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L-type Ca2+ currents conducted by voltage-gated calcium channel
1.2 (CaV1.2) initiate excitation–contraction coupling in the heart,
and altered expression of CaV1.2 causes heart failure in mice. Here
we show unexpectedly that reducing β-adrenergic regulation of
CaV1.2 channels by mutation of a single PKA site, Ser1700, in the
proximal C-terminal domain causes reduced contractile function,
cardiac hypertrophy, and heart failure without changes in expres-
sion, localization, or function of the CaV1.2 protein in the mutant
mice (SA mice). These deficits were aggravated with aging. Dual
mutation of Ser1700 and a nearby casein-kinase II site (Thr1704)
caused accelerated hypertrophy, heart failure, and death in mice
with these mutations (STAA mice). Cardiac hypertrophy was in-
creased by voluntary exercise and by persistent β-adrenergic stim-
ulation. PKA expression was increased, and PKA sites Ser2808 in
ryanodine receptor type-2, Ser16 in phospholamban, and Ser23/24
in troponin-I were hyperphosphorylated in SA mice, whereas
phosphorylation of substrates for calcium/calmodulin-dependent
protein kinase II was unchanged. The Ca2+ pool in the sarcoplasmic
reticulum was increased, the activity of calcineurin was elevated,
and calcineurin inhibitors improved contractility and ameliorated
cardiac hypertrophy. Cardio-specific expression of the SA mutation
also caused reduced contractility and hypertrophy. These results
suggest engagement of compensatory mechanisms, which initially
may enhance the contractility of individual myocytes but eventually
contribute to an increased sensitivity to cardiovascular stress and to
heart failure in vivo. Our results demonstrate that normal regulation
of CaV1.2 channels by phosphorylation of Ser1700 in cardiomyo-
cytes is required for cardiovascular homeostasis and normal physi-
ological regulation in vivo.
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Excitation–contraction (EC) coupling in the heart is initiated
by L-type calcium (Ca2+) currents conducted by voltage-

gated calcium 1.2 (CaV1.2) channels that are activated by
membrane depolarization (1). Ca2+ influx via CaV1.2 channels
activates Ca2+ release from the sarcoplasmic reticulum (SR), lead-
ing to rapid and forceful contraction of myofilaments. Ryanodine
receptor type-2 (RyR2) is the major channel for this release of Ca2+

from cardiac SR (2, 3). Mobilized Ca2+ is transported back into the
SR by the SR Ca2+ ATPase (SERCA) during muscle relaxation (4).
SERCA activity is controlled by the inhibitor protein phospho-
lamban (PLB), which is phosphorylated by PKA to release its in-
hibition of SERCA activity (4). The force and rate of cardiac
contractions are critically dependent on the amplitude and kinetics
of the Ca2+ signal generated by CaV1.2 channels and RyR2 (1). In
the fight-or-flight response, a marked increase in the beating rate
and force of contraction of the heart is triggered by activation of
the sympathetic nervous system and stimulation of the β-adrenergic
signaling pathway. As a result, PKA is activated and phosphor-
ylates CaV1.2, RyR2, and PLB to enhance Ca2+ influx, Ca2+

mobilization, and reuptake into the SR in cardiomyocytes,
leading directly to increased contractility and contributing to the
acceleration of the heart rate (3–7). PKA-mediated phosphory-

lation of CaV1.2 channels causes a three- to fourfold increase
in the peak amplitude of Ca2+ currents in mammalian car-
diomyocytes (5–7). Despite much study, the exact PKA phos-
phorylation sites on CaV1.2 that mediate increased channel
activity in response to β-adrenergic regulation remain only par-
tially resolved (7–9).
Cardiac CaV1.2 channels are composed of pore-forming α11.2

subunits and associated β and α2δ subunits (10, 11). In skeletal
muscle, an additional γ subunit is associated with the closely
related CaV1.1 channels (11, 12). Multiple PKA sites have been
identified by phosphorylation of purified preparations of α11.2
(Ser1928) and β (Ser459, Ser478, and Ser479) subunits; however,
none of these sites is required for β-adrenergic regulation of
CaV1.2 channels in cardiac myocytes in vivo or in transfected
mammalian cells (7, 8). In addition to channel phosphorylation,
the formation of an autoinhibitory signaling complex is also es-
sential for β-adrenergic regulation of CaV1.2 channel activity (7,
13, 14). In skeletal and cardiac myocytes (15), as well as in
neurons (16, 17), the α11.1 and α11.2 subunits are proteolytically
processed at Ala1800 (or the equivalent), and the cleaved distal
C terminus (dCT) is noncovalently associated with the pro-
teolytically processed channels (13, 18). In this noncovalent
complex, the dCT acts as a potent inhibitor of CaV1.2 channel
activity (13). Truncated CaV1.2 channels with dCT deletion ex-
hibit increased Ca2+ channel activity in transfected nonmuscle
cells (13, 19), and they have reduced expression and impaired
β-adrenergic regulation in vivo (20). Coexpression of the dCT
with truncated CaV1.2 channels in nonmuscle cells greatly in-
hibits channel activity through interaction with the proximal C
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terminus (13). The dCT also contains a leucine zipper motif that
interacts with A kinase anchoring protein 15 (AKAP15) and
other AKAPs to mediate PKA targeting and is required for
β-adrenergic regulation of CaV1.1 and CaV1.2 channels (21, 22).
This mode of regulation has been reconstituted successfully in
transfected nonmuscle cells that coexpress truncated CaV1.2Δ1800,
dCT, AKAP15, CaVβ, and α2δ subunits (14). PKA activation by
forskolin increased Ca2+ currents up to 3.6-fold compared with
those observed in the presence of protein kinase inhibitors (14). In
contrast, full-length CaV1.2 is not regulated by PKA activation in
the same reconstituted system (14). These results suggest that
β-adrenergic stimulation of CaV1.2 channel activity is mediated
through disinhibition of the inhibitory effect of the dCT on pro-
teolytically processed CaV1.2 channels.
Proteomic studies identified Ser1700 (or its equivalent) in the

proximal C-terminus of CaV1.1 and CaV1.2 as a PKA phos-
phorylation site in skeletal and cardiac myocytes. This site is
phosphorylated in vivo in response to β-adrenergic stimulation in
rabbit skeletal muscle and mouse heart (23, 24). A nearby
threonine (Thr1704 in CaV1.2) in a consensus sequence for ca-
sein kinase 2 (CKII) was also phosphorylated (23). In recon-
stituted nonmuscle cells, Ser1700 and Thr1704 are required for
normal basal and PKA-regulated CaV1.2 channel activity (14).
Either the CaV1.2/S1700A (SA) mutation or the CaV1.2/S1700A/
T1704A (STAA) mutation (25, 26) reduced basal CaV1.2 chan-
nel activity in cardiomyocytes, decreased β-adrenergic stimula-
tion of channel activity and cellular contractility, and impaired
exercise capacity (25, 26). Here we report that the SA and STAA
mutations lead to dramatic hypertrophy with increasing age and
to 100% lethal heart failure, accompanied by compensatory in-
creases in PKA expression, hyperphosphorylation of RyR2
PLB, and troponin-I at PKA sites, increased Ca2+ load in the SR,
and activation of a calcineurin-dependent hypertrophic pathway.

Similar effects are observed in cardiomyocyte-specific mutants.
These dramatic physiological and pathophysiological conse-
quences of the removal of a single hydroxyl group from Ser1700
highlight the importance of this regulatory site in cardiac ho-
meostasis and physiological regulation.

Results
The S1700A Mutation in CaV1.2 Leads to Heart Failure and Premature
Death. Phosphorylation at CaV1.2/Ser1700 is absent in extracts
from both STAA and SA mice, as assessed by immunoblotting
and immunohistochemistry with a phosphospecific antibody
against phospho-CaV1.2/Ser1700 (pS1700) (Fig. 1 A and B). The
protein levels of CaV1.2 are similar in these genotypes at 2 mo of
age (Fig. 1A) (25, 26), although slightly reduced expression of
CaV1.2 has been observed in older, healthy STAA and SA mice
(25, 26). Both STAA and SA mice died prematurely as they
reached ages of 6–8 mo (Fig. 1C), with STAA mice having a
significantly shorter lifespan than SA mice (median survival:
STAA, 264 d; SA, 386 d). No mortality was observed for WT or
heterozygous mice during our 14-mo survival study.
Cardiac hypertrophy in mutant mice as measured by the ratio

of heart weight (HW) to body weight (BW) was significant in
2-mo-old mice and was more dramatic at 6 mo of age in STAA
mice and at 10 mo of age in SA mice (P < 0.05, two-way
ANOVA) (Fig. 1 D–F). In contrast, mice heterozygous for
STAA or SA mutations (Het) have the same heart size as WT
controls (Fig. 1 D and E). This dramatic increase in cardiac
hypertrophy in mutant mice was associated with congestive heart
failure, as assessed by increases in lung weight normalized to BW
in 10-mo-old SA mice (Fig. 1G). No difference in BW was ob-
served between genotypes at the indicated ages, except in some
10-mo-old SA mice with end-stage heart failure, which were ex-
cluded from HW/BW analysis. At the end stage of heart failure,

Fig. 1. Loss of phosphorylation on CaV1.2/Ser1700 leads to heart failure and premature death. (A) Immunoblot with anti–phospho-Ser1700 (pS1700)-specific
antibody shows the absence of Ser1700 phosphorylation in both Cav1.2/S1700A/T1704A (STAA) and Cav1.2/S1700A) (SA) mutant mice compared with WT
control. Total protein levels of CaV1.2 in the genotypes are similar at 2 mo of age. (B) Representative images of immunohistochemical staining of pS1700 in
WT and SA hearts. (Scale bars: 10 μm.) (C) Kaplan–Meier survival plots of WT (n = 14), STAA (n = 23), and SA (n = 16) mice with aging. Log-rank test: P < 0.05
between SA and WT; P < 0.001 between STAA and WT or between STAA and SA mice. (D and E) HW/BW as a function of age in WT, STAA, and STAA Het mice
(D) and in WT, SA, and SA Het mice (E) (n = 4–11 for each group). (F) Representative image of hearts from 10-mo-old WT and SA mice. SAend shows a
representative heart from an SA mouse at the end stage of heart failure. (G) Lung weight (LW)/BW of 10-mo-old WT (n = 5) and SA (n = 5) mice. *P < 0.05,
**P < 0.01, ***P < 0.001.
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both STAA and SA mice had dramatically enlarged hearts
(HW:WT: 0.14 ± 0.01 g; STAA: 0.54 ± 0.05 g; SA: 0.52 ± 0.03 g,
P < 0.01) (Fig. 1 D–F) and reduced BW resulting from illness.
These results show that loss of Ser1700 phosphorylation on
CaV1.2 causes spontaneous cardiac hypertrophy and heart fail-
ure, without changes in the expression, localization, or function of
CaV1.2 (25, 26) and further indicate that loss of Thr1704 phos-
phorylation plays a synergistic role. In further studies, we focused
primarily on the healthier SA mice, in which only PKA phos-
phorylation of Ser1700 is prevented.

Cardiac Performance Is Impaired in Young Adult SA Mice. We have
shown previously that the contraction of isolated SA car-
diomyocytes in response to β-adrenergic stimulation is only mildly
decreased, suggesting that compensatory mechanisms enhance
contractility despite substantially reduced CaV1.2 channel activity
(25). We used echocardiography to assess cardiac structure and
function in vivo in 3-mo-old WT, SA Het, and SA mice. Left
ventricular systolic function measured by fractional shortening
(FS) was decreased dramatically in SA mice compared with that in
WT mice, whereas SA Het mice had FS percentages similar to
those in WT mice (Fig. 2A). The left ventricular myocardial per-
formance index (MPI) showed a dramatic increase in SA mice,
indicating impairment of ventricular performance compared with
that in WT and SA Het mice (Fig. 2B). Tissue Doppler imaging,
which measures the diastolic function of the left ventricle, showed
that the ratio of the early (Ea) to late (Aa) myocardial relaxation
velocities (Ea/Aa) in SA mice is significantly decreased (Ea/Aa
<1) compared with WT and SA Het control mice (Ea/Aa >1)
(Fig. 2C). This finding indicates diastolic dysfunction in SA mice,
which may be caused by stiffness of the left ventricle. There was no
significant change in the left ventricular wall thickness (Fig. 2D).
These results show that SA mice have significantly impaired
ventricular systolic and diastolic function in young adulthood.
Increases in heart size and left ventricular chamber dimensions
were evident in histological analysis of SA mice at the same age
(Fig. 2E). These results are consistent with our observation that
2-mo-old SA mice have an increased HW/BW ratio compared
with WT and Het controls (Fig. 1E).

Elevated Sensitivity to β-Adrenergic Stimulation and Exercise-Induced
Cardiac Hypertrophy in SA Mice. Chronic heart failure is associated
with an increase in β-adrenergic drive, and β-adrenergic antag-
onists are the mainstay of treatment to improve cardiac function
in patients with established chronic heart failure (27, 28). Mice
chronically treated with isoproterenol also exhibit cardiac hy-
pertrophy and heart failure (29). To examine whether SA mice
have altered responses to chronic β-adrenergic stimulation, we
treated SA and age-matched WT mice with isoproterenol at
3 mo of age. Using a relatively low dose of isoproterenol
(10 mg·kg−1·d−1), we found that SA mice had a significantly
greater increase in the HW/BW ratio than WT control mice (Fig.
3A). The effect of isoproterenol was completely inhibited in
SA mice when coinjected with either metoprolol (a selective
β1-adrenergic receptor antagonist) or carvedilol (a nonselective
β-adrenergic antagonist) (Fig. 3A), suggesting that the hyper-
trophic effect of isoproterenol occurred mainly through
β1-adrenergic activation.
Voluntary wheel-running induces cardiac hypertrophy in mice

(30). To examine if SA mice have increased sensitivity to exer-
cise-induced hypertrophy, 12-wk-old mice were singly housed
with free access to a running wheel for 4 wk. The running activity
and circadian patterns were similar in SA and age-matched WT
mice (Fig. 3 B and C), suggesting that SA mice have normal
voluntary wheel-running activity even though they had reduced
maximal exercise capacity on a forced-treadmill test (25). Exer-
cised SA mice had significantly increased HW/BW ratios com-
pared with nonexercised age-matched SA control mice (Fig. 3D).
In contrast, exercised WT mice had HW/BW ratios similar to
those of nonexercised WT control mice (Fig. 3D). These results
indicate that SA mice are more sensitive than WT mice to ex-
ercise-induced cardiac hypertrophy.
To examine if β-adrenergic receptor blockade has beneficial

effects on cardiac function, we treated SA mice with either vehicle
or metoprolol for 4 wk using s.c. osmotic minipumps. Un-
expectedly, cardiac contractility of SA mice was impaired sig-
nificantly by metoprolol compared with vehicle treatment, as
measured by the percentage of FS (%FS) and MPI (Fig. 3 E
and F). However, the left ventricular end diastolic diameter

Fig. 2. SA mice exhibit impaired cardiac performance and dilated hypertrophy at 3 mo of age. (A–D) Echocardiographic assessment of the ventricle %FS (A),
left ventricle MPI (B), the Ea/Aa diastolic velocity ratio (C), and septal and left ventricle posterior wall thickness (D) in hearts of WT (n = 5), Het (n = 4), and SA
(n = 5) mice. (E) Representative sagittal histological sections of hearts from WT and SA mice stained with H&E. LV, left ventricle. *P < 0.05, **P < 0.01, ***P <
0.001 compared with WT control.
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(LVEDD) and HW/BW ratio were not changed by metoprolol
treatment (Fig. 3 G and H). These results indicate that β-receptor
blockade has a detrimental effect on cardiac contractility in
3-mo-old SA mice and has no beneficial effect on cardiac hy-
pertrophy at that early stage of their heart failure.

PKA-Dependent Compensatory Changes in SA Mice. The contractility
of SA cardiomyocytes was largely preserved despite severely
reduced basal and β-adrenergic–stimulated L-type Ca2+ current
(25), suggesting the engagement of cellular compensatory
mechanisms favoring contraction. Because cytoplasmic Ca2+

transients are required for contraction, a possible mechanism is
that SA cardiomyocytes may have increased intracellular Ca2+

release from the SR through RyR2 channels, whose activity is
increased after PKA-mediated phosphorylation at Ser2808 (31).
We found that both the level of expression of the PKA catalytic
subunit Cα and the level of phosphorylation of RyR2 at Ser2808
were increased significantly in the hearts of SA mice compared
with WT controls (Fig. 4 A and B), suggesting that the increases
in PKA activity and RyR2 activity might contribute to the
preservation of cardiac contractility in SA mice. In addition,
phosphorylation of PKA regulatory sites in PLB (Ser16) and
troponin-I (Ser23/24) was also increased, consistent with the
increased level of PKA expression (Fig. 4 C and D). In contrast,
phosphorylation by calcium/calmodulin-dependent protein ki-
nase II at Ser2814 in RyR2 and Thr17 in PLB was not increased,
suggesting specific hyperactivation of the PKA-signaling pathway
(Fig. 4 C and D).

Increased SR Calcium, Hyperactivated Calcineurin, and Improvement
in Cardiac Performance by Calcineurin Inhibition in SA Mice. In-
creased phosphorylation of PLB at Ser16 would relieve the
inhibition of SERCA2 and increase pumping of Ca2+ into the
SR (4). Consistent with this effect, we found that SA mice have
increased Ca2+ load in the SR, as determined from Ca2+ im-
aging of the release of SR content by activation of RyR2 with
caffeine and inhibition of SERCA with thapsigargin (Fig. 5).
Increased Ca2+ in the SR and increased Ca2+ release via RyR2
activated by phosphorylation of Ser2808 leads to activation of the

Ca2+/calmodulin-dependent phosphoprotein phosphatase calcineurin
and downstream signaling to the nuclear factor of activated T
cells (NFAT) pathway, which in turn is sufficient to cause cardiac
hypertrophy if chronically activated (32). Consistent with their
cardiac hypertrophy, SA mice have significantly increased calci-
neurin phosphatase activity in their hearts compared with WT
control mice (Fig. 6A). Furthermore, SA mice treated for 2 wk
with the calcineurin inhibitor FK-506 exhibited significantly im-
proved cardiac function compared with vehicle-treated controls
(Fig. 6 B–D). Similarly, SA mice treated with either FK-506 or
the calcineurin inhibitor cyclosporine A (CsA) showed signifi-
cant regression of cardiac hypertrophy as measured by the HW/
BW ratio (Fig. 6 E and F). These data suggest that the persistent
compensatory increases in PKA, SERCA, and RyR2 activity in
SA cardiomyocytes eventually lead to calcineurin activation and
cardiac hypertrophy.

Cardiomyocyte-Specific Expression of the SA Mutation Leads to
Cardiac Hypertrophy and Impaired Contractility. CaV1.2 is also
expressed in vascular smooth muscle, autonomic neurons, and
endocrine cells. To exclude effects of the SA mutation in these
other cell types, we generated mice with cardiomyocyte-specific
expression of the SA mutation. By crossing SA mice (CaV1.2

SA/SA)
with transgenic mice expressing tamoxifen-inducible Cre recombi-
nase under the control of the α-myosin heavy-chain promoter
(αMHC-MerCreMer, herein referred to as “Cre”) and CaV1.2

lox/lox

mice (33, 34), we obtained Cre;CaV1.2
SA/lox and control Cre;

CaV1.2
WT/lox mice. After tamoxifen treatment, the floxed CaV1.2

allele was inactivated selectively in cardiomyocytes, leaving only
one mutant SA allele expressed in Cre;CaV1.2

SA/lox mice and one
WT allele expressed in control Cre;CaV1.2

WT/lox mice. In other
tissues, both WT and SA alleles were expressed heterozygously
in Cre;CaV1.2

SA/lox mice. Based on our results (Figs. 1E and 2),
SA/WT heterozygosity had no effect on cardiac function. As
shown in Fig. 7 A and B, tamoxifen treatment inactivated the
floxed CaV1.2 allele and substantially reduced the level of
phosphorylated Ser1700 in heart extracts from Cre;CaV1.2

SA/lox

mice. As expected, the levels of phosphorylated Ser1700 in

Fig. 3. Increased sensitivity to isoproterenol-induced hypertrophy and exercise in SA mice. (A) HW/BW of WT and SA mice after treatment as indicated with
vehicle (Veh), isoproterenol (ISO, 10 mg·kg−1·d−1), isoproterenol plus metoprolol (ISO + Metop, 60 mg·kg−1·d−1), or isoproterenol plus carvedilol (ISO + Carv,
10 mg·kg−1·d−1). Mice were injected i.p. once per day for 14 consecutive days (n = 4 or 5 for each group). (B and C) Running-wheel activity of WT (n = 6) and
SA (n = 6) mice during a 4-d period. (D) HW/BW of WT (n = 6) and SA (n = 6) mice with or without 4 wk of running-wheel exercise. (E–H) Echocardiographic
assessment of %FS (E), LV MPI (F), LVEDD (G), and HW/BW (H) of age-matched SA mice after treatment with vehicle (Veh; n = 5) or metoprolol (Metop,
2.5 mg·kg−1·h−1; n = 6) for 4 wk with an s.c. Alzet osmotic minipump. *P < 0.05, **P < 0.01.
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cardiac samples from untreated Cre;CaV1.2
SA/lox mice and ta-

moxifen-treated Cre;Cav1.2WT/lox mice were comparable, be-
cause in both groups only one WT CaV1.2 allele was expressed,
whereas the untreated Cre;CaV1.2

WT/lox mice expressed both WT
alleles and had significantly more phosphorylated Ser1700 (Fig. 7B).
The remaining phosphorylated Ser1700 in samples from tamoxifen-
treated Cre;CaV1.2

SA/lox mice (27 ± 1.6% of the untreated
control) likely reflects CaV1.2 in vascular smooth muscle and
autonomic neurons resident in the heart, plus incomplete Cre-
mediated recombination in the myocytes [80% recombination
efficiency as reported (33)]. These results indicate that the ta-
moxifen-treated Cre;CaV1.2

SA/lox mouse can be used as a model
for cardiomyocyte-specific expression of the CaV1.2/S1700A mutation.
Echocardiographic analysis of Cre;CaV1.2

SA/lox mice 4 wk after
tamoxifen treatment revealed decreased ventricular contraction
as measured by %FS (Fig. 7C) and impaired systolic/diastolic
function as shown by increased MPI (Fig. 7D), without signifi-
cant effects on the Ea/Aa ratio (Fig. 7E) or LVEDD (Fig. 7F),
compared with those in tamoxifen-treated Cre;CaV1.2

WT/lox

mice. Consistent with the impaired cardiac performance, ta-
moxifen-treated Cre;CaV1.2

SA/lox mice showed an increased
HW/BW ratio compared with that in Cre;CaV1.2

WT/lox mice or
Cre-negative CaV1.2

SA/lox mice treated with tamoxifen (Fig. 7G).
In vehicle-treated mice, there was no difference in the HW/BW
ratios of the different genotypes (Fig. 7G). The increased heart
size after tamoxifen treatment in Cre;CaV1.2

SA/lox mice is also
evident by histological analysis (Fig. 7H). These results indicate
that the hypertrophic effect was caused by tamoxifen and Cre-
induced expression of the SA mutation in cardiomyocytes rather
than by cardiac toxicity of tamoxifen-induced Cre activity in
cardiomyocytes, as has been observed previously with higher
doses of tamoxifen (35). Evidently, the SA mutation is sufficient
to impair cardiovascular homeostasis and cause cardiac hyper-
trophy within 4 wk when expressed only in cardiomyocytes.

Discussion
Our results advance the knowledge of CaV1.2 channel regulation
and heart failure in four important ways. First, we report that
partial block of β-adrenergic regulation of cardiac CaV1.2

channels in SA and STAA mice per se is sufficient to cause
dramatic hypertrophy and heart failure, without effects on the
expression, localization, or function of CaV1.2 channels in car-
diac myocytes. Second, we show that phosphorylation of the
PKA site Ser1700 is crucial for both cardiovascular homeostasis
and prevention of heart failure, as well as for normal basal levels
of CaV1.2 channel activity and normal up-regulation by β-adrenergic/
PKA signaling. Third, we find that phosphorylation of the CKII
site Thr1704 contributes to both cardiovascular homeostasis and
prevention of heart failure as well as to normal basal levels of
CaV1.2 channel activity and normal up-regulation by β-adrenergic/
PKA signaling. Fourth, our results indicate that the car-
diac hypertrophy and heart failure initiated by mutation of
Ser1700 induce compensatory up-regulation of PKA expression,

Fig. 5. Increased Ca2+ load in the SR of ventricular myocytes from SA mice.
(A) WT mice. (B) SA mice. Ca2+-transients were evoked by depletion of the SR
store and subsequent reperfusion-induced Ca2+ entry. SR store depletion
was evoked by perfusion of 10 mM caffeine plus 2 μM thapsigargin in the
absence of extracellular Ca2+ (black bars). Representative traces of Ca2+

concentration demonstrating the time course of SR store depletion and
subsequent store-operated Ca2+ entry in individual ventricular myocytes are
shown as lighter traces. The dark trace is the average of the lighter traces
that represent the single-cell responses. For each trace, the fluorescent signal
at the end of store depletion was subtracted from the fluorescent signal at
the beginning of store depletion so that each cell served as its own control.
This procedure eliminates the effects of individual variation in the absolute
value of the fluorescent signal and allows calculation of mean ± SEM for
SR calcium load with good accuracy and reproducibility as reflected in C.
(C) Quantitative comparison of SR store showing the average change during
SR depletion process as mean ± SEM. **P < 0.01.

Fig. 4. PKA-dependent compensatory changes in expression and phosphory-
lation in SA mice. (A and B) Immunoblots (A) and quantification (B) of phos-
phorylation of RyR at Ser2808 (pS2808) and the PKA Cα subunit in 3-mo-old WT
and SA mice. Total RyR2 and GAPDH were used as loading controls. *P < 0.05
versus WT. n = 5 for each genotype. (C and D) Immunoblots (C) and quantifi-
cation (D) of phosphorylation of RyR2 at S2814, troponin-I at S23/24, and PLB at
S16 and T17 in ventricular lysates of 3-mo-old WT and SA mice. Total GAPDH
was used as a loading control. n = 3 for each genotype. *P < 0.05; **P < 0.01.
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hyperphosphorylation of Ser16 on PLB, of Ser2808 on RyR2,
and of Ser23/24 on troponin-I, and increased Ca2+ loading of the
SR. Although compensatory up-regulation of PKA and hyper-
phosphorylation of downstream targets are initially effective in
sustaining contractility, this persistent activation of cAMP and
Ca2+-signaling pathways eventually leads to heart failure via
hyperstimulation of calcineurin and its downstream signaling to
the nucleus via NFAT. These conclusions are considered in more
detail below.

Expression and Regulation of CaV1.2 Channels in SA and STAA Mice.
Interpreting our results in terms of the regulation of CaV1.2
channels requires that the mutant channels be expressed at
normal levels and localized at the cell surface in cardiac myo-
cytes in vivo. In our first mouse model of the regulation of
CaV1.2 channels we deleted the entire distal C-terminal domain
(20). Those mice died from perinatal heart failure. Using quan-
titative immunocytochemical methods, we found that CaV1.2
channel expression in ventricular myocytes was greatly reduced on
embryonic day 18 (20). Similarly, in cardiac myocytes cultured
from mutant mice on the same day, recordings of gating charge
movement also showed a large decrease in CaV1.2 channels on
the cell surface (20). Moreover, the CaV1.2 channels that were
expressed had completely lost their ability to be regulated by the
activation of PKA signaling with forskolin (20). These results
showed that the distal C-terminal domain is required for normal
expression of CaV1.2 channels in ventricular myocytes and for
regulation by the PKA pathway. Importantly, these results also
established that the immunocytochemical methods we used could

detect quantitative changes in expression and localization of
CaV1.2 channels.
The functional role of phosphorylation of Ser1700 and

Thr1704 was first revealed in reconstitution experiments in hu-
man embryonic kidney tsA-201 cells (14). In these cells, ex-
pression of CaV1.2 channels at the cell surface was assessed from
measurements of gating currents, and regulation by PKA was
studied in parallel measurements of Ba2+ currents. Mutation of
Ser1700 and Thr1704 individually or together had no effect on
cell-surface expression of CaV1.2 (14). However, basal CaV1.2
activity was substantially reduced by mutation of Ser1700 and
Thr1704, and PKA-stimulated CaV1.2 channel activity was
completely blocked by mutation of Ser1700. These results
showed that phosphorylation of Ser1700 and Thr1704 strongly
regulates basal and PKA-stimulated levels of CaV1.2 current, but
mutations that prevent phosphorylation have no effect on the
cell-surface expression of these channels.
Based on these results in reconstituted nonmuscle cells, we

constructed SA and STAA mice having mutation of Ser1700 or
of Ser1700 plus Thr1704, respectively (25, 26). Ventricular
myocytes from these mice have normal (>90%) levels of ex-
pression of CaV1.2 channels at the cell surface as assessed by
quantitative immunocytochemistry (25, 26), using the same ex-
perimental approach that clearly detected loss of expression of
CaV1.2 channels when the distal C terminus was deleted (20).
Similarly, immunoblotting did not detect reduced the expression
of CaV1.2 in the experiments presented here. Thus, we conclude
that mutation of Ser1700 and Thr1704 individually or together

Fig. 6. Calcineurin-dependent hypertrophy in SAmice. (A) Calcineurin phosphatase activity from the hearts of 2-mo-old WT and SAmice. Calcineurin activity was
normalized to the WT group. n = 6 for each genotype. (B–D) Echocardiographic assessment of %FS (B), left ventricle MPI (C), and Ea/Aa ratio (D) in 6- to 8-wk-old
SA mice treated twice daily for 14 d with vehicle (n = 4) or FK-506 (3 mg·kg−1·d−1; n = 5). (E) HW/BW in untreated Het control (n = 5) and SA mice treated with
vehicle (n = 4) or FK-506 (n = 5) in B–D. Mice were killed after echocardiographic analysis, and ventricular weights were measured. (F) HW/BW in 12-wk-old
nontreated Het control mice (n = 3) and SA mice treated twice daily for 14 d with vehicle (n = 5) or CsA 15 mg/kg (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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does not alter cell-surface expression of CaV1.2 in ventricular
myocytes in vivo.
Because cell-surface expression is unchanged, reduced CaV1.2

currents in ventricular myocytes must reflect reductions in
channel activity. In both SA mice and STAA mice, we found that
the basal CaV1.2 current was reduced by ∼65% (25, 26). These
results showed that the basal activity of CaV1.2 channels in
ventricular myocytes depends on the phosphorylation of these
two residues, as we observed in reconstituted nonmuscle cells
(14). Similarly, we found that the increment in β-adrenergic–
stimulated CaV1.2 current was reduced by 67% [19.4 picoampere/
picofarad (pA/pF) for WT mice vs. 6.5 pA/pF for SA mice (25)].
These results support the conclusion that two-thirds of the
β-adrenergic–stimulated CaV1.2 current depends on the phos-
phorylation of Ser1700, whereas one-third involves a separate
mechanism and potentially additional phosphorylation sites (25).
Measurements of β-adrenergic stimulation of CaV1.2 current

traditionally have relied on calculation of the ratio of stimulated
current [S+B] over basal current (B), where S is the increment of
CaV1.2 current caused by β-adrenergic stimulation. However,
inhibition of protein kinases in ventricular myocytes with a
broad-spectrum inhibitor reduces basal CaV1.2 current by 50–
60% (36). In this situation, use of the traditional [S+B]/B ratio as
a measure of β-adrenergic regulation is potentially misleading
because the denominator B is not a fixed quantity. Mutations

that preferentially reduce basal current will reduce B and para-
doxically will make the [S+B]/B ratio larger. Similarly mutations
that affect basal and stimulated CaV1.2 current, as we have
shown for SA and STAA mice, will have the same effects on S
and B and therefore the [S+B]/B ratio will remain approximately
unchanged even though large changes in the magnitude of
β-adrenergic–stimulated CaV1.2 current may have occurred. On
the other hand, mutations that preferentially reduce β-adrener-
gic–stimulated CaV1.2 current will reduce S, and the [S+B]/B
ratio also will be reduced; however, no mutations in CaV1.2
channels that have this specific functional effect on stimulated
CaV1.2 currents have been found to date. Our results suggest
that the same phosphorylation sites that are involved in regula-
tion of basal CaV1.2 currents, as assessed with broad-spectrum
kinase inhibitors (36), are also involved in up-regulation by
β-adrenergic stimulation, as we have observed for Ser1700 and
Thr1704 (14, 25, 26). In fact, there may not be any regulatory
sites that are completely unphosphorylated under basal condi-
tions and that are phosphorylated only in response to β-adren-
ergic stimulation in ventricular myocytes.
β-Adrenergic regulation of the CaV1.2 current also has been

analyzed in a transgenic mouse model in which exogenous WT or
mutant CaV1.2 channels were studied after the expression of the
transgene was induced with doxicyclin (9). Because CaV1.2 is
expressed from a transgene that lacks the regulatory sequences

Fig. 7. Mice with the cardiomyocyte-specific SA mutation show cardiac hypertrophy and impaired ventricular performance. (A and B) Immunoblot (A) and
quantitation (B) of phosphorylation of CaV1.2 at Ser1700 (pS1700) in heart lysates from mice 10 d after starting treatment with vehicle (Veh) or tamoxifen
(TAM, 30 mg/kg) i.p. once daily for three consecutive days. n = 3 for each genotype. (C–F) Echocardiographic assessment of %FS (C), left ventricle MPI (D), Ea/Aa
(E), and LVEDD (F) of αMHC-MerCreMer (Cre);Cav1.2WT/lox (n = 5) and Cre;Cav1.2SA/lox (n = 6) mice 4 wk after tamoxifen treatment. (G) HW/BW of the indicated
genotypes 5 wk after treatment with vehicle or tamoxifen (n = 5–10 for each group). (H) H&E staining of histological sections of hearts of Cre;Cav1.2SA/lox mice
5 wk after vehicle or tamoxifen treatment. *P < 0.05, ***P < 0.001.
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present in the native gene and its transcribed mRNA, control of
channel expression, localization, subunit composition, and as-
sociation with regulatory proteins may be altered. Moreover, in
this model, the basal level of CaV1.2 current is determined by the
level of induced transgene expression of CaV1.2 and therefore
cannot be studied easily as an independent physiological pa-
rameter. In this experimental setting, measurements of the tra-
ditional [S+B]/B ratio did not reveal effects of Ser1700 or
Thr1704 mutation, in apparent disagreement with our work (9).
However, as noted above, the [S+B]/B ratio in ventricular
myocytes did not change very much with the Ser1700 and
Thr1704 mutations in our hands either, because these mutations
reduce both the basal and the stimulated CaV1.2 current to
comparable extents (25, 26). If the physiologically relevant sites
for β-adrenergic stimulation of CaV1.2 current are partially
phosphorylated under basal physiological conditions, it would
be difficult to identify them by mutation when using a method
that relies on measurements of the traditional [S+B]/B ratio be-
cause both S and B would change together, obscuring significant
effects.

β-Adrenergic Regulation of Cardiac CaV1.2 Channels per se Is a
Tipping Point in Heart Failure. Increased Ca2+ influx via CaV1.2
channels in cardiomyocytes has been proposed to be responsible
for cardiac hypertrophy and pathological remodeling of the ven-
tricles in both animal models and human patients (27, 28, 37–39).
In keeping with these results, overexpression of CaV1.2 channels in
the hearts of transgenic mice leads to cardiac hypertrophy and
heart failure (40). Moreover, CaV1.2 blockers effectively inhibit
cardiac remodeling and prevent cardiomyopathy in animal models
with pressure overload (41, 42). Paradoxically, in light of these
experimental results, decreased expression of CaV1.2 protein in the
heart also leads to heart failure (43). In addition to direct effects on
Ca2+ signaling, changes in CaV1.2 protein levels also would alter
subcellular dyadic structures in cardiomyocytes that depend on the
presence of the CaV1.2 protein (44–46) and would modify the level
and composition of the supramolecular complex of CaV1.2 with
other signaling proteins such as the β2-adrenergic receptor,
AKAPs, adenylyl cyclases, PKA and other kinases, phosphodi-
esterases, and phosphoprotein phosphatases, including cal-
cineurin (47–49). Therefore, altered expression of CaV1.2 protein
could cause heart failure, or exacerbate it, by cell biological
changes in subcellular membrane compartments or macromolec-
ular signaling complexes as well as by altered Ca2+ signaling.
In contrast to this previous work, we specifically disrupted

β-adrenergic regulation of CaV1.2 channels by protein phos-
phorylation without changes in channel expression, localization,
or function (25, 26), and we probed the pathophysiological effects
of these specific regulatory changes through studies of cardiac
hypertrophy and heart failure. Remarkably, mutation of a single
PKA substrate residue in CaV1.2, Ser1700, which removes only its
hydroxyl group, induces dramatic cardiac hypertrophy and 100%
lethal heart failure in mice. These results demonstrate the ex-
ceptional sensitivity of the heart to even partial disruption of the
normal up-regulation of CaV1.2 channels by phosphorylation of
Ser1700 by the β-adrenergic/PKA signaling pathway. Surprisingly,
the SA mutation leads to a greater decrease in Ca2+ current in
isolated adult cardiomyocytes than did cardiomyocyte-specific
deletion of CaV1.2 in previous studies, but SA mice have less
impairment of cardiac function and live much longer than car-
diomyocyte-specific CaV1.2-knockout mice (compare refs. 24 and
43 and Fig. 1C). This comparison suggests that mechanisms in
addition to decreased Ca2+ influx contribute to heart failure in
mice having decreased CaV1.2 protein. Therefore, our results
provide direct evidence that loss of cardiac CaV1.2 channel reg-
ulation per se is sufficient to induce cardiac hypertrophy and heart
failure without changes in channel expression or localization.

Phosphorylation of Ser1700 Is Crucial for β-Adrenergic Regulation and
Cardiac Homeostasis. Ser1700 (or its equivalent) is phosphorylated
in vivo in response to β-adrenergic stimulation in skeletal and
cardiac muscle (23, 24) and is required for the normal β-adren-
ergic/PKA–stimulated increase in CaV1.2 channel activity in
transfected cells and in cardiac myocytes (14, 25, 26). The ex-
periments presented here show that phosphorylation of this site
is required for cardiac homeostasis and the prevention of heart
failure in vivo. The mechanism of β-adrenergic/PKA stimulation
of CaV1.2 channel activity in the fight-or-flight response has been
controversial (7–9). However, the results of our previous ex-
periments and those presented here leave no doubt about the
importance of phosphorylation of Ser1700 in cardiovascular
homeostasis and function. Mutation of this serine residue re-
duces basal L-type calcium current and impairs β-adrenergic/
PKA stimulation of CaV1.2 channels in transfected cells and
cardiac myocytes (14, 25, 26). Moreover, mutation of Ser1700
leads to dramatic cardiac hypertrophy and 100% lethal heart
failure in vivo. Together, these results demonstrate clearly that
phosphorylation of Ser1700 is crucial in cardiovascular regula-
tion and homeostasis.

Phosphorylation of the CKII Site Thr1704 Enhances β-Adrenergic
Regulation and Contributes to Cardiac Homeostasis. The sub-
stantially shorter lifespan of STAA mice compared with SA mice
(Fig. 1C) shows that phosphorylation of Thr1704 acts synergisti-
cally with phosphorylation of Ser1700 in cardiac regulation in vivo.
We found that ∼25% of isolated STAA cardiomyocytes exhibited
contraction failure or arrhythmic contractions in response to
β-adrenergic stimulation (26); these deficits were not observed in
SA cardiomyocytes (25). In STAA cardiomyocytes, but not in SA
cardiomyocytes, the IC50 for isoproterenol stimulation of CaV1.2
activity is approximately fivefold higher than that in WT car-
diomyocytes, suggesting that phosphorylation of Thr1704 and
Ser1700 acts synergistically in the regulation of CaV1.2
channels in cardiomyocytes (25). Evidently, loss of this syn-
ergistic regulation in STAA mice has dire consequences for
contractility, arrhythmia, and premature death. Interestingly,
synergistic regulation by PKA- and CKII-mediated phos-
phorylation has been identified for other protein targets (50).

Mutation of Ser1700 Initiates a PKA-Dependent Compensatory
Response. Cardiac myocytes from SA mice have a mild im-
pairment in contractility, despite their major deficit in basal
and β-adrenergic–stimulated Ca2+ currents (25), suggesting a
compensatory response that increases the sensitivity of con-
traction to Ca2+ entry via CaV1.2 channels. Our experiments
presented here show that PKA expression is increased and
three key downstream regulatory targets of PKA are hyper-
phosphorylated. Increased PKA phosphorylation of PLB Ser16
would increase SERCA pumping activity and increase the pool
of Ca2+ in the SR (4). Ca2+ imaging studies indicate that the
level of Ca2+ in the SR is indeed increased in SA mice. In this
context, increased PKA phosphorylation of RyR2 on Ser2808
would increase Ca2+ release from the SR (3). This increased
Ca2+ would have increased effectiveness in activating con-
tractions because of the hyperphosphorylation of troponin-I by
PKA. Together, this series of compensatory events would lead
to a substantial increase in the sensitivity of contractions to
the diminished Ca2+ entering through CaV1.2 channels and
thereby would sustain cellular contractility in the face of im-
paired basal and β-adrenergic–stimulated Ca2+ currents. How-
ever, persistent activation of this compensatory pathway causes
increased sensitivity to stress and hyperactivated signaling
via calcineurin, eventually leading to hypertrophy and heart
failure.
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SA Mice Show Increased Cardiovascular Pathology in Response to
Stress. The SA mutation greatly decreases CaV1.2 channel acti-
vation by β-adrenergic stimulation but causes a much lesser
reduction in the contractility of dissociated SA cardiomyocytes
(25), suggesting compensation in the downstream signaling
pathway. Consistent with that possibility, we show here that PKA
is up-regulated and Ser2808 in RyR2 is hyperphosphorylated in
SA mice. With the hyperactivation of this Ca2+ signaling path-
way, which initially may help preserve contractility, two normally
well-tolerated cardiovascular stresses, continuous treatment with
isoproterenol and voluntary wheel-running, both led to signifi-
cant increases in cardiac hypertrophy in SA mice. These results
reveal at a mechanistic level how seemingly effective compen-
satory changes that preserve cardiac contractility in the short
term can further endanger the heart and advance the process of
cardiac hypertrophy and heart failure when they are persistent.

Calcineurin, CaV1.2, and Heart Failure. The increased calcineurin
activity and the improvement of cardiac function by FK-506 and
CsA treatment suggest that hyperactive calcineurin signaling causes
cardiac hypertrophy and heart failure in SA mice. Calcineurin/
NFAT signaling has been well documented as a prohypertrophic
pathway in pathological conditions (32, 51). Calcineurin bound to
the dCT of CaV1.2 channels has sequential effects in response to
Ca2+ entry: it contributes to Ca2+-dependent inactivation and op-
poses up-regulation by PKA on the millisecond timescale (52), and
it signals through NFAT to gene transcription in the nucleus on a
longer timescale (53). In mice with heterozygous cardiac knockout
of CaV1.2 channels, calcineurin is hyperactivated, and its signaling
to the nucleus via the NFAT pathway triggers hypertrophy and
heart failure (43). The increased activation of calcineurin in these
mice is potentially caused by chronically increased RyR2 activa-
tion and Ca2+ leak from the SR (43), as we propose here for SAmice.
Our results add two crucial elements to this mechanism of heart
failure. First, we show that this pathway to hypertrophy and
heart failure can be engaged by specific impairment of the
β-adrenergic regulation of CaV1.2 channels in cardiomyocytes
per se, without effects on protein expression, localization,
or function. Second, we demonstrate that up-regulation of
PKA expression is potentially a key link in CaV1.2 channel
dysfunction, cardiac hypertrophy, and heart failure. Because
calcineurin/NFAT signaling is engaged to cause cardiac hy-
pertrophy induced by increased CaV1.2 protein expression (32,
40), decreased CaV1.2 protein expression (43), and impaired
regulation of CaV1.2 (this work), this mechanism gains in-
creased emphasis as a common pathway leading to hypertro-
phy and heart failure.

Materials and Methods
Animals. The STAA and SA mouse lines were generated using standard
methods as described previously (25, 26) and were backcrossed to C57BL/6J
mice for more than eight generations. Conditional Cav1.2lox/lox (JAX 024714)
and αMHC-MerCreMer (JAX 005657) mice were purchased from Jackson
Laboratory and have been described previously (33, 34). Mice with heart-
specific expression of the SA mutation were generated by crossing the
αMHC-MerCreMer transgenic line to SA mice to obtain αMHC-MerCreMer;
CavSA/WT mice, which then were crossed to Cav1.2lox/lox mice to obtain αMHC-
MerCreMer;Cav1.2SA/lox mice. Littermates with αMHC-MerCreMer;Cav1.2WT/lox

and Cre-negative Cav1.2SA/lox genotypes were used as controls in bio-
chemical and physiological studies. To induce αMHC-MerCreMer activation,
mice were injected i.p. with tamoxifen (T5648; Sigma) once a day at
30 mg·kg−1·d−1 for three consecutive days (35). All mice used in this study
were pathogen free and were housed in the University of Washington An-
imal Facility at constant temperature (22 °C), on 12-h light/12-h dark cycles,
with ad libitum access to food and water. Mice were housed in groups (three
to five mice per cage) except for running-wheel studies. The use of animals
in this study was approved by the Institutional Animal Care and Use Com-
mittee at the University of Washington.

Immunoblot and Histological Analysis. Immunoblot analysis was performed
using mouse ventricles snap-frozen in liquid nitrogen and stored at −80 °C.
Ventricles were homogenized in lysis buffer [50 mM Tris·HCl (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 1 mM EDTA, supplemented
with protease inhibitors (Roche cOmplete ULTRA tablets) and phosphatase in-
hibitors (Roche PhosSTOP)]. Homogenates were centrifuged at 12,000 × g, 4 °C
for 10 min, and the supernatants were used for blotting. Twenty micrograms of
protein were loaded on 4–20% Tris-glycine polyacrylamide gels and transferred
to nitrocellulose membranes. Antibodies against total CaV1.2 (CNC1) and CaV1.2-
pS1700 were generated as described previously (14, 15). Antibodies against RyR2
(ARR-002; Alomone Labs), RyR2-pS2808 (ab59225; Abcam), PKA Cα subunit (sc-
903; Santa Cruz), RyR2-pS2814 (A010-31; Badrilla), troponin-I-pS23/24 (4004; Cell
Signaling), phospholamban-pS16 (A010-12; Badrilla), phospholamban-pT17
(A010-13; Badrilla), and GAPDH (AM4300; Invitrogen) were used. Immunoblots
were analyzed using the NIH ImageJ program.

For histological studies, adult mice were anesthetized with isoflurane and
transcardially perfused with PBS followed by ice-cold PBS-buffered 4%
paraformaldehyde. Hearts were frozen in optimum cutting temperature
(OCT) compound and were cryosectioned (10 μm). For gross histological
examinations, sections were stained with H&E. For CaV1.2-pS1700 immuno-
histochemistry, sections were washed in PBS and incubated sequentially in
blocking solution [1× PBS, 0.1% Tween 20 (PBST) and 10% normal goat
serum] for >1 h and primary antibody (anti-pS1700, 1:200 in blocking solu-
tion) at 4 °C overnight. Sections then were washed four or five times in PBST
and were incubated with goat anti-rabbit Alexa Fluor 488-labeled secondary
antibody (1:1,000 in blocking solution) for 2–3 h. Sections were washed with
PBST and mounted with VECTASHIELD mounting medium and coverslips.
Images were collected using a Leica SL confocal microscope in the Keck
Imaging Facility at the University of Washington.

Echocardiography, Drug Treatment, and Running-Wheel Exercise. For mice from
all genotypes or treatment groups, anesthesia was induced with 2% isoflurane
and sustained with 0.5% isoflurane. Echocardiography was performed with an
Acuson CV-70 cardiovascular ultrasound system (Siemens) using standard im-
aging planes: M-mode, conventional and Tissue Doppler imaging as described
previously (54). To test the effect of persistent β-adrenergic stimulation, 3-mo-
old SA mice and age-matched WT mice were injected i.p. once daily with
isoproterenol (10 mg·kg−1·d−1) or vehicle (saline) for 14 consecutive days. Two
additional groups of mice were injected i.p. with isoproterenol (10 mg·kg−1·d−1)
in combination with either the β1-selective blocker metoprolol (60 mg·kg−1·d−1)
or the nonselective β-blocker carvedilol (10 mg·kg−1·d−1). For long-term
metoprolol treatment, Alzet osmotic minipumps (2004; Durect Corp.) con-
taining isoproterenol (2.5 mg·kg−1·h−1) or saline were surgically inserted s.c.
in 3-mo-old mice under isoflurane anesthesia. At the fourth week following
surgery, echocardiography was performed to assess cardiac function; then
mice were killed, and the HW/BW ratio was measured. To test the effect of
calcineurin inhibition on cardiac function, SA mice at 4–6 wk of age were
injected s.c. with FK-506 (3 mg·kg−1·d−1) (Abcam) or vehicle twice daily for 14
consecutive days followed by echocardiographic assessment. For CsA (EMD
Millipore) injection, 10-wk-old SA mice were injected s.c. with CsA (15 mg/kg)
or vehicle twice daily for 14 d. For running-wheel exercise, 12-wk-old mice
were housed singly with free access to a running wheel for 4 wk, and the
running activity was automatically recorded. Age-matched mice housed
singly without access to a running wheel were used as control.

Calcineurin Activity Assay. Calcineurin activity was measured by using the
calcineurin cellular assay kit (BML-AK816; Enzo Life Sciences) according to the
manufacturer’s instructions. Briefly, ventricles from WT and SA mice were
homogenized in the lysis buffer with the protease inhibitors provided in the
kit. Homogenates were centrifuged at 10,000 × g, 4 °C for 10 min. Excess
phosphate and nucleotides were removed from the supernatant extract by gel
filtration. Five micrograms of protein were used for the assay. Calcineurin
activity was measured as the dephosphorylation of a synthetic phosphopep-
tide substrate (RII peptide) in the presence or absence of EGTA. The amount of
PO4 released was determined photometrically by using the BIOMOL GREEN
reagent provided in the kit. The phosphate release was normalized to the WT
group to obtain relative calcineurin activity.

Statistics. Statistical analysis was performed using Prism GraphPad software.
A log-rank test was performed to compare the survival curves of WT, STAA,
and SA mice. The other comparisons were analyzed by two-tailed Student’s t
test for two groups and by one-way or two-way ANOVA for three or more
groups. ANOVA was followed by Bonferroni posttests for multiple com-
parisons. Values are presented as means ± SEM. Differences were considered
significant at P < 0.05.
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