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Abstract
Frequency-dependent acceleration of relaxation (FDAR) is an important intrinsic mechanism that
allows for diastolic filling of the ventricle at higher heart rates, yet its molecular mechanism is still
not understood. Previous studies showed that FDAR is dependent on functional sarcoplasmic
reticulum (SR) and can be abolished by phosphatase or by Ca/CaM kinase (CaMKII) inhibition.
Additionally, CaMKII activity/autophosphorylation has been shown to be frequency-dependent.
Thus, we tested the hypothesis that CaMKII phosphorylation of SR Ca2+-handling proteins
(Phospholamban (PLB), Ca2+ release channel (RyR)) mediates FDAR. Here we show that FDAR
occurs abruptly in fluo-4 loaded isolated rat ventricular myocytes when frequency is raised from 0.1
to 2 Hz. The effect is essentially complete within four beats (2 s) with the τ of [Ca2+]i decline
decreasing by 42±3%. While there is a detectable increase in PLB Thr-17 and RyR Ser-2814
phosphorylation, the increase is quantitatively small (PLB<5%, RyR~8%) and the time-course is
clearly delayed with regard to FDAR. The low substrate phosphorylation indicates that pacing of
myocytes only mildly activates CaMKII and consistent with this CaMKIIδ autophosphorylation did
not increase with pacing alone. However, in the presence of phosphatase 1 inhibition pacing triggered
a net-increase in autophosphorylated CaMKII and also greatly enhanced PLB and RyR
phosphorylation. We conclude that FDAR does not rely on phosphorylation of PLB or RyR. Even
though CaMKII does become activated when myocytes are paced, phosphatases immediately
antagonize CaMKII action, limit substrate phosphorylation and also prevent sustained CaMKII
autophosphorylation (thereby suppressing global CaMKII effects).
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Introduction
The heart rate-dependent shortening of the twitch duration and Ca2+ transient (or frequency-
dependent acceleration of relaxation (FDAR)) is a fundamental mechanism found in all
mammalian hearts. It is important in limiting a decline in the diastolic interval at higher heart
rates thereby allowing the ventricle sufficient filling time and coronary blood flow. However,
the molecular basis for FDAR is not yet resolved.
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An attractive hypothesis is that FDAR is mediated by Ca2+/Calmodulin (Ca/CaM)-dependent
kinase II (CaMKII). De Koninck and Schulman [1] showed that CaMKII autonomous activity
increases upon repeated activation by Ca/CaM, dependent on number and frequency of stimuli.
Thus, CaMKII is a prime candidate in sensing and mediating frequency-dependent effects.

In the heart, CaMKII regulates several of the Ca2+ handling proteins involved in excitation-
contraction coupling and there is evidence that CaMKII is involved in the mediation of FDAR
[2–5]. It has been shown that FDAR can be suppressed by CaMKII inhibition and can be
abolished by the phosphatase inhibitor okadaic acid [2]. However, the involvement of CaMKII
in FDAR is still controversial as several other studies did not observe an effect of CaMKII
inhibition on rate-dependent changes in relaxation or Ca2+ transient decline [6–10].

The next question is which of the CaMKII substrates can mediate the effect on relaxation and
Ca2+ uptake. A plausible and very likely target is phospholamban (PLB), an inhibitor of the
SR Ca2+ pump (for overview see [11]). When PLB becomes phosphorylated at Ser-16 by PKA
or Thr-17 by CaMKII the inhibition is relieved and Ca2+ uptake is accelerated.

Hagemann et al. [10] showed that CaMKII phosphorylation of phospholamban at Thr-17
increased in a frequency dependent manner when myocytes are electrically stimulated. On the
other hand we found when using PLB (−/−) mice, that FDAR was present to some degree in
the absence of PLB, while FDAR could still be abolished by CaMKII inhibition [5]. Zhao et
al. [13] reported recently that mutating the CaMKII phosphorylation site on PLB to Alanine
(T17A) significantly blunted FDAR, again indicating PLB involvement in FDAR. Thus, the
role of CaMKII and in particular PLB phosphorylation in FDAR is incompletely resolved.

On the other hand it is conceivable that other CaMKII targets contribute to FDAR. It is possible
that the hastening of Ca2+ transient decline is mediated in part by more complete or rapid shut-
off of SR Ca2+ release during excitation-contraction coupling. The cardiac RyR has been
clearly identified as an CaMKII substrate, but the number and exact locations of the target sites
is only incompletely known and is in part controversial [9,14].

To further elucidate the link between CaMKII and FDAR we compared the time-course of
FDAR development and CaMKII phosphorylation of PLB and RyR. Here we show that the
time-courses of PLB as well as RyR phosphorylation and FDAR are clearly dissociated and
that the net-increase in substrate phosphorylation is rather low. We also provide evidence that
long lasting activation of CaMKII (due to autophosphorylation) and significant substrate
phosphorylation in response to pacing is actively limited by phosphatases, most importantly
phosphatase 1 (PP1).

Materials and Methods
Myocyte isolation

Isolation of rat ventricular myocytes was carried out essentially as previously described [15]
and approved by the Loyola University Chicago animal welfare committee. Briefly, rats were
injected with Heparin (about 2 Units/g bodyweight) 30 min prior to anesthesia by i.p. injection
of Nembutal ( 0.1 mg/g). Hearts were excised quickly and perfused according to Langendorff
for about 5 min with nominally Ca-free MEM (M-0518, SIGMA, St. Louis, MO) supplemented
with (in mM): HEPES 10, Na-HEPES 10, Sodium Bicarbonate 4.8, and Pyruvic Acid 2.
Additionally 20 U Insulin and 50.000 U Penicillin/Streptomycin were added and the pH
adjusted to 7.35 with NaOH. The enzyme used for tissue dissociation was Liberase blendzyme
3 or 4 (13–20 Wuensch Units/heart) sometimes supplemented with 5–10 Units of dispase II
(both Roche Diagnostics, Indianapolis, IN). When the heart became flaccid, the ventricle was
cut into small pieces for further incubation (5 to 10 min at 37°C) in fresh enzyme solution. The
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tissue was dispersed, filtered, and suspensions were rinsed several times before use for
experiments.

Batch field stimulation experiments were limited to 5 min at 2 Hz and pulse duration was 3 ms
to minimize cell damage. The experimental chamber was mounted on an inverted microscope
and cell response and survival of each sample monitored. A 70% yield of viable cells that
contracted in response to electrical stimulation was typical (isolations containing <50% of rod-
shaped cells were not used for phosphorylation experiments).

[Ca2+]i measurements and analysis
Isolated rat ventricular myocytes were then plated onto superfusion chambers, with the glass
bottoms treated with natural mouse laminin (Invitrogen, Carlsbad, CA) to increase cell
adhesion. The standard tyrode's solution used in all experiments contained (in mM): NaCl 140,
KCl 4, MgCl2 1, glucose 10, HEPES 5, and CaCl2 1, pH = 7.4. Myocytes were loaded with 6
μM fluo-4/AM for 25 min and subsequently perfused for at least 30 min to allow for
deesterfication of the dye. All experiments were done at room temperature (23–25°C) using
field stimulation. Fluo-4 was excited at 480±5 nm and emission measured using a 535±20
bandpass-filter. Ca2+-transients were recorded with Clampex 8.0 and data analyzed with
Clampfit.

Western blot analysis
For Western blot analysis, 6 X sample buffer (30 % Glycerol, 10 % SDS, 600 mM
Dithiothreitol, 350 mM Tris·Cl pH 6.8, trace of Bromophenol Blue) supplemented with NaF
(6 mM) and protease inhibitors (P-8340, SIGMA, St. Louis, MO) was directly added to the
cells after treatment and the samples were immediately frozen in liquid N2. Protein was
quantitated via a modified Lowry assay (PIERCE, Rockford, IL) and the amount of protein
loaded onto the gel was within the linear range for the specific antibody. Primary antibodies
used were a custom anti-PLB antibody (a gift from Dr. M. Periasamy, Columbus, OH), anti-
phospho-PLB Ser-16 (PS16), anti-phospho-PLB Thr-17 (PT17; both from Badrilla, UK), anti-
RyR 5029, anti-phospho-RyR Ser-2808 (PS2808), anti-phospho-RyR-2814 (PS2814; all RyR
antibodies a gift from Dr. A. Marks, New York, NY), a custom anti-CaMKIIδ antibody (made
against the C-terminal sequence by ZYMED Inc, San Francisco, CA), a monoclonal anti-
CaMKII antibody (G1; Santa Cruz Biotechnology, Santa Cruz, CA) and a monoclonal anti-
phospho-CaMKII Thr-287 antibody (Affinity BioReagents, Golden, CO). Protein bands were
visualized using the SuperSignal West Dura Kit (PIERCE, Rockford, IL). Films were scanned
using an UMAX Astra 2400S Scanner and quantified with Image J (NIH).

Immunoprecipitations
After treatment, cells were added directly to lysis buffer (8 % Triton X-100, 9 mM EGTA, 5
mM NaF, protease inhibitors) and immediately frozen in liquid N2. Protein was quantitated
using the BCA assay (PIERCE, Rockford, IL). Samples were diluted to 1 μg/μl protein with
RIPA-buffer (1 % Nonidet P-40, and in (mM) NaCl 150, Tris 10, EGTA 2, NaF 50,
Na2H2P2O7 1, protease inhibitors, pH 7.2) and pre-cleared with Protein A-Sepharose CL-4B
(Amersham, Upsala, Sweden). Tubes were rotated overnight at 4°C with 5–8 μg of peptide-
affinity purified custom anti-CaMKIIδ antibody. Protein A-Sepharose beads were washed 3X
with RIPA-buffer and then incubated in sample buffer for 10 min at 95ºC.

Statistical analysis
Results are expressed as means ± SEM. Significance was estimated by one-way repeated
measures ANOVA and/or Student's t-test for paired observations as appropriate. P ≤ 0.05 was
considered significant.
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Results
FDAR occurs abruptly and is complete within four beats

First we measured the time-course of FDAR development in single fluo-4 loaded rat
cardiomyocytes. Myocytes were paced at 0.1 Hz to steady-state before stimulation frequency
was increased to 2 Hz (Fig. 1a). The sudden increase in frequency led to a rapid decrease in
the τ of intracellular Ca2+ concentration ([Ca2+]i) decline by 42 ± 3 % within four beats or two
seconds (Fig. 1b). FDAR was complete at this point, the τ of [Ca2+]i decline did not decrease
any further within the next 200 s of continuous stimulation at 2 Hz (176±13 ms (at 2 s) vs 174
±13 ms (at 200 s); p>0.05). After 200 s however there was an additional slight but significant
decrease in the τ of [Ca2+]i decline (to 166±12 ms (at 300 s); p<0.05).

The amplitude of the [Ca2+]i transients decreased rapidly in the first two seconds after switching
to 2 Hz and then again increased steadily between 2 and 300 s (p<0.001), regaining on average
about the same amplitude as at 0.1 Hz steady-state stimulation (0.1 vs 2 Hz (after 5 min);
p>0.05; flat [Ca2+]i -frequency response; Fig. 1c). Note that FDAR is essentially stable despite
gradual changes in Ca2+ transient amplitude.

PLB-Thr 17 phosphorylation increases in response to pacing, but the increase is
quantitatively low

Batches of cells were stimulated for 1 min at 0.1 Hz and then from 0–300 s at 2 Hz and
immediately frozen in liquid nitrogen (time between last twitch and frozen condition about 5
s). Then the cell suspension was boiled in sample buffer and phosphorylation of monomeric
PLB was analyzed using phosphorylation-site specific antibodies. Western blot analysis
revealed that PLB-Thr 17 phosphorylation (barely detectable at rest) increases linearly,
proportional to the duration of pacing at 2 Hz (Fig. 2a, b). Phosphorylation did not increase
within the first 10 s of fast stimulation and did not reach steady-state within 5 min. These data
clearly show that there is a marked temporal dissociation between FDAR and PLB
phosphorylation.

Moreover, the gradual increase in PLB phosphorylation during increased frequency was not
accompanied by a significant acceleration of [Ca2+]i decline ([Ca2+]i decline is largely stable).
One possible explanation is that only a very small amount of PLB becomes phosphorylated,
not enough to significantly increase SR Ca2+ uptake and hasten [Ca2+]i decline. To estimate
the total amount of pacing-induced phosphorylated PLB we used a semi-quantitative approach
(Fig. 2c). This is based on the distinct property of PLB pentamer to disproportionally shift
upwards in an SDS-Polyacrylamidgel (displaying higher apparent molecular weight) upon
phosphorylation (see [11] for high-resolution example). The PLB pentamer can be
phosphorylated five times at Ser-16 and five times at Thr-17 (ten phosphorylation sites total)
and each additional phosphorylation causes a further shift upwards. We found that only few
PLB shift upwards (Fig. 2c, lower panel (PLB): grey area above black band in lane 3) when
cells are paced at 2 Hz for 300 s and the majority of PLB molecules remains unphosphorylated.
On the other hand large amounts of phosphorylated PLB are produced by pacing in the presence
of a phosphatase inhibitor (Calyculin A (Cal A); 1 μM) or Isoproterenol (Iso; 0.1 μM with or
without pacing). The antibody used in these experiments is not affected by the phosphorylation
state of PLB [16]. It is unfortunately not possible to exactly quantify the amount of
phosphorylated PLB using this approach, but it appears to be very low and we cautiously
estimate that it does not exceed 5% of total PLB after 5 min pacing at 2 Hz (for a more detailed
explanation see Fig.2(c)). This indeed supports the notion that the lack of a functional effect
matching the time-course of PLB phosphorylation is due to low absolute levels of
phosphorylated PLB that are generated by pacing at 2 Hz.
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We also investigated the reversal of FDAR and dephosphorylation of PLB (Fig. 3). When the
frequency of stimulation is lowered to 0.2 Hz, more than 40% of FDAR dissipate between the
last fast twich and the first slow twitch (fast phase). Afterwards [Ca2+]i decline slows with a
τ of 88 s (n = 7 cells; slow phase). The de-phosphorylation of PLB after stimulation was
discontinued roughly concurs with the slow phase of FDAR reversal (τ = 109 s; n = 6), but not
with the initial very rapid dissipation of FDAR.

Taken together, the very rapid acceleration of [Ca2+]i decline that is observed in response to
pacing at 2 Hz is temporally distinct from the very gradual and modest increase in PLB Thr-17
phosphorylation. Thus, FDAR cannot be mediated by PLB Thr-17 phosphorylation.

RyR Ser-2814 is a CaMKII phosphorylation site and responds to pacing
Another CaMKII substrate also located in the SR membrane is the RyR. CaMKII co-purifies
with the RyR [17], appears to directly associate with it [9,18] and also regulates the receptor
through phosphorylation [9,14,19]. There has, however, been controversy regarding the exact
site or sites phosphorylated by CaMKII. Using a phosphorylation site specific antibody one
study found that Ser-2808 (Ser-2809 in rabbit) is phosphorylate-able by both, PKA and
CaMKII [14]. Another study describes Ser-2808 as an exclusive PKA site and a different
nearby Serine (site 2814; Ser-2815 in rabbit) as the CaMKII site by using mutational analysis
and a different set of phosphorylation site specific antibodies [9]. A third study even proposed
that Ser-2808 can be phosphorylated by PKA, CaMKII and PKG, with an additional and still
to be identified kinase that may be responsible for the baseline phosphorylation level in intact
cells [20]. Fig. 4(a,b) shows that when using the same set of antibodies as Wehrens et al. 2004
[9] we found (in agreement with them) that Ser-2808 behaved like a PKA-phosphorylation site
(no effect of EGTA incubation (99±5% (n=4), but Iso increased phosphorylation independent
of pacing (Iso (−) 192±8% Iso (+) 179±5% (n=4)) and Ser-2814 responded to changes in
[Ca2+]i consistent with a CaMKII phosphorylation site (lower phosphorylation after EGTA
incubation (53±2% (n=4)), increased phosphorylation in response to pacing in the absence (see
below) and presence of Iso (Iso (−) 71±9%; Iso (+) 125±8% (n=4)) and particularly when paced
in the presence of the phosphatase inhibitor okadaic acid (275±45% (n=7)). Interestingly, Iso
exposure of resting myocytes decreased phosphorylation at Ser-2814 to 71±9% of control
indicating an effect of PKA activation on CaMKII. It is possible that Iso inhibits CaMKII by
lowering resting [Ca2+]i (by stimulating SR Ca2+ uptake), as has been observed in mouse
cardiomyocytes [21]. However, this result could also be explained by sensitivity of the PS2814
antibody to phosphorylation at Ser-2808 (amino acid 2808 is included in the antigenic peptide
sequence for PS2814; [9]) and further studies are needed to clarify this issue. It is also important
to note that when we used the Ser-2808 antibody described by Rodriguez et al. 2003 [14] to
analyze identical samples results were slightly different and maybe consistent with Ser-2808
being susceptible to phosphorylation by both kinases. The reason for this discrepancy is
currently unknown.

The time-course of phosphorylation at site Ser-2814 in response to pacing at 2 Hz was different
compared to PLB, but similarly did not match the time-course of FDAR (Fig. 4(d)). RyR
Ser-2814 phosphorylation was unaltered for 30 s at 2 Hz, but then increased rapidly to 151
±19% after 90 s without further increase within 300 s (152±15%; n = 8). We roughly estimate
that this increase corresponds to about 8 % of the total RyR pool (Fig. 4c; procedure explained
in figure legend). Within the same timeframe there was no change in phosphorylation at
Ser-2808.

Taken together we conclude that FDAR does not rely on phosphorylation of PLB or the RyR
by CaMKII.

Huke and Bers Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CaMKII- autophosphorylation is unaffected by pacing
Another CaMKII substrate is CaMKII itself (autophosphorylation at Thr-287 (δ-isoform)). Its
unique hub-and-spoke architecture permits for intersubunit autophosphorylation upon
activation of two neighboring subunits, which results in Ca/CaM independent or autonomous
activity. Therefore, we predict that significant physiological activation is accompanied by
CaMKII autophosphorylation (an increase in autonomous activity has been shown in isolated
perfused rat hearts upon Iso-treatment which was reversible by PP2A; [22]) and accordingly
the level of autophosphorylation should reflect the immediately preceding level of activation.

Most often we observed no autophosphorylation in quiescent myocytes, but sometimes a slight
signal was detected that decreased with EGTA treatment (data not shown). Most important,
using a highly sensitive assay (see Fig. 5; PT287 in immuneprecipitated samples), pacing did
not produce any detectable increase in CaMKII–autophosphorylation, even in the presence of
high extracellular [Ca2+] or Iso.

This finding could indicate that the global [Ca2+]i fluctuations during each excitation-
contraction cycle in cardiomyocytes fail to activate CaMKII to the point where
autophosphorylation occurs. This would be consistent with the generally low levels of substrate
phosphorylation (PLB/RyR) we observed. A second possibility is that powerful phosphatases
rapidly reverse any autophosphorylation (and most of the substrate phosphorylation), thereby
preventing autonomous activity of the kinase. To test the role of phosphatases we preincubated
myocytes with the broad spectrum phosphatase inhibitor okadaic acid (OA; 2 μM) and analyzed
quiescent and paced cells (paced for 5 min at 2 Hz). In the presence of OA a detectable level
of autophosphorylated CaMKII is generated in quiescent cells (revealing some basal activity
of CaMKII), but autophosphorylation is clearly enhanced when the cells were paced (Fig. 5;
penultimate lane). This result is consistent with the idea that in cardiomyocytes, in which
[Ca2+]i increases during every contraction, phosphatases prevent sustained CaMKII
autophosphorylation and thereby suppress Ca/CaM-independent CaMKII activity.

Pacing increases CaMKII autophosphorylation when PP1 is inhibited
To investigate in detail which phosphatases are involved in antagonizing CaMKII activity we
used a pharmacological approach. Phosphatases (PPs) are classified into PP1–PP7, while PP1–
PP6 are found in the heart (for overview see [23]). okadaic acid (OA) in nM concentrations
inhibits all but PP1, PP2B (Calcineurin) and PP2C and in μM concentrations also inhibits PP1.
Calyculin A (Cal A) has been shown to be a potent and equally effective inhibitor of PP1 and
PP2A (IC50 1–14 nM; see [23]). Cantharidin at a concentration of 1 μM inhibits PP2a [24].
PP2B can be specifically inhibited by low nM concentrations of cypermethrin [25] and
cyclosporin A [26].

To the best of our knowledge, the main phosphatase dephosphorylating endogenous CaMKII
in intact cardiac cells or cardiac tissue has not yet been identified. PP1 can dephosphorylate
CaMKII in vitro [27], but in mouse hearts overexpressing CaMKIIδB PP2A directly associates
with CaMKII [28]. In the rat forebrain PP2a-like enzymes pre-dominantly dephosphorylate
soluble CaMKII, while PP1 predominantly dephosphorylates CaMKII associated with
postsynaptic densities [29].

When using electrical stimulated rat cardiomyocytes, the inhibition of PP2A (and PP3–PP6)
by 200 nM okadaic acid was not enough to generate autophosphorylated CaMKII (Fig. 6).
Neither was inhibition of PP2A by 1 μM cantharidin or PP2B by 1 μM cypermethrin and 1
μM cyclosporin A. In our hands strong inhibition of PP1 was required to allow net-
autophosphorylation of CaMKII. Unfortunately all cell-permeable PP1 inhibitors available
also inhibit PP2A with higher or similar potency and we cannot specifically inhibit PP1 alone.
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Therefore we cannot rule out some involvement of PP2A. However, our experiments identify
PP1 as the major phosphatase dephosphorylating CaMKII in intact cardiomyocytes.

Time-course of CaMKII autophosphorylation in the presence of PP1/2a inhibition
We further analyzed the effect of pacing on CaMKII activation by measuring CaMKII
autophosphorylation after 1 min of pre-incubation with 1 μM Cal A (0) and after 0.5, 1.5, 3
and 5 min of pacing (Fig. 7). We chose a very short pre-incubation time to minimize any
increase in protein phosphorylation due to baseline kinase activity. Pacing increased PT287
autophosphorylation to 125±24% (0.5 min), 209±37% (1.5 min), 404±106% (3 min) and 442
±130% (5 min; with 0 min = 100% and n = 3), which is similar to the RyR PS2814 in response
to pacing without phosphatase inhibition. One noteable difference however is that phosphatase
inhibition caused a significant increase in RyR phosphorylation within 30 s (to 220±80%; n=3).
This is the fastest increase in phosphorylation we observed within this study. However, with
or without phosphatase inhibition, the phosphorylation time-courses of PLB, RyR and CaMKII
do not match the time-course of FDAR.

Discussion
FDAR is a phenomenon that has been described for decades but its molecular mechanism is
still unresolved. In the present study we tested if pacing (or more specifically the resulting rise
in [Ca2+]i and its frequency) activates CaMKII and mediates FDAR by phosphorylation of
specific target proteins.

PLB phosphorylation
We first investigated if CaMKII-dependent PLB phosphorylation contributes significantly to
the development of the functional effect, an idea that has been tested previously yielding
different results [6,10,12]. Our group repeatedly showed that CaMKII inhibitors KN-62 and
KN-93 can abolish FDAR [2–4] and this is also true in PLB null mice in which FDAR still
occurs [5]. Those results indicated that while it is possible that PLB phosphorylation contributes
to some degree to FDAR we found it not to be essential for FDAR to develop.

Consistent with these earlier observations we describe here that even though PLB-Thr17
phosphorylation increases when myocytes are paced, the time-courses of FDAR and PLB
phosphorylation are dissociated and the absolute amount of PLB that becomes phosphorylated
is very small (likely less than 5% after 5 min at 2 Hz). This is similar to recent observations
by Valverde and coworkers [10], who also noted a delayed onset of PLB Thr-17
phosphorylation with respect to FDAR. Our finding here that the increase in PLB
phosphorylation is detectable using highly sensitive assays, but that the actual amount of
phosphorylated PLB is very low, might explain why results have been variable in the past. The
amount of PLB phosphorylated appears to be functionally almost insignificant as the only effect
that correlates with its time-course is the minor decrease in the τ of Ca2+ decline between 200
and 300 s of pacing (see Fig.1b inset). Thus, FDAR could still be mediated by CaMKII, but
PLB phosphorylation does not appear to be involved.

This conclusion was recently further supported by the finding that FDAR is associated with
an increase in the maximal velocity (Vmax) of Ca2+ uptake without a change in the apparent
Ca2+ affinity of SERCA pump activity [30]. The effect of PLB phosphorylation is primarily
an increase in the apparent Ca2+ affinity of SERCA pump (most often no effect on Vmax is
observed; [11]), and is therefore not likely to be responsible for the observed effect.

It has been reported that SERCA pump itself can be phosphorylated by CaMKII and that this
increases the Vmax of Ca2+ uptake [31]. However, both aspects have been challenged [32,33]
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and satisfactory evidence for phosphorylation of the pump in intact tissue or intact cells has
not yet been provided. The phosphorylation of SERCA pump was recently investigated and
could not be demonstrated at low or higher pacing frequencies [10]. Therefore we are not aware
of an alternative CaMKII substrate that might be a good candidate to increase SR Ca2+ uptake
upon phosphorylation.

RyR phosphorylation
A CaMKII substrate located in the SR membrane that has been shown to co-immunoprecipitate
with CaMKII is the Ryanodine Receptor [17,18]. Since CaMKII and substrate appear to be co-
localized we expected that phosphorylation is triggered more quickly upon CaMKII activation
because a diffusion step is not necessary. However, the study of the phosphorylation kinetics
was complicated by the fact that the exact CaMKII target site/sites within the RyR is/are still
somewhat controversial. RyR PS2808 has been described as a unique CaMKII target site
[19], a site phosphorylated by CaMKII as well as PKA [14], a site phosphorylated by at least
four different kinases including CaMKII and PKA [20], and as a unique PKA site [9]. Using
a phosphorylation site-specific antibody generated by A. Marks’ laboratory we found that the
phosphorylation of this site could be influenced by Isoproterenol and phosphatase inhibition,
but not by Ca2+-buffering via EGTA or Ca2+-increase due to pacing, indicating that this site
is not significantly phosphorylated by CaMKII in intact cells (although we cannot rule out that
this happens under certain conditions). On the other hand we found that RyR Ser-2814
phosphorylation decreased when cells were incubated with EGTA and phosphorylation
increased when cells were paced, consistent with a CaMKII phosphorylation site as previously
described [9]. Stimulation of the cells for 5 min at a frequency of 2 Hz increased
phosphorylation by 50% and we estimated that this corresponds to roughly 8% of the total RyR
(Fig. 3c,d). In contrast to PLB-Thr17 phosphorylation, the increase in phosphorylation at RyR
Ser-2814 in response to pacing reached a plateau rapidly (within 90 s), but similarly to PLB
the time-course was completely dissociated from FDAR development. It is very striking that
we did not observe a net-increase in Ser-2814 within the first 30 s of pacing.

Furthermore, while the overall functional effects of CaMKII phosphorylation on the RyR are
controversial [17,34,35], phosphorylation at Ser-2814 has been associated with increased open
probability of the channel [9]. Generally it can be expected that this prolongs relaxation time
rather than shortens it. Thus, also the modification of channel function appears to be
inconsistent with a role of Ser-2814 phosphorylation in the mediation of FDAR.

Does pacing activate CaMKII and increase autophosphorylation?
CaMKII itself is, like the RyR, a substrate that is directly associated with the kinase and thus
has the potential to become very quickly phosphorylated upon CaMKII activation. We expect
that significant activation of CaMKII should be accompanied by increasing levels of CaMKII
autophosphorylation. It has been observed in vitro that the initial rates for CaMKII
autophosphorylation are higher than the rates for exogenous substrate phosphorylation [36,
37]. So it is possible that CaMKII autophosphorylation has a timecourse that matches FDAR.

One important finding of this study is that pacing of myocytes does not produce detectable
levels of Thr-287 autophosphorylated CaMKII. CaMKII autophosphorylation was only
observed when phosphatase 1 was inhibited, but then pacing strongly enhanced
autophosphorylation. The increase in CaMKII autophosphorylation is likely due to direct
inhibition of phosphatases dephosphorylating CaMKII, but it is also possible that phosphatase
inhibition enhances CaMKII activation by increasing [Ca2+]i (via an increase in the
phosphorylation level of Ca2+-regulatory proteins; [38–40]). However, as we demonstrate in
this study, increasing the intracellular [Ca2+] via increased extracellular [Ca2+] or stimulation
with Iso is not sufficient to net-autophosphorylate CaMKII.
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We also show however that in the presence of okadaic acid the RyR Ser-2814 was the first site
significantly increased in response to pacing, not global CaMKII Thr-287. This does not rule
out that CaMKII specifically associated with the RyR does become significantly transiently
activated and/or autophosphorylated sooner, especially when considering that the local
[Ca2+] around the RyR in the junctional cleft might reach very high concentrations during each
excitation-contraction cycle [41–43].

General implications about CaMKII regulation in the heart
The emerging picture from these experiments is that CaMKII does get activated when myocytes
are paced, and that this activation does result in autophosphorylation at Thr-287, but any build
up of autophosphorylated CaMKII is strongly limited by PP1. It appears that PP1 effectively
counteracts the accumulation of autophosphorylated CaMKII and therefore CaMKII remains
dependent on Ca/CaM for activation. This would allow autophosphorylation to specifically
occur only in locations where phosphatase activity is low and/or Ca/CaM concentration is high.
Similar aspects apply to CaMKII target phosphorylation.

Our results regarding the regulatory role of phosphatases are consistent with in vitro results
about the effect of phosphatases on CaMKII autophosphorylation [27]. Bradshaw and
coworkers [27] describe that in the presence of phosphatases the Ca2+ dependence of CaMKII
autophosphorylation is shifted towards higher Ca2+ concentrations and that
autophosphorylation occurs in a switch-like fashion over a narrow range of physiological
Ca2+-concentration. This ultrasensitive switch behaviour allows CaMKII to transition from
non-autophosphorylated to almost completely autophosphorylated once a critical Ca2+

concentration is reached (all-or-none response), providing for multiple pathways to be
specifically activated within the physiological range of Ca2+.

On the other hand our results are not consistent with observations from Baltas et al. [22], who
described autonomous CaMKII activity upon stimulation with Iso in isolated perfused rat hearts
that was reversible by in vitro PP2A treatment. Even though the authors did not measure
CaMKII Thr-287 autophosphorylation directly, this could indicate that there are differences in
isolated cells compared to whole hearts and maybe more specifically in the localization and
activation of kinases and phosphatases. To address this issue further studies are needed.
However, despite these potential differences, FDAR is clearly present in cardiomyocytes and
therefore we can safely assume that the underlying mechanism is not interrupted.

Could CaMKII still be involved in FDAR?
The experiments presented in this study clearly show that CaMKII phosphorylation of PLB
and/or RyR (S2808/S2814) is not responsible for the development of FDAR, but we cannot
rule out that CaMKII is involved. The existence of two separate phases (fast and slow phase)
during FDAR reversal suggests that possibly more than one mechanism produces or maintains
FDAR. Therefore it is conceivable that FDAR relies in part on CaMKII, but additional factors
could contribute as well (e.g. intrinsic features of the Ca2+ handling proteins and/or
myofilaments may participate).

On the other hand the L-type Ca2+ channel is a known CaMKII substrate. There is cumulative
evidence that CaMKII phosphorylation produces Ca2+-dependent ICa facilitation, which is
typically observed as an increased ICa amplitude and slower inactivation over 2 to 5 pulses
[44–46]. So here is an example for a CaMKII dependent effect with a time-course that closely
resembles FDAR (albeit this target is an unlikely participant in FDAR). Thus, it is feasible that
FDAR relies on CaMKII phosphorylation of a yet to be identified target with kinetics as rapid
as that of the L-type Ca-channel that is protected from rapid phosphatase action.
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Figure 1.
Changes in Ca2+ decline and transient amplitude in response to an increase in frequency. (a)
Original representative recording showing FDAR development after switching to 2 Hz in a
Fluo-4 loaded rat ventricular cardiomyocyte. The τ-values (ms) are indicated for each beat. (b)
Decrease in the τ of [Ca2+]i decline in response to an increase in stimulation frequency from
steady-state 0.1 Hz (pre) to 2 Hz (n= 8 cells/3 rats). τ decreases rapidly over the first four beats
(1–4) and reaches a plateau after 5 s. An additional small decrease in τ occurs after more than
3 min of stimulation at 2 Hz (see inset). Please note that the first Ca2+ transient at 0.5 s interval
(2) declines significantly faster than the last at 0.1 Hz (228±19 ms vs 309±28 ms (pre); p <
0.001). (c) Diastolic (dotted line) and peak systolic (solid line) [Ca2+]i as F/F0 after increasing
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to 2 Hz frequency. After switching to 2 Hz frequency the amplitude (ΔF/F0) is decreased for
5 s and then recovers (inset). The amplitude at 0.1 Hz and after 5 min at 2 Hz is similar (4.45
±0.25 (n=9) at 0.1 Hz vs 4.92±0.36 (n=9) at 2 Hz).

Huke and Bers Page 14

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Increase in PLB Threonine 17 phosphorylation (PT17) in response to pacing at 2 Hz (a, b).
Phosphorylation increases linear and does not reach steady-state within 300 s (n = 2–10; all
signals normalized to 300 s (=100 %)). Total PLB was measured in the same samples on a
different blot and used as loading control. PLB Ser-16 phosphorylation did not change within
that timeframe (data not shown). For total PLB quantification 4 μg of protein were loaded into
each lane, while for PLB phosphorylation (PS16 and PT17) 40 μg were used. Semi-quantitative
analysis of total PLB-phosphorylation levels (c). The increase in the apparent molecular weight
and subsequent upward shift of the PLB pentamer in SDS-PAGE relative to its phosphorylation
level revealed that only a very small amount becomes phosphorylated in response to pacing
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alone that is likely less than 5% of total PLB (the position of unphosphorylated PLB is indicated
(no PO4)). This estimate is derived from the long exposure times needed to detect a signal in
the paced control (Ctr+) sample in panel 2 (actually not visible due to a shorter exposure shown
here) and the upward shift in panel 3 (some bands are overexposed to visualize the difference
between Ctr- and Ctr+). Higher PLB phosphorylation is achieved by phosphatase-inhibition
plus pacing (Cal A; mostly Thr-17 phosphorylation), Iso without pacing (Iso-; mostly Ser-16
phosphorylation) and Iso plus pacing (Iso+; some dual phosphorylation). This result is
representative of five similar experiments.
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Figure 3.
FDAR reversal and PLB dephosphorylation. (a) Cells were stimulated for 5 min at 2 Hz and
then frequency was lowered to 0.2 Hz (n = 7 cells/3 rats). FDAR reversal has an initial very
fast and then a long slow component. The slow phase was fitted using a monoexponential
equation with τ = 88 s. (b) Representative Western blot showing the increase in PLB Thr-17
phosphorylation upon stimulation at 2 Hz and dephosphorylation upon rest. (c) Summary of
six similar experiments. All signals were normalized to phosphorylation after 300 s of
stimulation at 2 Hz (=100 %). Total PLB was measured in the same samples on a different blot
and used as loading control. The decrease in phosphorylation was fitted using a
monoexponential equation with τ = 109 s.
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Figure 4.
Ryanodine Receptor (RyR) phosphorylation at sites Ser-2809 and Ser-2814 measured with
phosphorylation-site specific antibodies (PS2809, PS2814; (a)). Where indicated cells were
paced (5 min at 2 Hz) and/or exposed to EGTA (4 mM for 6 min), isoproterenol (Iso; 0.1 μM
for 6 min) or okadaic acid (OA; 2 μM for 36 min total). Total RyR was measured in the same
samples on a different blot and used as loading control. (b) summarizes the results from 4–7
independent experiments. Signals were normalized to Control (sample #2 = 100 %). (c) is
representative for 3 independent experiments where cells were paced (5 min at 2 Hz) or treated
with EGTA (4 mM for 6 min) or calyculin A (Cal A; 1 μM for 6 min). Assuming that Cal A
treatment increases the receptor PS2814 phosphorylation to 90%, than 16±4 % are
phosphorylated under resting conditions and this increases to 24±4 % in response to pacing.
The timecourse of the effect of pacing alone is shown in (d). Please note that phosphorylation
at Ser-2814 due to pacing does not increase within the first 30 s after the start of stimulation.
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Figure 5.
No change in CaMKII autophosphorylation at Threonine-287 in response to pacing alone (5
min at 2 Hz), pacing in the presence of 3 mM [Ca2+]o or of 0.1 μM isoproterenol (Iso).
Autophosphorylation was observed after treatment with phosphatase inhibitor okadaic acid
(OA; 2 μM for 36 min total). Western blots results from cell lysates (not shown) and
immuneprecipitated samples (for increased sensitivity) matched each other. Please note that
phosphatase inhibition plus pacing increased autophosphorylation to much higher levels than
phosphatase inhibition alone.
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Figure 6.
Phosphatase 1 appears to be the major phosphatase dephosphorylating CaMKII in
cardiomyocytes. Pacing triggers autophosphorylation of CaMKII only when phosphatase 1
(and 2a) is inhibited, but not when phosphatase 2b (calcineurin) or 2a alone are inhibited.
Phosphatase inhibitors used were cypermethrin (1 μM; 30 min preincubation), okadaic acid
(200 nM; 30 min precincubation) and calyculin A (1 μM; 10 min precincubation). Phosphatase
2b was also inhibited by cyclosporin A, phosphatase 2a by cantharidin and phosphatase 1 by
higher concentrations of OA yielding the same result (data not shown).

Huke and Bers Page 20

J Mol Cell Cardiol. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Timecourse of PLB- PT17 (also semiquantitative as pentamer-shift), RyR-PS2814 and
CaMKII-PT287 phosphorylation in the presence of Cal A in response to pacing.
Autophosphorylation of CaMKII increases between 30 and 180 s and then remains steady.
Phosphatase inhibition increases the phosphorylation at all targets dramatically. Please note
that PLB PT17 phosphorylation cannot be seen in several samples due to the short exposure
time of the blot.
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