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L-type calcium (Ca2+) currents conducted by voltage-gated Ca2+

channel CaV1.2 initiate excitation–contraction coupling in cardio-
myocytes. Upon activation of β-adrenergic receptors, phosphory-
lation of CaV1.2 channels by cAMP-dependent protein kinase (PKA)
increases channel activity, thereby allowing more Ca2+ entry into
the cell, which leads to more forceful contraction. In vitro recon-
stitution studies and in vivo proteomics analysis have revealed
that Ser-1700 is a key site of phosphorylation mediating this ef-
fect, but the functional role of this amino acid residue in regulation
in vivo has remained uncertain. Here we have studied the regula-
tion of calcium current and cell contraction of cardiomyocytes in
vitro and cardiac function and homeostasis in vivo in a mouse line
expressing the mutation Ser-1700–Ala in the CaV1.2 channel. We
found that preventing phosphorylation at this site decreased the
basal L-type CaV1.2 current in both neonatal and adult cardiomyo-
cytes. In addition, the incremental increase elicited by isoprotere-
nol was abolished in neonatal cardiomyocytes andwas substantially
reduced in young adult myocytes. In contrast, cellular contractility
was only moderately reduced compared with wild type, suggesting
a greater reserve of contractile function and/or recruitment of com-
pensatory mechanisms. Mutant mice develop cardiac hypertrophy
by the age of 3–4 mo, andmaximal stress-induced exercise tolerance
is reduced, indicating impaired physiological regulation in the fight-
or-flight response. Our results demonstrate that phosphorylation at
Ser-1700 alone is essential to maintain basal Ca2+ current and reg-
ulation by β-adrenergic activation. As a consequence, blocking PKA
phosphorylation at this site impairs cardiovascular physiology in
vivo, leading to reduced exercise capacity in the fight-or-flight re-
sponse and development of cardiac hypertrophy.
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Upon membrane depolarization, CaV1.2 channels conduct
L-type calcium (Ca2+) current into cardiomyocytes and initiate

excitation–contraction coupling (1, 2). Ca2+ influx through Cav1.2
channels activates Ca2+ release from the sarcoplasmic reticulum,
which leads to contraction of myofilaments. As the initiator of
excitation–contraction coupling, Ca2+ influx via CaV1.2 channels is
tightly regulated. Under conditions of fear, stress, and exercise,
the sympathetic nervous system activates the fight-or-flight re-
sponse, in which the marked increase in contractile force of the
heart is caused by epinephrine and norepinephrine acting through
β-adrenergic receptors, activation of adenylyl cyclase, increased
cAMP, activation of cAMP-dependent protein kinase (PKA), and
phosphorylation of the CaV1.2 channel (1, 3). Phosphorylation of
the CaV1.2 channel leads to a threefold to fourfold increase in
peak current amplitude in mammalian cardiomyocytes. Regula-
tion of the CaV1.2 channel by the cAMP signaling pathway is al-
tered in cardiac hypertrophy and heart failure (4–6). Under those
pathological conditions, responsiveness of CaV1.2 channel activity
to β-adrenergic receptors and PKA activation is severely blunted,
resulting in diminished contractile reserve and impaired fight-
or-flight response (6, 7). Enormous effort has been devoted to

understanding how β-adrenergic regulation of the CaV1.2
channel is achieved, but the exact molecular mechanisms remain
unresolved.
CaV1.2 channels contain multiple subunits, including a pore-

forming α11.2 subunit (also designated α1C), β and α2δ subunits
that modulate expression of CaV1.2 at the cell surface, and
possibly γ subunits (8). The closely related CaV1.1 and CaV1.2
channels in skeletal and cardiac muscle, respectively, are both
proteolytically processed near the center of their large C-termi-
nal domains (9, 10), and the distal C terminus (dCT) remains
associated noncovalently with the proximal C terminus (pCT)
and serves as a potent autoinhibitor (11, 12). Regulation of
CaV1.2 channels by PKA was reconstituted in nonmuscle cells
with a dynamic range of threefold to fourfold similar to native
cardiomyocytes by building the autoinhibitory CaV1.2 complex
through cotransfection of each of its components (13). Suc-
cessful reconstitution required an A Kinase Anchoring Protein
(AKAP), which recruits PKA to the dCT (13–15). Deletion of
the dCT in vivo results in loss of regulation of the L-type Ca2+

current by the β-adrenergic pathway and embryonic death from
heart failure (16, 17). These results suggest that the auto-
inhibited CaV1.2 signaling complex serves as the substrate for
β-adrenergic regulation, and disruption of this complex leads to
heart failure.
PKA is responsible for phosphorylation of the CaV1.2 channel

in response to β-adrenergic stimulation in cardiac myocytes (18–
22). Although multiple PKA sites have been identified in α1
subunits by in vitro phosphorylation (10, 23), none of these sites
is required for regulation of CaV1.2 channels in vivo. For
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example, PKA-dependent phosphorylation of S1928 is prom-
inent in transfected cells and cardiomyocytes (10, 24), but its
phosphorylation has little or no effect on β-adrenergic up-regu-
lation of cardiac CaV1.2 channel activity in transfected cells or
cardiomyocytes (13, 25, 26). Two sites in the C terminus of the
skeletal muscle CaV1.1 channel are phosphorylated in vivo as
assessed by mass spectrometry (S1575 and T1579), and phos-
phorylation of S1575 is increased by β-adrenergic stimulation
(27). These sites are conserved in cardiac CaV1.2 channels as
S1700 and T1704, and phosphoproteomics analysis revealed
β-adrenergic–stimulated phosphorylation of S1700 by PKA (28).
S1700 and T1704 reside at the interface between the pCT and
dCT. In studies of the CaV1.2 signaling complex reconstituted in
nonmuscle cells, phosphorylation of both sites was required for
normal basal channel activity, whereas only S1700 was essential
for PKA stimulation (13). Mutation of S1700 and T1704 to Ala
in STAA mice reduced basal activity and CaV1.2 channel regula-
tion by the β-adrenergic pathway in cardiomyocytes (29). To fur-
ther dissect the contribution of S1700, we studied a mutant mouse
line expressing CaV1.2 channel with the S1700A mutation (SA
mice). Our results demonstrate that this single phosphorylation site
is required for normal regulation of CaV1.2 channels, contraction
of cardiac myocytes, exercise capacity, and cardiac homeostasis.

Results
S1700A Mutation in CaV1.2 Channels in Mice. S1700 and T1704 are
located on the same side of an alpha helix, strategically posi-
tioned in the interaction face between the dCT and pCT (Fig.
1A). Standard gene-targeting procedures were used to generate

mice in which the CaV1.2 channel harbors the S1700A mutation
(Fig. 1B). SA mice are viable and show no overtly distinguishable
phenotypes before postnatal day 60. Examination of expression
of mutant CaV1.2 channels by immunoblotting extracts from
whole heart revealed a trend toward reduced channel expression
that did not reach significance (Fig. 1C). More importantly, in
acutely dissociated ventricular myocytes, immunocytochemical
staining of CaV1.2 channels with an antibody recognizing the in-
tracellular linker connecting domains II and III of the α11.2 sub-
unit (30, 31) showed levels of specific staining in integrated
Z-stack images that were comparable to WT (Fig. 1C). Moreover,
line-scan analysis from surface and middle planes of Z-stack
images revealed that the cellular distribution of mutant CaV1.2
channels is similar to WT (Fig. S1), with only a small reduction in
staining intensity at the surface of the cells. No significant differ-
ence in specific immunostaining was observed with the anti-CH2
antibody, which recognizes the dCT (Fig. 1D), suggesting an un-
changed ratio of dCT to pCT in SA cardiomyocytes, in contrast to
the increase in dCT observed in STAA cardiomyocytes (29). Using
the phosphospecific antibody anti-CH3P against phospho-S1928,
we observed similar basal immunostaining, and 100 nM iso-
proterenol (Iso) increased phosphorylation to a similar degree in
WT and SA myocytes (Fig. 1E). Thus, overall responsiveness of
β-adrenergic signaling is preserved in myocytes expressing CaV1.2/
S1700A. Together, these results indicate that Ala substitution for
S1700 alone does not substantially affect CaV1.2 channel expres-
sion or distribution, the stoichiometry of the dCT and pCT in the
autoinhibitory complex, or the overall β-adrenergic signaling to
CaV1.2 channels as judged from phosphorylation of S1928.
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Fig. 1. Alanine substitution of S1700 in Cav1.2 channels. (A) Molecular model of S1700 and T1704 at the interface between the dCT and pCT. (B) Mutations
indicated by an asterisk (*) were introduced into exon 41 of CaV1.2 genomic DNA by homologous recombination to generate a knock-in mouse line expressing
Ala at S1700 (SA). The point mutation is immediately followed by the Neo cassette. (C) (Top) Representative immunoblot of heart extracts of WT (left two
lanes) and SA (right two lanes) animals using an antibody targeting the intracellular II–III loop of CaV1.2 channels (anti-CNC1). (Middle) Representative
immunostaining using anti-CNC1 antibody. (Bottom) Relative expression of CaV1.2 channel in WT and SA hearts was quantified with immunoblot (Left) and
fluorescence immunostaining (Right). (D, Upper) Representative immunostaining of cardiomyocytes from WT and SA mice using an antibody recognizing the
dCT (anti-CH2) under control conditions and 10 min after 100 nM Iso stimulation. (Lower) Relative fluorescence intensity was quantified. (E, Upper) Rep-
resentative immunostaining of cardiomyocytes from WT and SA using an antibody recognizing phosphorylated S1928 under basal conditions and in response
to 100 nM Iso stimulation. (Lower) The fluorescence intensity was quantified. ***P < 0.001 (two-way ANOVA, Iso vs. control).
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Reduced Basal Ba2+ Currents and Blunted Response to β-Adrenergic
Stimulation in SA Neonatal Cardiomyocytes. Using Ba2+ as charge
carrier, we examined basal CaV1.2 channel function in neonatal
cardiomyocytes dissociated on postnatal days 0–2, before the
hypertrophy that develops later in life for SA mice (see below)
could adversely affect CaV1.2 regulation. Basal CaV1.2 channel
activity was significantly reduced in SA myocytes. The peak L-
type current at +10 mV was 419 ± 55 pA in WT and 268 ± 38 pA
in SA cardiomyocytes (P < 0.001). We tested responsiveness to
β-adrenergic stimulation by comparing L-type current before and
3 min after addition of 1 μM Iso (Fig. 2A). A statistically signif-
icant increase was observed in WT but not in SA cardiomyocytes
(Fig. 2B). These results indicated that preventing phosphorylation
of S1700 reduces both basal L-type Ca2+ channel activity and its
up-regulation by the β-adrenergic/PKA pathway. These effects of
the S1700A mutation on CaV1.2 channel function in neonatal
myocytes suggest that the changes we observe in channel regu-
lation are intrinsic to the phosphorylation state of this site, rather
than being secondary to the resulting development of cellular
pathology.

Response to β-Adrenergic Stimulation in Young Adult SA Myocytes.
We also tested β-adrenergic responsiveness in myocytes isolated
from young-adult animals when β-adrenergic signaling was fully
mature. Basal currents in myocytes from SA mutant mice were
small relative to currents in WT myocytes (Fig. 3 A–C, red).
Similarly, the increments in Ca2+ current amplitude induced by

treatment for 5 min with 3, 10, and 100 nM Iso were also smaller
for SA myocytes than WT (Fig. 3 A–C). The shape of the cur-
rent–voltage relationships for WT cells treated with 0, 3, 10, or
100 nM Iso (Fig. 3 A–C, black) reveals the well-known negative
shift of the Ca2+ current after Iso treatment. The smaller current
amplitudes in SA myocytes (Fig. 3 A–C, red) prevented a quan-
titative assessment of differences in the negative shift in the
current–voltage relationship, but the negative shift seemed less
prominent at 100 nM Iso in SA myocytes compared with WT.
The most prominent effect of the SA mutation is the marked
reduction in peak amplitude of the Iso-stimulated CaV1.2 cur-
rent over this concentration range in comparison with WT
myocytes (Fig. 3D).
It is typical to assess the β-adrenergic stimulation of CaV1.2

channel activity by comparing the ratio of current observed be-
fore and after treatment with Iso. However, this metric is mis-
leading in SA myocytes because both the denominator (basal
current) and the numerator (Iso-stimulated current) are sub-
stantially reduced, and the reduction in basal current in the de-
nominator artifactually increases the stimulation ratio. Our
dissociated SA cardiomyocytes have approximately the same
density and distribution of CaV1.2 channels as WT (Fig. 1B and
Fig. S1). Therefore, to quantify the extent to which current could
be increased through these channels, basal CaV1.2 current was
subtracted, and the increments in CaV1.2 current induced by Iso
were plotted vs. concentration. The Iso-induced increment in
peak CaV1.2 current in SA myocytes (Fig. 3E, red) showed

A B

Fig. 2. Reduced basal Ba2+ current and impaired response to β-adrenergic activation by 1 μM Iso in SA neonatal cardiomyocytes. (A) Time course of IBa
following application of Iso (arrow). Basal current was stable for 2 min before zero time. (B) Current–voltage relationship in unstimulated cardiomyocytes and
after stimulation by 1 μM Iso. Statistical significance was determined by two-way ANOVA with a Bonferroni posttest. *P < 0.05 (Iso vs. basal).

A B C

D E

Fig. 3. Reduced basal Ca2+ current and impaired response to β-adrenergic activation by Iso in adult cardiomyocytes. (A–C) ICa was recorded under basal
conditions and 5 min after application of 3 nM (A), 10 nM (B), and 100 nM (C) Iso in WT (n = 8–18) and SA (n = 11–19) cardiomyocytes. Basal current was stable
for 2 min before addition of Iso. (D) Mean absolute magnitudes of peak current plotted vs. Iso concentration. (E) Baseline subtracted Iso-induced increment in
ICa density plotted against Iso concentration. *P < 0.05 (SA vs. STAA; ref. 29); ***P < 0.001 (WT vs. SA).
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significant reduction at low concentrations of Iso and was greatly
reduced in response to full activation of the β-adrenergic path-
way with 100 nM Iso in comparison with WT myocytes (19.4 ±
1.2 pA/pf for WT vs. 6.5 ± 0.2 pA/pf for SA; P < 0.001; 33% of
WT; Fig. 3E, black).
It is of interest to compare the concentration–response curves

for myocytes from SA and STAA mice (Fig. 3E, light gray). The
results for WT myocytes in these two datasets are nearly iden-
tical (Fig. 3E, black and gray). In contrast, the form of the
concentration–response curves is noticeably different in STAA
and SA myocytes. The double mutation of S1700 and T1704 has
a greater effect at low Iso concentrations, shifting the concentra-
tion–response curve toward higher concentrations (Fig. 3E, gray;
ref. 29), whereas the single S1700A mutation has less effect at low
levels of Iso stimulation but a similar effect at 100 nM Iso (Fig. 3E,
red). Possible interpretations of this difference in concentration
dependence are considered in Discussion.

Impaired β-Adrenergic Regulation of Contraction in SA Myocytes.
Ca2+ entry via the CaV1.2 channel is the first step in excita-
tion–contraction coupling, which induces Ca2+ release from the
sarcoplasmic reticulum and myocyte contraction in a nonlinear
manner. To determine the degree to which reduced Ca2+ entry
in the SA myocytes affects regulation of contraction, we exam-
ined the response of cellular contractility to Iso stimulation.
Myocytes were stimulated at 1 Hz in the absence and presence
of a range of concentrations of Iso, and cell shortening was
measured by microscopy. As in WT, SA myocytes contracted in
response to stimulation (Fig. 4A), and the extent of contraction
increased in response to Iso (Fig. 4B). Surprisingly, despite the
substantial decrease in CaV1.2 current, contraction was not sig-
nificantly different from WT, except at 10 nM Iso, where it was
decreased by 30%. Thus, contraction and its regulation by Iso are
better preserved than Ca2+ current and its regulation.
In our previous work, we found that the phenotype of CaV1.2

STAA mutant mice included frequent episodes of Iso-induced
asynchronous contractions and contraction failures (29). These
phenotypes were not observed for myocytes from the SA mice
studied here, suggesting a milder deficit in control of contractility
compared with STAA mice.

Reduced Exercise Capacity in SA Mice. To assess the importance of
phosphorylation at S1700 in the fight-or-flight response in vivo,
we forced WT and SA mice to run uphill on a treadmill to escape
a foot shock at the bottom of the slope until exhaustion. SA mice
were able to run uphill and escape the shock for ∼30% less dis-
tance than WT mice (Fig. 5A). This deficit was similar to that of
STAA mice (29), indicating a substantial reduction in contractile
reserve and impairment of the fight-or-flight response in vivo for
both mouse lines.

Cardiac Hypertrophy in SA Mice. Disruption of Ca2+ homeostasis
has severe consequences in the heart (2, 4, 32). Our results show
that blocking phosphorylation at S1700 reduces basal and Iso-
stimulated L-type Ca2+ currents and cellular contractility in SA
myocytes. In our previous studies of STAA mice (29), this deficit
was associated with a striking increase in heart to body weight
ratio and cellular hypertrophy. Similar phenotypes were ob-
served in the SA mice studied here, with a 26% increase in heart/
body-weight ratio (Fig. 5B) and a 15% increase in cellular hyper-
trophy measured as cell-surface capacitance (Fig. 5C) compared
with WT. These results indicate that the lack of phosphorylation
of S1700 and the resulting reduction in basal and β-adrenergic–
stimulated Ca2+ current lead to cardiac hypertrophy in vivo.

Discussion
This report describes the effects of a single serine-to-alanine
mutation in a key cAMP-dependent phosphorylation site in the
CaV1.2 channel on regulation of Ca2+ current and contraction in
dissociated cardiomyocytes and on cardiac performance and
homeostasis in vivo. Mutation of this PKA phosphorylation site
reduced basal CaV1.2 current in cardiac myocytes to ∼37% of its
WT value, and maximal stimulation with 100 nM Iso increased
CaV1.2 current to only ∼33% of the WT value. Importantly,
these effects occurred despite similar levels of expression and
subcellular distribution of CaV1.2 protein in SA and WT car-
diomyocytes. Thus, phosphorylation of S1700 is essential for
setting both the level of basal CaV1.2 activity and the β-adrenergic
stimulation of Ca2+ current. In contrast to the effects on Ca2+

current, overall β-adrenergic signaling was normal, as assessed by
phosphorylation of S1928 in the C-terminal domain of CaV1.2 in
response to Iso. The effect of the S1700A mutation on cell con-
traction was less than on the CaV1.2 current itself. Therefore, the
primary physiological deficits at the cellular level were the size of
the Cav1.2 current and the stimulation of peak current by Iso.
Despite normal β-adrenergic signaling and the limited effect on
cell contraction, the altered regulation of CaV1.2 was associated
with striking cardiac hypertrophy and substantial reduction in
maximal stress-induced exercise capacity in vivo. These are re-
markable physiological consequences from the mutation of a sin-
gle amino acid residue in a protein phosphorylation site. The
significance of these results for CaV1.2 channel regulation and
cardiovascular function is considered in more detail below.

A

B

Fig. 4. In vitro cell shortening in response to Iso stimulation. (A) A repre-
sentative trace of cell shortening in response to field stimulation at 1 Hz. (B)
Cell shortening was quantified at basal levels and in response to 3, 10, and
100 nM Iso. **P < 0.01 (WT vs. SA).

A B C

Fig. 5. Exercise tolerance and cardiac hypertrophy. (A) Total distance run on
a treadmill. (B and C) Cardiac hypertrophy measured as heart/body-weight
ratio (B) or membrane capacitance measured in whole-cell patch-clamp
experiments (C). *P < 0.05. n = 7 WT, 5 SA (B); 45 WT, 46 SA (C).
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Phosphorylation of S1700 Is Required for Basal Activity of CaV1.2
Channels. The basal L-type Ca2+ current is regulated by PKA as
well as other protein kinases (13). In transfected nonmuscle cells,
Ala substitution for both S1700 and T1704 reduced basal L-type
Ca2+ currents, indicating that these two phosphorylation sites are
both involved in control of basal CaV1.2 channel activity (13).
T1704 is a substrate for casein kinase II, whereas S1700 is
phosphorylated by PKA and Ca2+/calmodulin-dependent protein
kinase II (13, 27). Our results showing that the single S1700A
mutation reduced basal Ca2+ current to ∼37% of normal dem-
onstrates the importance of phosphorylation of this site for the
basal level of Ca2+ current in cardiac myocytes. We observed a
similar reduction in basal current amplitude for the STAA mu-
tant, in which both S1700 and T1704 are mutated (29). The
simplest explanation for those results is that the SA mutation is
responsible for nearly all of the reduction in current observed for
the combined STAA construct. However, it is also possible that
phosphorylation at both sites is necessary to sustain normal
regulation of the basal level of CaV1.2 current in cardiomyocytes,
and therefore mutation of either site would give a reduction
similar to mutating both. In any case, it is clear from the results
presented here that phosphorylation of S1700 is a primary de-
terminant of the level of CaV1.2 current at basal levels of protein
phosphorylation.

Phosphorylation of S1700 Is Required for Normal Stimulation of
CaV1.2 Current in the Fight-or-Flight Response. In transfected non-
muscle cells, mutation of S1700 prevented up-regulation of
CaV1.2 channel activity in response to treatment with Iso (13).
The S1700Amutation resulted in greatly reduced peak Ca2+ current
in response to 3, 10, and 100 nM Iso in myocytes from SA mice.
This loss of regulation was not caused by alteration in β-adrenergic
signaling per se, because phosphorylation of S1928 was unchanged
from WT. Moreover, the remaining stimulation of CaV1.2 current
by Iso had similar concentration dependence to WT. Altogether,
our results in transfected nonmuscle cells and SA mice provide
strong evidence that S1700 is the primary site of PKA phosphory-
lation mediating the fight-or-flight response in cardiac myocytes.
Contrasting results were reported from studies in which en-

dogenous CaV1.2 channels in cardiomyocytes were blocked with
a dihydropyridine antagonist and exogenous WT or S1700A/
T1704A CaV1.2 channels harboring a mutation that prevents
dihydropyridine block were expressed from a transgene (33). In
this experimental system, the response of the CaV1.2 channels to
200 nM Iso was not significantly reduced by combined S1700A
and T1704A mutations. As we have shown in transfected cells,
regulation of CaV1.2 channels by the PKA pathway requires
a stoichiometric complex of channel subunits, AKAP, and PKA
(13). One plausible reason for the difference in results is the
possibility that exogenously expressed CaV1.2 channels do not
achieve the correct subcellular location or the correct protein
composition and stoichiometry of the CaV1.2 signaling complex.

Role of T1704 Phosphorylation in Regulation of Basal CaV1.2 Activity.
T1704 is predicted to be a substrate for casein kinase II (13, 27),
which is constitutively active in cardiac myocytes (34, 35). Thus,
basal phosphorylation of this site may be high and not strongly
regulated by Iso. T1704 is present in SA, but not in STAA
myocytes. S1700 and T1704 are located at the interface where
the dCT and pCT interact (Fig. 1A). Despite this difference in
available phosphorylation sites at this key interface, we found
little difference in basal Ca2+ current between SA and STAA
myocytes. Experiments on CaV1.2 channels in transfected cells
showed that combining the T1704A mutation with S1700A fur-
ther decreased the level of basal current (13), suggesting an
important role for basal phosphorylation of T1704. In STAA
mice, other compensatory changes in regulation of basal phos-
phorylation and dephosphorylation or other modulators of
channel activity may have partially restored basal Ca2+ current
despite the mutation of T1704.

Concentration Dependence of Iso Stimulation in STAA and SA
Myocytes. In STAA myocytes, the IC50 for Iso stimulation of
CaV1.2 activity is shifted ∼4.6-fold to a higher concentration
compared with WT (27). In contrast, the concentration de-
pendence for Iso stimulation is similar for SA and WT mice (Fig.
3E). Thus, phosphorylation at T1704 may destabilize the auto-
inhibitory interaction between the pCT and dCT and thereby
enhance the ability of phosphorylation at S1700 to disinhibit the
channel, even though phospho-T1704 alone is not able to relieve
autoinhibition in cardiomyocytes. Because the availability of T1704
for phosphorylation is the only known difference between SA
and STAA myocytes, the 4.6-fold shift in the concentration–
response relationship toward higher Iso concentrations in STAA
mice suggests either that phosphorylation of T1704 increases the
availability or efficacy of S1700 phosphorylation or that, in the
absence of T1704 phosphorylation, an additional unknown site
is engaged at higher levels of stimulation of the PKA pathway.

Remaining β-Adrenergic Regulation of CaV1.2 Channels in SA and
STAA Myocytes. Despite the large reduction in basal CaV1.2
current in SA and STAA myocytes, CaV1.2 channels are sub-
stantially up-regulated by β-adrenergic/PKA signaling, and the
increment in current induced by treatment with 100 nM Iso is
approximately one-third of WT (Fig. 3E). This finding impli-
cates one or more PKA sites other than S1700 in the regulation
of CaV1.2 channels. A well-characterized site that is phosphor-
ylated in an Iso- and PKA-dependent fashion is S1928 (10, 23,
24); however, no evidence has emerged for a strong effect of
phosphorylation of this site in the regulation of cardiac CaV1.2
channels in transfected cells (13) or in cardiomyocytes dissoci-
ated from mutant mice (25, 26). It is possible that regulation
via phosphorylation of S1928 is unmasked in vivo by mutation of
S1700 or that additional, unidentified PKA phosphorylation site(s)
are responsible for the remaining regulation of CaV1.2 channels
in STAA and SA mice. These additional phosphorylation sites
might reside in either the α1 or β subunits.

Block of Phosphorylation of S1700 Has a Smaller Effect on Contraction.
Ca2+ entry through CaV1.2 channels initiates excitation–
contraction coupling, but the relationship between Ca2+ entry
and contraction is plastic and nonlinear (32, 36). For that reason,
submaximal reduction of Ca2+ entry often causes a proportionally
smaller reduction in contractile force. This smaller reduction is
particularly striking in the SA mutant. Basal CaV1.2 current was
reduced to 37% of WT, and the increment in current induced by
treatment with 100 nM Iso was only 33% of WT, yet the effects
of the SA mutation on myocyte contraction was much smaller by
comparison. Contraction increased as a function of Iso concen-
tration but was noticeably less forceful at each Iso concentration,
with reductions ranging from 40% at baseline to 12% at 100 nM.
However, because of the variability in contraction among single
cells, the reduction relative to WT was only significant at 10 nM
Iso (30%), which was far less than the 67% decrease in CaV1.2
current. Thus, the effectiveness of coupling between Ca2+ entry
and subsequent contraction is greatly increased in SA myocytes,
such that much less initial Ca2+ entry triggers levels of contrac-
tion that are close to WT values. It is likely that the efficacy of
Ca2+ entry in initiating excitation–contraction coupling is in-
creased by physiological compensation for the reduced basal and
stimulated Ca2+ entry.
In STAA mice, we observed arrhythmic contractions and

contraction failure in 20–25% of dissociated myocytes at 10 and
100 nM Iso (29). Surprisingly, we did not observe a similar in-
cidence of arrhythmia or contractile failure in myocytes from SA
mice, despite their similar reduction in basal and stimulated
CaV1.2 current. This finding suggests that block of phosphory-
lation of T1704 might be responsible for triggering such
arrhythmic behavior.

Reduced Exercise Capacity and Cardiac Hypertrophy in SA Mice.
Despite the modest reduction in cellular contractility in dissociated
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SA myocytes, we observed substantially reduced maximal exercise
capacity and striking cardiac hypertrophy in SA mice. Our test of
exercise capacity engages the fight-or-flight response, because the
mice run up the treadmill continuously to escape a foot shock until
they reach exhaustion. The reduction in exercise capacity is as large
as we observed with STAA mice, again indicating that phosphory-
lation of S1700 is a primary event in the fight-or-flight response. This
reduced exercise capacity of SA mice, plus the changes in in-
tracellular Ca2+ signaling that result from reduced basal and stimu-
lated CaV1.2 current, likely trigger cardiac hypertrophy in SA mice.
Previous studies have shown that many changes in Ca-dependent
signaling pathways can induce hypertrophy in experimental animals,
including changes in Ca2+/calmodulin-dependent protein kinase II
activity, calcineurin, level of expression of CaV1.2 channels, and
regulation of CaV1.2 channels (4, 5, 37, 38). Remarkably, simply
deleting the dCT of CaV1.2 channels is sufficient to cause prenatal
cardiac hypertrophy and heart failure (16, 17). Moreover, both in-
creased and decreased expression of CaV1.2 channels can cause hy-
pertrophy and heart failure (37, 38), suggesting a precise balance
point for healthy cardiac function. Our results reveal that mutation
of a single amino acid residue that impairs basal and β-adrenergic
regulation of CaV1.2 channels is sufficient to induce cardiac hyper-
trophy. Evidently, tight regulation of CaV1.2 channel activity by PKA
phosphorylation of S1700 is absolutely essential for normal cardio-
vascular function and homeostasis in vivo. The role of dysregulation
of CaV1.2 channels as a pathogenic effect and potential therapeutic
target in heart failure deserves further examination.

Materials and Methods
A mouse line carrying the S1700A mutation was generated by Ingenious
Targeting Laboratory using standard methods (SI Materials and Methods).
Neonatal cardiomyocytes were isolated as described (16) at postnatal day 0–
2. L-type Ba2+ currents in neonatal cardiomyocytes were recorded as described
(16). Adult ventricular myocytes were isolated by using a protocol adapted
from ref. 39. The whole-cell configuration of the patch-clamp technique was
used to record Ca2+ currents from adult ventricular myocytes within 1–6 h of
isolation (24). For measurement of cell contraction, freshly isolated ventricular
myocytes were perfused with Tyrode’s solution in the absence and presence of
Iso. Cells were field-stimulated at 1 Hz. Cell length was measured from video
frames and expressed as percent of original length (29). To measure exer-
cise tolerance, mice ran up a 5% incline on a treadmill to escape a mild foot
shock, and the distance they ran was recorded (29). Immunocytochemical
studies of the distribution of CaV1.2 channels in ventricular myocytes were
carried out as described (24). Polyclonal anti-CaV1.2 (anti-CNC1) was gen-
erated against amino acid sequences in the intracellular loop between
domains II and III of CaV1.2 and characterized (30, 31). Polyclonal anti-CH3P
recognizes phosphorylated S1928 and anti-CH2 antibody recognizes a site
in dCT. All of the data are reported as the means ± SE. One-way ANOVA
with a Bonferroni posttest (GraphPad Prism; Version 5.0) was used to
compare the averages from multiple groups. See SI Materials and Methods
for additional experimental details.
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