CaMKIIδ cycles between
a phosphorylated active state during systole (when the heart
muscle is contracting) and a dephosphorylated resting state dur-
ing diastole (when the heart is relaxing). At faster heart rates,
CaMKIIδ does not have sufficient time to dephosphorylate and
return to a resting state before the onset of the next Ca2+ tran-
sient. This leads to a progressive increase in the level of auto-
phosphorylated and activated CaMKIIδ (3, 7, 8).
Activated CaMKIIδ phosphorylates multiple Ca2+-handling

proteins including the L-type calcium channel (LTCC, or Cav1.2),
phospholamban (PLN), and RyR2. CaMKIIδ phosphorylation of
the β2a subunit of the LTCC at Thr498, and of RyR2 at Ser2814,
increases the open probability of both channels (9, 10), while
phosphorylation of PLN at Thr17 reduces the inhibitory effect of
PLN on the sarcoplasmic reticulum (SR) Ca2+-ATPase (SER-
CA2a), which is responsible for SR Ca2+ uptake (11, 12).

We previously reported that cardiac RyR2 is progressively
phosphorylated by CaMKIIδ at Ser2814 in a rate-dependent
manner in ex vivo rabbit hearts and that the correlation between
faster heart rates and phosphorylation of RyR2-Ser2814 is not
observed in failing rat hearts (10). In the present study we have
generated RyR2-S2814A mice that have a targeted mutation that
eliminates the CaMKIIδ phosphorylation site in the RyR2 chan-
nel to determine whether CaMKIIδ phosphorylation of RyR2 at
Ser2814 is required for normal positive FFR, and whether im-
paired CaMKIIδ phosphorylation of RyR2 plays a role in the loss
of positive FFR in failing hearts.

Results
We used site-directed mutagenesis and homologous recombi-
nation to substitute Ala for Ser2814 in the murine RyR2 channel
(Fig. S1 A–E). RyR2-S2814A mice have a birth rate consistent
with Mendelian inheritance and exhibit normal cardiac mor-
phology and function at rest (Fig. S1F and Table S1).
To determine whether Ser2814 is the major CaMKIIδ phos-

phorylation site on murine RyR2, we incubated RyR2 immu-
noprecipitated from WT or RyR2-S2814A mouse hearts with
[γ32P]-ATP and exogenous CaMKIIδ. CaMKIIδ incorporated
significantly less [γ32P]-ATP into RyR2-S2814A channels, con-
firming that Ser2814 is the major CaMKIIδ phosphorylation site
in murine RyR2 (Fig. 1 A and D). Moreover, the stoichiometry
of phosphorylation of rabbit RyR2 by CaMKII is 1.5 ± 0.07 mol
phosphate per mol of RyR2 (10), consistent with the presence of
one major CaMKIIδ site on each of the four monomers that
comprise the homotetrameric channel. cAMP-dependent pro-
tein kinase (PKA) readily phosphorylated RyR2-S2814A chan-
nels (as determined by incorporation of [γ32P]-ATP into the
channel in the presence of PKA; Fig. 1 A and D). Others have
reported that both PKA and CaMKII phosphorylate a single site
on RyR2, Ser2808 (13, 14). However, the present data, obtained
by using RyR2-S2814A expressed in the hearts of genetically
altered mice, combined with our previous studies using site di-
rected mutagenesis of heterologously expressed RyR2 channels,
and RyR2-S2808A mice (15), indicate that Ser2808 is the PKA
phosphorylation site and Ser2814 is the CaMKII phosphoryla-
tion site on RyR2 (10).
We next examined the effects of heart rate on CaMKIIδ ac-

tivity and RyR2 phosphorylation using ex vivo heart prepara-
tions. Hearts from WT, RyR2-S2814A, and RyR2-S2808A (15)
mice were isolated and allowed to equilibrate under retrograde
perfusion using a Langendorff ex vivo preparation (16). The
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baseline pacing frequency was set at 400 beats/min, slightly
greater than the average intrinsic heart rate of the isolated
hearts, and was increased to 550 beats/min during the experi-
ment. One group of WT hearts was pretreated with 600 nM of
the CaMKIIδ inhibitor KN-93 for 10 min.
All hearts paced at 550 beats/min, except those treated with

KN-93, exhibited significantly increased activation of CaMKIIδ
present in heart lysate (Fig. 1 B and E) and in complex with
RyR2 (Fig. 1C) compared with baseline, as determined by
measuring phosphorylation of CaMKIIδ at Thr287 (6). Phos-
phorylation of PLN at Thr17 was also significantly increased in
the 550 beats/min paced samples compared with baseline, but
not in the KN-93–treated samples (Fig. 1 B and F). Immunoblots
confirmed that there were no differences in the total CaMKIIδ
levels in heart lysate and in complex with RyR2 (Fig. 1 B and C).
The increased CaMKIIδ activity corresponded with a significant
increase in RyR2 phosphorylation at Ser2814 (Fig. 1 C and G),
but not at Ser2808 (Fig. 1C).
After determining that pacing activates CaMKIIδ and induces

phosphorylation of murine RyR2 at Ser2814, we investigated the
FFR of RyR2-S2814A mice in vivo. To minimize the effects of
changes in sympathetic tone on contractility, the mice were
treated with 1 mg/kg i.p. propranolol, a nonselective β-adrenergic
receptor blocker, 5 min before the experiment. Using intracardiac
pacing and pressure-volume catheters in intact animals, we found
that WT mice exhibited a robust positive FFR with cardiac con-
tractility (dP/dtmax), increasing by 28 ± 5% when the pacing rate
was increased from 450 beats/min to 600 beats/min. In contrast,
the RyR2-S2814A mice exhibited a blunted positive FFR with
contractility increasing only 12± 2% at 600 beats/min (WT, n=9;
RyR2-S2814A, n = 8; P < 0.05 for WT vs. RyR2-S2814A per-
centage increase; Fig. 2A). Thus, CaMKII phosphorylation of
RyR2 at Ser2814 contributes to the positive FFR.
To further explore the mechanism underlying the blunted FFR

in the RyR2-S2814A mice we performed ex vivo experiments in
which we measured heart rate–dependent contractility changes
using Langendorff perfused hearts (16). Isolated murine hearts
were paced from 400 beats/min to 550 beats/min or 700 beats/min.

At 550 beats/min the contractility (dP/dtmax) of WT mouse hearts
increased 45 ± 3% greater than baseline whereas the RyR2-
S2814A mouse hearts increased by 25 ± 3% (Fig. 2 B and C; WT,
n= 13; RyR2-S2814A, n= 9; P < 0.001 forWT vs. RyR2-S2814A
percentage increase). At 700 beats/min the contractility of WT
mouse hearts increased 58 ± 5% greater than baseline whereas
the RyR2-S2814A mouse hearts increased by only 33 ± 5% (Fig.
2C; WT, n= 13; RyR2-S2814A, n= 9; P < 0.01 forWT vs. RyR2-
S2814A percentage increase). The positive FFR in RyR2-S2808A
mice was comparable to that observed in WT mice (Fig. 2C). WT
hearts pretreated with 600 nM KN-93 for 10 min had no positive
FFR (Fig. 2C). There were no differences in baseline dP/dtmax
betweenWT andRyR2-S2814Amice (WT= 2,555± 96mmHg/s;
RyR2-S2814A= 2,445± 85mmHg/s;WT, n=13; S2814A, n=9;
P = not significant).
We next examined FFR in isolated cardiomyocytes to de-

termine whether Ca2+ handling was altered in the RyR2-S2814A
mice at the cellular level. Using video edge-detection, we found
that WT cardiomyocytes had a fractional shortening of 10.8 ±
0.7% at 0.5 Hz and 18.0 ± 1.2% at 3.0 Hz, whereas RyR2-
S2814A myocytes had a fractional shortening of 9.8 ± 0.7% at 0.5
Hz and 13.8 ± 1.0% at 3.0 Hz (WT, n = 37 cells; RyR2-S2814A,
n= 35; n= 4 mice per group; P < 0.01 for WT vs. RyR2-S2814A
fractional shortening at 3.0 Hz; Fig. 3 A and B).
To determine whether the blunted FFR observed in the RyR2-

S2814A mice was associated with a reduction in the rate-
dependent increase in the Ca2+ transient amplitude, we loaded
WT and RyR2-S2814A cardiomyocytes with the Ca2+ indicator
Fura-2 and examined Ca2+ transients at 0.5 Hz and 3.0 Hz pacing
frequencies. We found that the peak Ca2+ transient amplitude
increased by 35.0 ± 1.9% in theWT cells at 3.0 Hz compared with
0.5 Hz, whereas the magnitude of the increase was 20.3 ± 1.5% in
the RyR2-S2814A myocytes (WT, n = 30 cells; RyR2-S2814A,
n = 32 cells; n = 4 mice per group; P < 0.0001 for WT vs. RyR2-
S2814A percentage increase in peak Ca2+ transient amplitude;
Fig. 3 C and D). Frequency-dependent increase in baseline Ca2+

in WT myocytes has been reported (17). Similarly, we observed
comparable frequency-dependent increases in baseline Ca2+ in

Fig. 1. CaMKIIδ phosphorylates RyR2 at Ser2814 in response to increased heart rate. (A) RyR2 immunoprecipitated from hearts fromWT, RyR2-S2814A knock-
in mice, and WT samples treated with either 1 μM KN-93 or PKI incubated with CaMKIIδ or PKA in the presence of [γ32P]-ATP. (B) Lysates of low- and high-
frequency paced WT, RyR2-S2814A, RyR2-S2808A, and KN-93–treated WT hearts. Blots show total CaMKIIδ, activated CaMKIIδ (pThr287), and total PLN levels.
The phosphorylation status of PLN at Ser16 and Thr17 are also shown. (C) RyR2 immunoprecipitated from baseline and high-frequency paced hearts. Blot
shows phosphorylation status of RyR2-Ser2808 and RyR2-Ser2814, as well as the levels of CaMKIIδ and activated CaMKIIδ complexed with RyR2. (D–G)
Quantitative summary of data (‡P < 0.05 vs. WT; *P < 0.05 vs. baseline). All experiments were performed in triplicate. AU, arbitrary unit.

Kushnir et al. PNAS | June 1, 2010 | vol. 107 | no. 22 | 10275

PH
YS

IO
LO

G
Y



both WT and RyR2-S2814A myocytes (Fig. 3C). We also ob-
served comparable frequency-dependent increases in the baseline
fractional shortening (Fig. 3A), which is likely a result of the in-
creased baseline Ca2+. Thus, the blunted FFR observed in RyR2-
S2814A mice in vivo and ex vivo correlates with a reduced rate-
dependent increase in fractional shortening and peak Ca2+

transient amplitude in cardiomyocytes.
Having determined that CaMKIIδ phosphorylation of RyR2

plays a role in achieving positive FFR, we next sought to de-
termine whether this mechanism is impaired in heart failure, in
which positive FFR is blunted (18–21). We have previously
demonstrated that the levels of calstabin2, protein phosphatases
1 and 2A (22), and phosphodiesterase 4D3 (23) are reduced in
the RyR2 macromolecular complex in failing hearts. In addition,
we have reported that the rate-dependent increase in CaMKIIδ-
mediated phosphorylation of RyR2 at Ser2814 is not observed in

a rat model of post–myocardial infarction (MI) heart failure
(10). RyR2 was immunoprecipitated from mouse and human
hearts with and without heart failure. CaMKIIδ levels were re-
duced in the cardiac RyR2 macromolecular complexes from both
murine and human failing hearts (Fig. 4 A and C). In addition,
the CaMKIIδ in the RyR2 complex was already activated, as
determined by measuring the phosphorylation of CaMKIIδ at
Thr287 (Fig. 4 A and D). Total CaMKIIδ levels were elevated in
cardiac lysates from failing murine and human hearts (Fig. 4 B
and E), consistent with previous reports in failing rabbit hearts
(24). However, there was no change in the ratio of activated

Fig. 2. Mice lacking the CaMKIIδ phosphorylation site on RyR2 have
a blunted FFR. (A) In vivo contractility as a function of pacing frequency.
Contractility represented as percentage change in dP/dtmax from baseline
(WT, n = 9; S2814A, n = 8; *P < 0.05). (B) Representative left ventricular
pressure traces of ex vivo contractility data from Langendorff perfused
hearts paced from 400 beats/min to 550 beats/min. (C) Pooled results of ex
vivo contractility study for hearts paced from baseline heart rate of 400
beats/min to 550 or 700 beats/min represented as percentage change in dP/
dtmax from baseline heart rate (WT, n = 13; S2814A, n = 9; S2808A, n = 4; WT +
KN-93, n = 5; asterisk over KN-93 bar indicates significant difference vs. WT;
*P < 0.01; **P < 0.05).

Fig. 3. Cardiomyocytes lacking the CaMKIIδ phosphorylation site on RyR2
have a blunted FFR. (A) Representative fractional shortening traces from
isolated cardiomyocytes paced at 0.5 Hz and then stepped directly to 3.0 Hz.
(B) Pooled fractional shortening data (WT, n = 37 cells; RyR2-S2814A, n = 35
cells; n = 4 mice per group) presented as change in cell length normalized to
baseline cell length. At 3.0 Hz the fractional shortening of WT car-
diomyocytes was significantly higher than RyR2-S2814A cardiomyocytes
(*P < 0.01). Both WT and RyR2-S2814A myocytes had significant increases in
fractional shortening at 3.0 Hz compared with 0.5 Hz (P < 0.001 and P < 0.05,
respectively). (C) Representative Ca2+ transients from cardiomyocytes loaded
with Fura-2. Data presented as the 340/380 ratio of the dye. (D) Pooled Ca2+

fluorescence ratio data (WT peak, 2.35 ± 0.06, n = 30 cells; RyR2-S2814A
peak, 2.15 ± 0.05, n = 32 cells; n = 4 mice per group; *P < 0.05).
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CaMKIIδ in heart lysate (Fig. 4 B and F). Thus, despite an in-
crease in total cellular CaMKIIδ, there is a significant reduction
in the amount of activatable CaMKIIδ in the RyR2 macromo-
lecular complex in failing hearts.
Although the existence of a diastolic SR Ca2+ leak via de-

fective RyR2 channels, and its role in causing heart failure
progression (25), is gaining acceptance (26), there has been
disagreement as to the mechanism that causes the leak (27). We
have previously reported that in failing hearts PKA hyper-
phosphorylation of RyR2 at Ser2808 causes depletion of cal-
stabin2 from the channel, resulting in a diastolic SR Ca2+ leak
that promotes heart failure progression and arrhythmias (15, 23,
25, 28). Others have proposed that chronic CaMKIIδ-mediated
hyperphosphorylation of RyR2 causes the diastolic SR Ca2+ leak
that leads to heart failure progression (29). Indeed, others have
reported that deletion or genetic inhibition of CaMKIIδ is car-
dioprotective (30, 31). In the present study, there were no dif-
ferences in RyR2-Ser2814 phosphorylation between control and
heart failure (Fig. 4A), in agreement with our previous obser-
vations (15). To test the possibility that preventing CaMKIIδ-
mediated phosphorylation of RyR2 could be protective, we ex-
amined heart failure progression in post-MI WT and RyR2-
S2814A mice. Based on echocardiographic assessments of heart
function, RyR2-S2814A mice were not protected against heart
failure progression (Fig. 5). Thus, CaMKIIδ-mediated phos-
phorylation of RyR2 is not required for heart failure progression

in mice, and the protective effects of CaMKIIδ inhibition in
heart failure are likely not explained by reduction of CaMKIIδ-
dependent phosphorylation of RyR2.

Discussion
Cardiac output is the product of stroke volume and heart rate.
However, faster heart rates alone reduce diastolic filling time,
which would reduce stroke volume. By augmenting contractility,
positive FFR can prevent this reduction in stroke volume at
faster heart rates and ensure an enhanced cardiac output (32). In
the present study we show that CaMKIIδ-dependent phosphor-
ylation of RyR2 at Ser2814 plays a role in the rate-dependent
increase in the peak systolic Ca2+ transient amplitude and en-
hanced myocardial contractility at faster heart rates.
The role of elevated intracellular [Ca2+] and recruitment of

additional actin/myosin pairs in the FFR was suggested in 1955
by Moulin and Wilbrandt (33, 34). Direct evidence for this hy-
pothesis was provided 20 years later by Allen and Blinks (2),
who, by using the fluorescent Ca2+ sensor aequorin, found that
intracellular [Ca2+] was elevated at higher stimulation frequen-
cies. The elevation in total intracellular [Ca2+] at higher fre-
quencies has been attributed to increased Ca2+ influx through
LTCC (ICa,L) and SERCA2a activity, which increases the frac-
tion of cytosolic Ca2+ pumped into the SR (35–38). Indeed,
Zhao et al. have shown that CaMKIIδ phosphorylation of PLN
and increased activity of SERCA2a are required for positive
FFR in mice (38).
In the present study we engineered RyR2-S2814A mice to

directly test whether CaMKIIδ phosphorylation of RyR2 con-
tributes to positive FFR by enhancing SR Ca2+ release. Our data
show that CaMKIIδ-dependent phosphorylation of RyR2 is re-
quired for normal rate-dependent increases in the Ca2+ transient
and fractional shortening of cardiomocytes and cardiac con-
tractility. The observation that positive FFR was almost com-
pletely abolished in hearts treated with the CaMKII inhibitor
KN-93, but only partially reduced in RyR2-S2814A mice, hearts,
and cardiomyocytes, agrees with the results from Zhao et al. and
others that additional targets of CaMKIIδ are also required for
normal positive FFR (i.e., PLN and Cav1.2) (35–38). Moreover,
our data also agree with studies showing that mice have positive
FFR (38, 39); however, other studies have not reported positive
FFR in mice (40, 41), possibly because of differences in experi-
mental approaches.
We previously reported that CaMKII phosphorylation of

RyR2 at Ser2814 activates the channel by sensitizing it to Ca2+-
dependent activation (10). Bers and colleagues have proposed
that CaMKIIδ phosphorylation of RyR2 results in increased
excitation–contraction coupling gain that could contribute to
positive FFR (42). In their experiments, by using prepulse con-
ditioning to set SR load and voltage clamp to control ICa,L, Bers
and colleagues found that inhibiting CaMKII with KN-93 re-
duced Ca2+ transients and cell shortening amplitudes (42).
These studies, however, were limited by the possible nonspecific

Fig. 4. CaMKIIδ is depleted from RyR2 in heart failure. (A) RyR2 immuno-
precipitated from human and mouse normal and heart failure hearts probed
for phosphorylation at RyR2-Ser2814, CaMKIIδ, and CaMKIIδ-Thr287. (B)
Lysates from human and mouse normal and heart failure hearts probed for
total CaMKIIδ and CaMKIIδ-pT287. (C–F) Quantitative summary of immuno-
blot data. Graphs represent the relative amount of CaMKIIδ associated with
RyR2 (C), relative amount of activated CaMKIIδ associated with RyR2 nor-
malized to the amount of CaMKIIδ present in the channel complex (D), total
CaMKIIδ in heart lysate (E), and relative amount of activated CaMKIIδ nor-
malized to the total amount of CaMKIIδ in mouse and human cardiac lysates
(F). All experimentswere performed in triplicate. AU, arbitrary unit. *P< 0.05.

Fig. 5. Preventing CaMKIIδ phosphorylation of RyR2 does not impart car-
dioprotection in heart failure. Ejection fraction of WT and RyR2-S2814A mice
before and after MI followed by echocardiography for 4 weeks (WT, n = 10;
S2814A, n = 11).
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effects of KN-93 and the contributions of other targets of
CaMKII. In the present study we have engineered mice with
RyR2 specifically lacking the CaMKII phosphorylation site to
test the role of CaMKII phosphorylation of RyR2 in rate-
dependent increases of cardiac contractility. Our data demon-
strate that phosphorylation of RyR2 at Ser2814 increases the
amplitude of the systolic Ca2+ transient and contributes to en-
hancing cardiac contractility at faster heart rates.
Loss of positive FFR in heart failure has been primarily at-

tributed to reduction in SR Ca2+ load, secondary to reduced
SERCA2a activity or expression (43). We have previously re-
ported that rats with heart failure lack rate-dependent increased
phosphorylation of RyR2 by CaMKIIδ (10). In the present study
we have demonstrated that, in heart failure, despite increased
cellular levels of CaMKIIδ, there is depletion of CaMKIIδ from
the RyR2 complex and that the enzyme complexed with the
channel is already activated at baseline heart rates (Fig. 4). Thus,
in failing hearts the levels of total and activated CaMKII in the
RyR2 complex are not reflected in the cellular levels of this en-
zyme. This reduction in the RyR2-associated CaMKIIδ in failing
hearts likely explains why CaMKIIδ phosphorylation of the RyR2
channel does not increase at higher heart rates in heart failure
(10), and suggests that impaired rate-dependent CaMKIIδ phos-
phorylation of the RyR2 channel contributes to the blunted
positive FFR observed in heart failure (21). Although it has been
suggested that CaMKIIδ phosphorylation of RyR2 is enhanced in
heart failure and that this may contribute to worsening cardiac
function, the RyR2-S2814A mice were not cardioprotected in
ischemic heart failure (Fig. 5).
Taken together, our data show that the rate-dependent in-

crease in CaMKIIδ activity and subsequent phosphorylation of
RyR2 at Ser2814 plays an important role in positive FFR.
Moreover, in heart failure, there is less CaMKIIδ in the RyR2
macromolecular complex, and what remains is already activated
at baseline heart rates. The presence of a smaller amount of
CaMKIIδ in the RyR2, which is already activated, may result in
the relative deficiency in the rate-dependent activation of RyR2
by CaMKIIδ and the blunted positive FFR observed in
failing hearts.

Materials and Methods
Generation of RyR2-S2814A Mouse. The targeting vector containing exon 57 of
Ryr2 was subcloned from a positively identified B6 BAC clone. The TCT > GCA
mutations (S > A) within exon 57 were generated using four primers in
a three-step PCR mutagenesis. Primers 1 through 4 (5′-3′: ACTTGGTAC-
CATGTAAATGAGCTAAATACC, TGCCACCTGGGTGATTGACAAAAAG, TTTGT-
CAATCACCCAGGTGGCAATAGATGCTGCACATGGATACAGC, ACTTGGTACCC-
GTACGACTTGTTAGGACTTATGTCATCAAC) were designed to amplify a frag-
ment with the size of 450 bp that incorporates the mutations at the desired
position. The point mutations were engineered into primers 2 and 3. The PCR
fragment carrying the point mutations was then used to replace the WT se-
quence using conventional subcloning methods (Fig. S1 A–D). The targeting
vector was electroporated into ES cells derived from hybrid C57BL/6N ×
129SvEv mice (Taconic), which, after selection, were implanted into blasto-
cysts in C57BL/6Nmice. Chimeras were crossed with C57BL/6N to generate the
F1. After confirmation of germ line transmission and cross with EIIa cre mice
to excise the neomycin cassette, mice were backcrossed for more than six
generations into the C57BL/6J strain. ES cell preparation and implantation
were performed at inGenious Targeting Laboratory.

Immunoprecipitation and Immunoblot Analysis. Cardiac homogenates were
prepared by homogenizing whole hearts in 3 to 5 mL/g of the following (in
mM): 10 Tris-maleate, 1 EDTA, 20 NaF, 2 Na3VO4, pH 7.4, plus protease
inhibitors. Mouse heart failure samples were taken from mice 4 weeks after
MI. All human studies were performed according to protocols approved by
the Institutional Review Board of the New York Presbyterian Hospital and
the heart samples were acquired as previously described (44). For heart ly-
sate CaMKIIδ and PLN immunoblots, cardiac homogenates (50 μg) were
heated to 95 °C (CaMKIIδ only) and size-fractionated by SDS/PAGE (10% and
15%, respectively). For RyR2 and complexed CaMKIIδ blots, RyR2 was

immunoprecipitated using anti-RyR2 (5029) (45) from 500 μg of cardiac ho-
mogenate and size fractionated by PAGE (6% and 10%, respectively). Pro-
teins were transferred to nitrocellulose membranes, which were then
blocked with Licor Odyssey blocking buffer mixed 1:1 with PBS solution.
Primary antibodies used were as follows: total RyR2 1:2,000 (MA3-925;
Thermo Scientific), phospho-specific RyR2-Ser2808 and RyR2-Ser2814 1:5,000
(10), total CaMKII 1:500 (Santa Cruz Biotechnology), CaMKII-Thr286 1:1,000
(06–881; Millipore), total PLN 1:1,000 (MA3-922; Thermo Scientific), phos-
pho-specific PLN-Ser16 1:1,000 (20R-P121A; Fitzgerald), and PLN-Thr17
1:2,000 (sc-17024-R; Santa Cruz Biotechnology). The membranes were
washed three times with 0.1% Tween-20 and incubated with infrared-
labeled secondary antibodies at 1:10,000 (Licor Biosystems).

In Vitro Phosphorylation Assay. RyR2was immunoprecipitated using anti-RyR2
(5029) (45) from 500 μg of cardiac homogenate. The immunoprecipitations
were washed three times in modified RIPA buffer (50 mM Tris-HCl, pH 7.4,
0.9% NaCl, 5.0 mM NaF, 1.0 mM Na3VO4, 1% Triton X-100, and protease
inhibitors) and then washed with CaMKII Reaction Buffer (NEB). The sample
was then split, with one half being used for total RyR2 immunoblot and the
other for in vitro phosphorylation. Briefly, 250 U CaMKIIδ was preactivated
as per manufacturer’s instructions (NEB). The immunoprecipitated RyR2 was
supplemented with the CaMKII reaction buffer, 100 μM ATP, and [γ32P]-ATP
for a final specific activity of 250 μCi/μmol and incubated at 30 °C for 15 min.
One group of WT samples were supplemented with 1 μM KN-93 (Calbio-
chem). PKA phosphorylation was performed as previously described (46).
Reactions were stopped by addition of SDS-sample buffer. Quantification of
blots was performed using a PhosphorImager.

In Vivo Animal Studies. All experiments were conducted by blinded observers
and in accordance with protocols approved by the Institutional Animal Care
and Use Committees of Columbia University. Three-month-old male C57BL/6J
mice (WT mice were obtained from Jackson Labs) were intubated and anes-
thetized with 1.5% isoflurane. Pressure-volume (PVR-1045) and EP catheters
(EPR-800; Millar Instruments) were inserted into the left ventricle and right
ventricle through incisions in the common carotid artery and jugular vein,
respectively. The PV catheter was connected to a PC running IOX software
(EMKA), which automatically calculated dP/dtmax, and pacing was achieved
using an Multichannel System STG3008 pacer controlled by a PC running MC
Stimulus II software (Multichannel Systems). Mice received 1 mg/kg pro-
pranolol i.p. 5 min before every experiment. MI and echocardiography as-
sessment of cardiac function were performed as previously described (15).

Ex Vivo FFR. Mice were anesthetized using 1.5% isoflurane and injected with
200 IU heparin. Hearts were surgically removed and cannulated on the tip of
a modified 22-gauge needle and perfused retrogradely at 3 mL/min (37 °C)
with a modified Krebs solution (in mM): 118.5 NaCl, 25 NaHCO3, 4.7 KCl, 1.2
MgSO4, 1.2 KH2PO4, 11 glucose, 1.8 Ca2+. A balloon catheter was inserted
into the left ventricle and connected to an APT-300 pressure transducer
(ADInstruments), which was connected to a Powerlab digitizer (ADInstru-
ments). The ECG was monitored using voltage electrodes placed on the
heart. All data were recorded on a PC running LabChart 6 software (ADIn-
struments). The hearts were allowed to equilibrate for 10 to 15 min before
each experiment and were paced using a small needle positioned on the
right atrium that was controlled by an STG2004 pacer connected to a PC
running MC Stimulus II software (Multichannel Systems). Hearts used for
biochemistry were rapidly removed from the system and flash frozen in
liquid nitrogen.

Fractional Shortening and Calcium Fluorescence in Isolated Cardiomyocytes.
Cardiomyocytes were isolated according to a modified version of Alliance for
Cellular Signaling protocol PP00000125. Briefly, after the cells were isolated
and the Ca2+ concentration brought to 1.8 mM, the cells were resuspended
in a modified Tyrode solution (in mM): 137 NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 10
glucose, 10 Hepes. The pH was adjusted to 7.4 with NaOH. Fractional
shortening was measured using a Nikon Diaphot microscope connected to
a video edge detection system (Crescent Electronics) driven by a PC running
FeliX32 (Photon Technology International). For Ca2+ fluorescence measure-
ments, cells were loaded for 20 min with 3 μM Fura 2-AM (Molecular Probes)
and allowed to rest for at least 10 min before the experiment. Excitation
light was produced using a DeltaramV high-speed random access mono-
chromator (Photon Technology International). Fluorescence was recorded
using an 814 Photomultiplier Detection System (Photon Technology In-
ternational) connected to a PC running FeliX32 (Photon Technology In-
ternational). Cells were paced at 0.5 Hz for at least 1 min before the
frequency was increased to 3.0 Hz.
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Statistics. Data are expressed as mean ± SEM. A two-tailed Student t test
was used for comparison between groups. P < 0.05 was accepted as
significant.
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