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Abstract
Increasing heart rate enhances cardiac contractility (force frequency relationship, FFR) and
accelerates cardiac relaxation (frequency-dependent acceleration of relaxation, FDAR). The
positive FFR together with FDAR promotes rapid filling and ejection of blood from the left
ventricle (LV) at higher heart rates. Recent studies indicate that the multifunctional Ca2+/
calmodulin-dependent protein kinase II (CaMKII) is involved in regulating FFR and FDAR. We
used isolated perfused mouse hearts to study the mechanisms of FFR and FDAR in different
genetic models, including transgenic myocardial CaMKII inhibition (AC3-I) and phosphalamban
knockout (PLN−/−). When the rate was increased from 360 beats/min to 630 beats/min in wild
type mouse hearts, the LV developed pressure (LVDP) and the maximum rate of increase in
pressure (dP/dt max) increased by 37.6 ± 4.7% and 77.0 ± 8.1%, respectively. However, hearts
from AC3-I littermates showed no increase of LVDP and a relatively modest (20.4 ± 3.9 %)
increase in dP/dt max. PLN−/− hearts had a negative FFR, and myocardial AC3-I expression did
not change the FFR in PLN−/− mice. PLN−/− mouse hearts did not exhibit FDAR, while
PLN−/−mice with myocardial AC3-I expression showed further frequency dependent reductions in
cardiac relaxation, suggesting CaMKII targets in addition to PLN were critical to myocardial
relaxation. We incubated a constitutively active form of CaMKII with chemically-skinned
myocardium and found that several myofilament proteins were phosphorylated by CaMKII.
However, CaMKII did not affect myofilament calcium sensitivity. Our study shows that CaMKII
plays an important role in modulating FFR and FDAR in murine hearts and suggest that PLN is a
critical target for CaMKII effects on FFR, while CaMKII effects on FDAR partially require PLN-
alternative targets.
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1. Introduction
The positive force frequency relationship (FFR) is an important intrinsic regulatory
mechanism that allows the heart to increase cardiac output at higher rates, as part of the
‘fight or flight’ physiological response. Although, this phenomenon was first described by
Bowditch in 1871, its underlying mechanisms are still not well understood.[1-4] Another
important physiological change in response to increasing heart rate is the frequency-
dependent acceleration of relaxation (FDAR) which makes rapid left ventricular (LV) filling
at higher heart rates feasible. Together FFR and FADR coordinate cardiac output, but it
remains unclear if common signals and targets coordinate FFR and FDAR.

Relatively recently, the multifunctional Ca2+ and calmodulin (CaM)-dependent protein
kinase II (CaMKII) has emerged as a candidate for transducing rate-dependent intracellular
Ca2+ changes to enhance performance of target proteins that coordinate the FFR and FDAR.
[5-6] CaMKII is abundant in myocardium, and under resting conditions CaMKII is largely
inactive by virtue of a tonic negative regulatory interaction between the catalytic domain and
the autoinhibitory region. Increases in intracellular Ca2+ are sensed by CaM and calcified
CaM (Ca2+/CaM) binds to the CaM-binding region of CaMKII, disrupting catalytic domain
restraint by the autoinhibitory region and activating CaMKII.[7-8] CaMKII is a serine-
threonine kinase that catalyzes the phosphorylation of proteins essential for excitation-
contraction coupling and FFR.[8] CaMKII phosphorylation of the SR membrane protein
phospholamban (PLN) reduces the inhibitory potency of PLN for the sarcoplasmic-
endoplasmic reticulum Ca2+ ATPase (SERCA),[3, 9-11] leading to increased SR Ca2+

uptake and enhanced relaxation.[10, 12] . PLN[13-15] is thought to be an important target
for CaMKII potentiation of FFR.[1, 16-18] However, the effects of PLN and CaMKII on
FDAR are controversial.[19-20] CaMKII also catalyzes the phosphorylation of myofilament
proteins,[21-22] but little is known about whether CaMKII affects the relationship between
Ca2+ and developed tension.

We studied the FFR and FDAR in Langendorff-perfused mouse hearts isolated from models
where CaMKII activity was genetically controlled by transgenic expression of AC3-I,[23] or
in mice lacking PLN (PLN−/−) [24] to test the role of CaMKII on specific molecular targets.
We also isolated small myocardial strips after detergent-mediated destruction of cellular
membranes in the presence and absence of a constitutively active form of CaMKII to test the
potential effects of CaMKII on the tension-pCa (-Log[Ca2+]) relationship. Here we show
that CaMKII inhibition flattens the FFR, preserving mechanical functions at low stimulation
frequencies. We found that PLN−/− eliminated FFR and increased the maximum rate of
relaxation (-dP/dt min). CaMKII was effective at phosphorylating myofilament proteins, but
did not affect the tension-pCa relationship. PLN−/− hearts with CaMKII inhibition showed
that the absolute value of -dP/dt min was less than in PLN−/− hearts, suggesting that CaMKII
has additional, as yet unidentified, target(s) for enhancing cardiac relaxation.

2. Materials and methods
2.1. Animal models

Mice with CaMKII inhibition due to transgenic, myocardial-delimited expression of a
CaMKII inhibitory peptide (AC3-I) were described previously.[23] Wild type control mice
(WT) were AC3-I littermates. PLN−/− mice were interbred with AC3-I and used for
experiments.[25-26] All animal use was approved by the IACUC at the University of Iowa.

2.2 Isolated perfused heart experiments
Four month old mice of either sex were anesthetized using 2.5% Avertin (tribomoethanol
10g + Tert-amyl alcohol 10ml) and injected with 66μg/10g heparin. Hearts were surgically

Wu et al. Page 2

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



removed, cannulated on the tip of a modified 22-gauge needle and perfused retrogradely at
constant pressure of 80 mmHg (37.5 °C) with a modified Krebs solution (in mM): 118
NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 2.5 CaCl2, 0.5 EDTA, 10 glucose, 5
Pyruvate and 5 U/L insulin. A very thin balloon was inserted into the LV through the mitral
valve and connected to an APT-300 pressure transducer, which was connected to a
computer. The LV balloon was filled with degassed water to adjust LV end diastolic
pressure (LVEDP) to 4~8 mmHg. We measured the following parameters: the LV
contractility parameters - left ventricular developed pressure (LVDP, the difference between
the peak LV systolic pressure and LVEDP) and the maximum LV pressure change rate
during systole (dP/dt max), the relaxation parameter- minimum LV pressure change rate
during diastole (-dP/dt min). All data were recorded on a personal computer running
Isoheart software (HSE Harvard apparatus). The atrioventricular node was mechanically
ablated to slow the heart rate for stable over-drive ventricular pacing, which is necessary to
test FFR between a wide range of heart rates in mice. The ventricles were paced at 6 Hz (or
7 Hz in PLN−/− mice) using a field stimulator at amplitude of 20% above threshold and were
allowed to equilibrate for 30 min before collecting data. The hearts were subjected to
repeated rapid pacing frequency changes: from 6 Hz to 7.5 Hz, 6 Hz to 9 Hz and 6 Hz to
10.5 Hz in WT, and AC3-I mice, or from 7 Hz to 8 Hz, 7 Hz to 9 Hz, 7 Hz to 10 Hz and 7
Hz to 10.5 Hz in PLN−/− and PLN−/− x AC3-I mice, because the PLN−/− hearts needed
slightly higher stimulation rates to obtain stable baseline data. The LVDP, dP/dt max and –
dP/dt min were measured at the steady state while pacing at 6 or 7 Hz when the beat-by-beat
LVDP variability was ≤ 2% over 15 seconds. In WT, and AC3-I mice, the LV pressure
increased after switching to the higher pacing rates, the parameters were measured at the
highest pressure after switching the pacing rate, usually at 5-12 seconds after switch. For
PLN−/− and PLN−/− x AC3-I mice, the LV pressure decreased after increasing the pacing
rates, the parameters were obtained at the lowest steady-state LV pressure (change less than
1% between beats), usually within15 seconds after pacing frequency switch. In the
isoproterenol (ISO) treatment experiments, 5 nM ISO was added to the perfusate after stable
baseline data (~30 minutes from start) was obtained. Data were obtained again 10 minutes
after ISO treatment.

2.3 In vitro contractile protein phosphorylation assay
LV papillary muscle from four month old WT mice were dissected in oxygenated modified
Kreb solution and were skinned in relaxing solution (RS) with 1% Triton X-100 overnight at
3 °C.[27] Muscles were then washed thoroughly with RS, then incubated in a kinase buffer
(50 mM HEPES, pH 7.5, 10 mM magnesium acetate, 0.5 mM calcium chloride, 1 mg/ml
BSA, 0.4 mM ATP32) with a constitutively active form of CaMKII (T287D) purified from
insect cells [28] and 32P-γ-ATP for 30 minutes at 22°C. The myocardium was homogenized
in solubilization buffer, and the lysates run on SDS-PAGE 12% gel. The gel was Coomassie
blue stained, dried and exposed to film. Protein bands were identified by molecular weight.
We performed triple experiments and the MyBP-C phosphorylation was quantified by
measuring optic density.

2.4 Myocardial calcium sensitivity experiments
Papillary muscles from the LV of four month old WT mice were dissected, chemically-
skinned, washed thoroughly with RS then stored at − 20 °C in RS containing 50% (v/v)
glycerol to be used within two weeks.[27] Skinned papillary muscles were dissected into
small strips and attached to a force transducer and to a length controller, which were
mounted on top of an inverted microscope stage. The stage contained 8 wells with different
pCa solutions in which the muscles could be placed. The muscle sarcomere length (SL) was
measured online from the striation image. The wells were temperature controlled at 15 °C.
We measured the thickness and width of the preparation and calculated the cross-sectional
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area (CSA).[27, 29] The CSA was used to convert measured forces into tension (in mN/
mm2) to allow comparison between different muscle strips.

We used RS (pCa 9.0), pre-activating solution (Pre-A), and maximal activating solution
(AS, pCa 4.5). For solution compositions see reference 27.[30] Different pCa solutions were
obtained by mixing RS and AS with the free [Ca2+] calculated according to Fabiato and
Fabiato.[31] Relaxed fibers were set at a SL of ~2.00 μm. The fibers were activated in the
following sequence: pre-A, AS, RS, pre-A, pCa 6.30, 6.15, 6.00, 5.85, 5.70, and 4.5, RS.
The pCa 4.5 activation at the beginning and end of each experiment was used to calculate
the rundown. The protocol was then repeated after the muscles were incubated for 30 min at
room temperature (22 °C) with RS containing 12.0 μg/ml constitutively active CaMKII
(active without calcium or/and CaM). The measured tensions at each submaximal activation
were normalized by the maximal activation tension (Fmax), and the normalized tensions
were plotted against the pCa to determine the tension–pCa curve. The tension–pCa curves
were fit to the Hill equation: T/Tmax (relative tension) = [Ca2+]nH / (K + [Ca2+]nH), where
nH is the Hill coefficient, and pCa50 = (− logK)/nH, pCa for half-maximal activation was
calculated. This pCa50 was used as an indicator of calcium sensitivity.

2.5. Statistical analysis
Data are expressed as mean values and standard errors of measurement. Student's paired or
unpaired t-test, ANOVA and Fisher test were used as appropriate, with statistical
significance at P < 0.05 (significance symbols on figures: * or # P <0.05, ** or ## P < 0.01).

3. Results
3.1 CaMKII inhibition blunts the FFR and enhances performance at low stimulation
frequencies

We measured the FFR in WT and AC3-I mouse hearts. The example tracings show that
LVDP was more sensitive to increasing stimulation frequency in WT (Fig 1A) compared to
AC3-I (Fig 1B). In WT mice the LVDP increased at pacing rates between 6 Hz (360 beats/
min [bpm]) to 10.5 Hz (630 bpm) (Fig 1 C). The LVDP increased by 37.6 ± 4.7% from 6 Hz
to 10.5 Hz (Fig 1D), dP/dt max increased by 77.0 ± 8.1% in response to an increase in
pacing rate from 6 to 10.5 Hz (Fig 1 E and F). In contrast, the positive LVDP-frequency
relation was diminished in AC3-I mice (Fig 1 C and D), with no significant increase of
LVDP between 6 – 10.5 Hz. The LVDP and dP/dt max from AC3-I mice at lower pacing
rates (6 and 7.5 Hz) are significantly higher than that from WT mice (Fig 1C and 1E).
Furthermore the positive dP/dt max-frequency relation was blunted in AC3-I hearts with
only a 20.4 ± 3.9% increase in the dP/dt max from 6 Hz to 10.5 Hz (Fig 1E and F). These
findings suggest that CaMKII inhibition increases LVDP and dP/dt max at low stimulation
rates and flattens the FFR at higher stimulation frequencies.

3.2 CaMKII phosphorylates myofilament proteins but does not change myocardial Ca2+

sensitivity
To test whether CaMKII catalyzed phosphorylation of myofilament proteins impacts the
Ca2+ sensitivity of force development, we introduced constitutively active CaMKII (T287D)
at different concentrations (0.0, 0.12, 1.2 and 12.0 μg/ml) to chemically-skinned WT
myocardium at room temperature for 30 minutes. We found that several myofilament
proteins including myosin binding protein C (MyBP-C),troponin T (TnT), tropomysin (Tm),
and troponin I (TnI) show increased phosphorylation in the presence of CaMKII (12.0 μg/
ml) under these experimental conditions (Fig 2A). We next measured the tension-pCa
relationship in the myocardium before and after CaMKII incubation (Fig 2B). There was no
noticeable rundown of the maximum active tension over a one hour period. The average
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tension-pCa curves before and after CaMKII treatment did not reveal any differences (Fig
2C). The pCa50 value (Fig 2D) and the maximum active tension (Fig 2E) were not affected
by addition of CaMKII. These findings show that myofilament proteins are substrates for
CaMKII-mediated phosphorylation, but they do not support that CaMKII phosphorylation
affects the myofilament Ca2+ sensitivity measured under steady state condition.

3.3 Loss of PLN eliminates positive FFR
Given our findings that myofilament proteins were unlikely to explain the effects of CaMKII
on FFR, we next examined the effect of PLN knock out on FFR. The example tracings show
a negative LV pressure–frequency relationship in PLN−/− (Fig 3A) and PLN−/− x AC3-I
hearts (Fig 3B). The LVDP and dP/dt max decreased between 7 Hz (420 bpm) and 10.5 Hz
(630 bpm) (Fig 3C). The LVDP decreased by 17.4 ± 2.3% from 7 Hz to 10.5 Hz (Fig 3D),
and similar changes were seen in dP/dt max (Fig 3E and 3F). PLN−/− hearts exhibited a
negative FFR between 7-10.5 Hz, a finding that is consistent with the lack of a dynamic
intracellular Ca2+ response to pacing in ventricular myocytes isolated from PLN−/− hearts.
[25] Given the resemblance of FFR phenotypes in PLN−/− and AC3-I hearts, we asked if
AC3-I effects would be eliminated by loss of PLN. We interbred PLN−/− with AC3-I
transgenic mice (PLN−/−xAC3-I). The PLN−/−xAC3-I hearts also showed a negative FFR
(Fig 3B). The LVDP and dP/dt max were both decreased at stimulation frequencies between
7 Hz (420 bpm) to 10.5 Hz (630 bpm) (Fig 3 C to 3F). The PLN−/− x AC3-I hearts showed a
similar FFR as observed in PLN−/− hearts, suggesting that the effects of CaMKII on FFR
require PLN.

3.4 Contractility capacity is not maximized at low pacing rate
Given the flat or negative FFR in AC3-I and PLN−/− or PLN−/− X AC3-I mouse hearts, we
added a low concentration of ISO to the perfusate to test whether the isolated hearts had
reached their maximum pressure development at low pacing rates which would prevent a
further increase in pressure generation at higher pacing rates. Fig 4 shows the examples and
summary of the LVDP change after 10 minutes of 5 nM ISO treatment (Fig 4 A-D). All WT,
AC3-I, PLN−/− and PLN−/− X AC3-I mouse hearts had significant increases in LVDP after
ISO, although the amplitude was much smaller in PLN−/− or PLN−/− X AC3-I mouse
hearts(Fig 4 B and D).

3.5 CaMKII inhibition impairs cardiac relaxation
To test the effects of CaMKII and its interaction with PLN on FDAR, we measured the -dP/
dt min-frequency relation in WT, AC3I, PLN−/− and PLN−/− x AC3-I mice. We found that
in WT mice the increase of -dP/dt min was significantly greater than in AC3-I at pacing
rates between 6 Hz (360 bpm) to 10.5 Hz (630 bpm) (Fig 5A and 5B). The –dP/dt min
increased by 86.4 ±9.1% between 6 Hz to 10.5 Hz in WT mice but only 24.0 ± 3.3%in AC3-
I mice (Fig 5 B). A negative -dP/dt min-frequency relation was present in PLN−/− hearts
(Fig 5 C). The -dP/dt min decreased by 10.4 ± 3.3% from 7 Hz to 10.5 Hz (Fig 5D). The -
dP/dt min – frequency relation was similar in PLN−/− and PLN−/− x AC3-I mice, but at any
given pacing rate, the -dP/dt min was significantly higher in PLN−/− than in PLN−/− x AC3-I
mice (Fig 5C). Thus the FDAR is blunted in AC3-I mice. PLN and CaMKII both participate
in FADR, but CaMKII inhibition appears to suppress relaxation by affecting targets in
addition to PLN.

1. Discussion
We used a cohort of mouse models to probe the role of CaMKII in the FFR and FDAR. We
found that chronic inhibition of CaMKII flattens the FFR but enhances the cardiac
performance at low stimulation rates. Our results also indicate that CaMKII effects on FFR
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may not be due to direct actions on myofilament proteins. Furthermore, we found that
results obtained under our experimental conditions reinforced earlier work showing that
PLN is a critical player in FFR[13] and an important target for CaMKII effects on FFR.
Lack of PLN also abolishes FDAR and inhibition of CaMKII reduces the maximum rate of
cardiac relaxation in the absence of PLN, suggesting that both PLN and CaMKII have
important roles in regulating cardiac relaxation, However, CaMKII affects relaxation, at
least in part, by a PLN-independent pathway.

We used constitutively active CaMKII (T287D) to phosphorylate chemically-skinned
myocardium and found that CaMKII was able to phosphorylate several myofilament
proteins including MyBP-C, TnT, Tm, and TnI, but did not change calcium sensitivity
(similar pCa50) nor the maximum active force at a working sarcomere length (2.0 μm). This
result is consistent with another study that showed increasing myocardial pacing rate did not
affect myofilament calcium sensitivity in normal rat trabeculae. [32] In contrast, other
research demonstrates that CaMKII inhibition reduced both MyBP-C and TnI
phosphorylation and decreased myofilament calcium sensitivity in intact mouse papillary
muscles. However increasing the stimulation frequency caused increased force production
per unit calcium concentration and decreased frequency-dependent calcium sensitivity
during relaxation in both control and CaMKII inhibition. [33] These findings are consistent
with other studies that show that FDAR involves decreased myofilament calcium sensitivity.
[4] It is possible that because several myofilament proteins were phosphorylated by CaMKII
in our experiments –that might have opposing effects and that the net result is an unchanged
calcium sensitivity. Thus our results do not rule out a physiological role for CaMKII
phosphorylation of myofilament proteins, but show that CaMKII does not affect the steady
state maximal tension development and calcium sensitivity of skinned muscle.

Transgenic myocardial expression of AC3-I did not alter the amount of SERCA, RyR2, and
calsequestrin, but reduced CaMKII activity by 40% and PLN phosphorylation by 90%
[23]which blunted the FFR, a finding that is similar to a study where isolated ventricular
myocytes expressing AC3-I had reduced dynamic intracellular Ca2+ responses to pacing. In
this earlier study, we found that the intracellular Ca2+ at the 10th beat had a reduced increase
over baseline (~10%) in AC3-I expressing ventricular myocytes compared to the increase
observed in WT ventricular myocytes (~40%).[25] In rabbit papillary muscle experiments,
CaMKII inhibitors, W-7 and trifluoperazine, blunted the increase in intracellular Ca2+

transient amplitudes and force generation at higher stimulation rates.[34] In contrast, a
recent study showed that 2 μmol KN-93 did not affect the FFR in sheep cardiac trabeculae.
[6] We do not know the reason for these disparate results, but we speculate that because the
peak systolic force and the ratio of peak systolic to diastolic force in that study were low
compared to other studies,[35-36] that these may have been unhealthy preparations or that
experimental conditions were suboptimal.

An important finding of our study was that PLN is a critical target for CaMKII effects on
FFR. We found a negative FFR and no FDAR in both PLN−/− and PLN−/− x AC3-I mice.
The slopes of negative relations of LVDP-frequency, dP/dt max-frequency and -dP/dt min-
frequency were similar in both groups indicating inhibition of CaMKII does not further
affect the FFR and FDAR in PLN−/− mice. These findings support the idea that PLN plays a
critical role in FFR and that CaMKII affects FFR mainly via PLN. These results are
consistent with other studies.[13, 37] Negative FFR has also been shown in both the isolated
heart and cardiac muscle preparations of PLN−/− mice.[13, 38] Taken together, these results
provide strong support for the concept that PLN is a major determinant of cardiac force-
frequency relationship. The flat FFR in AC3-I and negative FFR in PLN KO mouse hearts
are not due to the maximization of LV pressure development at low pacing rates since low
dose of ISO enhanced the LV performance. PLN also can be phosphorylated by PKA which
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can be activated by ISO. It is controversial whether serine16 of PLN phosphorylated by
PKA has effects on FFR [14-15, 39], however it is well accepted that PKA phosphorylation
of PLN contributes to FDAR. [1, 4, 40] We used isolated heart preparation avoiding the
effects of autonomic nervous system at the cost of not knowing the net effects of increasing
heart rate on the cardiac performance in the AC3-I or PLN KO mouse in the in vivo
situation. The activity of cardiac SERCA is regulated not only by PLN but also by sarcolipin
(SLN ). A recent report revealed that threonine-5 of SLN phosphorylated by CaMKII
relieves the suppression of SERCA which might be involving in FFR.[41] In addition,
studies also showed that the PLN-SERCA ratio might control the FFR.[12] Thus our study
does not exclude a role for CaMKII to mediate mechanical responses by actions on SLN.

Mouse of a validated CaMKII phosphorylation site (serine 2814) replaced with a
nonphosphorylatable amino acid (S2814A) showed that lacking RyR2 phosphorylation by
CaMKII blunted the FFR. [5] Since our results showed that similar negative FFR in the PLN
−/− and PLN−/− X AC3-I mouse hearts. It seems that RyR2 phosphorylation by CaMKII
may be not so important in FFR when PLN is absent. However, the exact role of RyR2
phosphorylation by CaMKII on FFR in PLN absent mouse needs further investigation.

The -dP/dt min increase at higher stimulation rates was much less in AC3-I mice than in WT
mice, which confirmed a previous study that the frequency-dependent acceleration of the
decline in intracellular calcium is diminished by selective CaMKII inhibitors. [3, 19, 42-43]
CaMKII phosphorylates PLN and reduces the inhibition of SERCA2,[10, 37, 44-45] thereby
accelerating the SR uptake of calcium during diastole. The effect of PLN on FDAR is
controversial.[15, 46] One study found a good correlation between the increase of PLN
threonine 17 phosphorylation and FDAR in rat myocytes,[14] and diminished FDAR in
mice with PLN-threonine17 mutated to alanine.[38] However, others found that FDAR
persisted in PLN−/− myocardium.[19] A CaMKII inhibitor, KN-93, reduced the FDAR in
both WT and PLN−/− intact cardiac muscle and in isolated myocytes suggesting CaMKII
plays a key role in FDAR, even in the absence of PLN. [19] With increasing pacing rates,
the negative slopes of –dP/dt min are similar in the PLN−/− and PLN−/− X AC3-I mouse
hearts indicating similar FDAR in these two groups. But the -dP/dt min was higher in
PLN−/− compared to PLN−/− x AC3-I mice at any given stimulation rate indicating that
CaMKII plays an important role in regulating relaxation partially independent of PLN. We
did not see any FDAR in PLN−/− or PLN−/− x AC3-I mice; the -dP/dt min minimally
decreased at higher stimulation rates in both mice. Thus, our findings show that CaMKII is
critical for the lusitropic aspects of the FFR and that PLN participates in these processes as
well.

5. Summary
This study supports the view that CaMKII plays an important role in both the FFR and the
FDAR. Although CaMKII was found to phosphorylate myofilament proteins, the force-pCa
studies do not support a role of CaMKII regulating calcium sensitivity of the myofilaments.
Instead our results suggest that the effects of CaMKII on FFR are solely governed through
PLN, but the effects on cardiac relaxation are in part through unidentified proteins in
addition to PLN.
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Fig 1. Effects of chronic CaMKII inhibition on frequency dependent LV contractility
A. An example of LV pressure-frequency relation in wild type (WT) shows LV pressure
increases after increase in pacing rate. B. An example of LV pressure-frequency relation in
heart of Ca2+/calmodulin-dependent protein kinase II (CaMKII) inhibition (AC3-I) shows
no significant increase of LV pressure after increase in pacing rate. C. Summary of left
ventricular developed pressure (LVDP) at different pacing rates. D. LVDP at different
pacing rates normalized by the LVDP at 6 Hz. E. Summary of maximum LV pressure
change rate (dP/dt max) at different pacing rates. F. dP/dt max at different pacing rates
normalized by the dP/dt max at 6 Hz. Data from 10 WT and 11 AC3-I isolated heart
experiments. ## P<0.01, # P<0.05 vs WT; **P<0.01vs data at 6 Hz. ↓ Indicates where data
was measured.
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Fig 2. Effects of CaMKII on myocardium calcium sensitivity
A: CaMKII phosphorylated myofilamental proteins including myosin binding protein C
(MyBP-C), troponin T (TnT), tropomysin (Tm), and troponin I (TnI) in chemical-skinned
WT myocardium. Left panel is the gel with Coomassie blue stain, the middle panel is the
autoradiograpgy of the gel, and the right panel is the summary of the quantification of
MyBP-C from three experiments. Lane 1 is the molecular weight markers; lanes 2 treated
with 0.00 μg/ml CaMKII; lanes 3 treated with 0.12 μg/ml CaMKII; lanes 4 treated with 1.20
μg/ml CaMKII; lanes 5 treated with 12.00 μg/ml CaMKII. B: An example of calcium
sensitivity measurements before and after CaMKII incubation by switching the skinned
myocardium strip to different pCa solutions and finally into relaxation solution (pCa 9.0).
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Maximum activation force (Fmax) was measured at pCa 4.5. C: Average tension-pCa curves
in control (before CaMKII treatment) and after CaMKII incubation (CaMKII). D and E:
summary of pCa50 and Fmax. There is no statistically significant difference between these
two groups. (n = 11). ## P<0.01, vs control (no CaMKII treatment).
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Fig 3. Effects of chronic CaMKII inhibition on frequency dependence of LV contractility in
isolated mouse hearts with phospholamban knockout (PLN−/−)
A. An example of LV pressure–frequency relation in PLN−/− mouse heart shows LV
pressure decreases with increasing pacing rates. B. An example of LV pressure–frequency
relation in PLN−/− x AC3-I mouse heart shows LV pressure decreases with increasing
pacing rates. C. Summary of LVDP at different pacing frequencies. D. LVDP at different
pacing rates normalized by the LVDP at 7 Hz. E. Summary of dP/dt max at different pacing
rates. F. dP/dtmax at different pacing rates normalized by the dP/dt max at7 Hz. Data from 8
PLN−/− and 9 PLN−/− x AC3-I isolated heart experiments. **P<0.01 vs data at 6Hz.
Indicates where data was measured.
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Fig 4. Effects of isoproterenol on LV pressure in the mouse hearts paced at low rates
A. Examples of LV pressure change after 10 minutes of 5nM isoproterenol treatment in WT
and AC3-I mice at pacing rate of 6Hz. B. Summary of LVDP change from 9 WT mouse
hearts and 9 AC3-I mouse hearts before (con) and after isoproterenol (Iso) treatment. C.
Examples of LV pressure change after 10 minutes of 5nM isoproterenol treatment in PLB−/
− and PLB−/− X AC3-I mice heart at pacing rate of 7Hz. D. Summary of LVDP change
from 7 PLB−/− mouse hearts and 6 PLB−/− X AC3-I mouse hearts before (con) and after
isoproterenol (Iso) treatment. ## P<0.01.
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Fig 5. Effects of chronic CaMKII inhibition on frequency dependence of LV relaxation in
isolated mouse heart with or without phospholamban
A. Summary of -dP/dt min from 10 WT and 11 AC3-I mouse hearts. B. –dP/dt min at
different pacing rates normalized by the -dP/dt min at 6 Hz in WT and AC3-I mouse hearts.
C. Summary of -dP/dt min at different pacing rates in 8 PLN−/− and 9 PLN−/− x AC3-I
mouse hearts. D. –dP/dt min at different pacing rate normalized by the -dP/dt min at 7 Hz in
PLN−/− and PLN−/− x AC3-I mouse hearts. **P<0.01, *P<0.05 vs data at 6 Hz or 7 Hz;
##P<0.01, #P<0.05 vs AC3-I or PLN−/− x AC3-I.
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