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L-type calcium currents conducted by CaV1.2 channels initi-
ate excitation-contraction coupling in cardiac and vascular
smoothmuscle. In the heart, the distal portion of theC terminus
(DCT) is proteolytically processed in vivo and serves as a nonco-
valently associated autoinhibitor of CaV1.2 channel activity.
This autoinhibitory complex, with A-kinase anchoring pro-
tein-15 (AKAP15) bound to theDCT, is hypothesized to serve as
the substrate for �-adrenergic regulation in the fight-or-flight
response. Mice expressing CaV1.2 channels with the distal C
terminus deleted (DCT�/�) develop cardiac hypertrophy and
die prematurely after E15. Cardiac hypertrophy and survival
rate were improved by drug treatments that reduce peripheral
vascular resistance and hypertension, consistent with the
hypothesis that CaV1.2 hyperactivity in vascular smoothmuscle
causes hypertension, hypertrophy, and premature death. How-
ever, in contrast to expectation, L-type Ca2� currents in cardiac
myocytes from DCT�/� mice were dramatically reduced due to
decreased cell-surface expression of CaV1.2 protein, and the
voltage dependence of activation and the kinetics of inactivation
were altered. CaV1.2 channels in DCT�/� myocytes fail to
respond to activation of adenylyl cyclase by forskolin, and the
localized expression of AKAP15 is reduced. Therefore, we con-
clude that the DCT of CaV1.2 channels is required in vivo for
normal vascular regulation, cell-surface expression of CaV1.2
channels in cardiac myocytes, and �-adrenergic stimulation of
L-type Ca2� currents in the heart.

The CaV1.2 channel conducts L-type calcium (Ca2�) current
in cardiomyocytes, where Ca2� enters through the channel and
initiates excitation-contraction coupling via Ca2�-induced
Ca2� release (1). Normal expression of CaV1.2 channels is
required for cardiac contractile function and for survival
beyond embryonic day 14 (2). Lack of the CaV1.2 channel also
abolishes the development of myogenic tone and disrupts hor-
monal regulation of blood pressure (3). In contrast, deletion of
CaV1.3, which also conducts L-typeCa2� currents, causes sino-
atrial nodal dysfunction and cardiac arrhythmias but does not
impair contractility or cause premature death (4).Overall, these

gene deletion studies illustrate that L-type Ca2� currents are
essential for normal cardiovascular function and for normal
development.
CaV1 channels are multisubunit complexes composed of a

pore-forming �1 subunit and auxiliary �, �2�, and in some
cases � subunits (5–7). They are a primary target for regulation
by numerous hormones, protein kinases, and phosphoprotein
phosphatases (5–7). In the “fight-or-flight” response, increased
force of contraction is achieved largely through regulation of
CaV1.2 channels in the heart by the sympathetic nervous sys-
tem through activation of �-adrenergic receptors, adenylyl
cyclase, and cyclic AMP-dependent protein kinase (PKA) and
resulting phosphorylation of CaV1.2 channels (1, 5, 6, 8). �-Ad-
renergic regulation of CaV1.2 channels requires A-kinase
anchoring protein 15 (AKAP15),2 which anchors the kinase to
the distal C terminus of CaV1.2 via a modified leucine zipper
(LZ) motif (9–11).
The C terminus of CaV1 channels undergoes proteolytic

processing in vivo in skeletal and cardiac muscle (12–15). In
cardiac muscle, the �1 subunit of CaV1.2 channels is present in
two size forms of�240 and 210 kDa, which differ by truncation
of the distal C terminus (DCT) (15). This truncation leads to
enhanced activity of CaV1.2 channels expressed in Xenopus
oocytes and mammalian cell lines (16, 17). Single channel con-
ductance, modulation by � and �2� subunits, and sensitivity to
Ca2� channel agonists such as Bay K8644 remain unchanged
(16, 17). The proteolytically cleavedDCTbinds to the truncated
channel and acts as potent autoinhibitor (18). Mutations of key
charged residues at the interface between distal and proximal
C-terminal domains of CaV1.2 relieves autoinhibition (18).
Moreover, recent studies indicate that regulation of CaV1.2
channels can be reconstituted in transfected nonmuscle cells
expressing a signaling complex of truncated CaV1.2, DCT, and
AKAP15 (19).
To determine the regulatory roles of the DCT in vivo, we

created a mouse line expressing only the truncated CaV1.2
channel (CaV1.2�DCT) by introducing a premature stop codon
at the site of proteolytic cleavage. Mice expressing only trun-
cated CaV1.2 channels developed severe cardiac hypertrophy
and died perinatally. Drugs that reduce peripheral vascular
resistance improved survival, suggesting that premature death
results from failure of vascular regulation. Cell-surface expres-
sion of CaV1.2 channels was dramatically reduced in myocytes
from embryonic hearts but not in coronary vascular smooth
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muscle cells. Deletion of the DCT abolished regulation by PKA
and reduced localized expression of AKAP15. Overall, our
results reveal that the DCT of CaV1.2 channels is required for
normal cardiovascular regulation, expression of CaV1.2 chan-
nels in cardiac myocytes, and regulation by �-adrenergic stim-
ulation in vivo.

EXPERIMENTAL PROCEDURES

The present study conformed to the guidelines for the Care
and Use of Laboratory Animals of the National Institutes of
Health and protocols approved by the Institutional Animal
Care andUseCommittee of theUniversity ofWashington.Ani-
mals were maintained under a standard 12:12-h light-dark
cycle regime and had ad libitum access to standard chow and
water except for specified drug treatments.
Generation of CaV1.2 �DCTMice—A mouse line carrying a

premature stop codon that results in the expression of the trun-
cated channel was generated by Ingenious Targeting Labora-
tory (Stony Brook, NY). Approximately 11.5 kb of the Cacna1c
gene containing exons 44 through 49 were isolated from a
129SvJ mouse genomic library. A targeting vector was con-
structed containing 1.1 kb of intronic sequence that extended
from a site 0.3 kb upstream of exon 44 as its short arm followed
by a 1.9-kb neomycin positive-selection cassette flanked by
loxP sites and a 11.2-kb long arm that began at a site 0.3 kb
upstream of exon 44 and extended to the NsiI site downstream
of exon 49. To truncate the C terminus of CaV1.2 channels after
G1796, a three-way stop codon cassette (5�-ctgagtaagta) was
ligated into the NcoI site in exon 44 of the targeting construct.
An NcoI-linearized targeting construct was transfected into
129Sv/Ev embryonic stem cells by electroporation. Cloneswere
selected and expanded in the presence of G418. PCR analysis
was used to identify clones that had undergone homologous
recombination. The correctly targeted embryonic stem cell
clonesweremicroinjected intoC57BL/6J blastocysts (The Jack-
son Laboratory, Bar Harbor, ME). Germ line transmission of
the mutated Cacna1c allele was confirmed for one of three chi-
meric mice, and the resulting progeny were backcrossed into
C57Bl/6J for more than 10 generations to generate heterozy-
gous (Het) and homozygous CaV1.2�DCT (KO) animals used
in this study.
Genotyping—Wild-type (WT) and mutant animals were

identified by PCR analysis of tail-tip DNAusing primers FH258
(CCCACTGCACATCAACAAGAC) and FH254 (GTCCTGT-
GTGGAAGACTCAAGGAG). The amplified product was fur-
ther digested by NcoI, which gives a single band at 702 bp for
the WT allele and at 908 bp for the mutated allele due to elim-
ination of the NcoI restriction site in exon 44.
Drug Treatments of DCT�/� Mice—Heterozygotes

(DCT�/�, Het) were used to generate DCT�/� (KO) mice that
only expressCaV1.2�DCT. PregnantHet femalemicewere sac-
rificed at gestational day 16–18. Embryos were removed by
Cesarean section, and a tail sample was used for PCR analysis
for genotyping. Due to the embryonic lethality of KO mice, a
series of drugs were administered during the last week of ges-
tation to prolong survival. Isradipine (1 or 3 mg/kg) and
cyclosporin A (50 mg/kg) were administered via daily subcuta-
neous injections to pregnant female mice starting at E13.

Tadalafil (0.5�g/ml) and captopril (200mg/liter)were given via
drinking water from E13 to E18. Hearts were dissected and
blotted dry for weight measurement to evaluate hypertrophy.
Patency of Ductus Arteriosus—Embryos at E18 were dis-

sected after Cesarean section. The thoracic cavity was opened,
and the atria were removed for better visualization of the duc-
tus arteriosus. Inkwas injected into the right ventricle and visu-
alized under a dissection microscope.
Isolation and Culture of Embryonic Cardiomyocytes—Em-

bryonic cardiomyocytes were isolated similarly to Davies et al.
(20). Atria were separated from the heart. The ventricles were
cut into small pieces with a razor blade and transferred to ADS
buffer containing 5 mM NaCl, 20 mM HEPES, 1 mM NaH2PO4,
5.5 mM glucose, 5 mM KCl, 0.8 mM MgSO4 (pH 7.35). After a
short centrifugation, the bufferwas replacedwithADS contain-
ing 0.5 mg/ml Collagenase II (Worthington Biochemical). The
tissue blocks were digested for two 20-min cycles at 37 °C on a
rotating plate followed by gentle trituration. After a quick cen-
trifugation, the supernatant was transferred to a tissue culture
dish or plated on laminin-treated glass coverslips. Cells were
cultured in 37 °C in DMEM with 10% fetal bovine serum and
used within 48 h after isolation for electrophysiological
measurements.
Histology and Immunocytochemistry—Embryoswere fixed in

4% paraformaldehyde and cryoprotected by sinking in 30%
(w/v) sucrose in 0.1 M sodium phosphate at 4 °C for 72 h. Tis-
sues were cut into 80-�m coronal sections and mounted on
subbed slides for hematoxylin and eosin staining and immuno-
cytochemistry. As described previously (21), tissues slices and
myocytes were permeabilized by 0.025%Triton X-100 after fix-
ation andprobedwith corresponding antibodies.Mousemono-
clonal antibody (CaV1.2m, clone L57/46) against the proximal
C terminus of CaV1.2 channels was purchased from UC Davis/
NIH NeuroMab Facility. Polyclonal anti-CaV1.2 (anti-CNC1)
and anti-CaV1.3 (anti-CND1) were generated against amino
acid sequences in the intracellular loop betweens domains II
and III of CaV1.2 and CaV1.3 channels (22) and characterized
previously (9, 23). Monoclonal antibody against RyR2 was pur-
chased from Millipore Corp. The DCT was immunostained
using anti-CH1 that specifically recognizes the DCT of CaV1.2
(15, 24). A specific anti-peptide antibody against AKAP15 was
prepared as previously described (25).
Electrophysiology—The whole-cell configuration of the

patch clamp technique was used to record Ca2� currents from
embryonic ventricular myocytes isolated at E16-E18. Currents
were recorded with an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA). Data acquisition and command
potentials were controlled by Pulse software (Heka Electron-
ics), and datawere stored for later analysis with IGOR (Wavem-
etrics, Lake Oswego, OR). Residual leak and capacitive tran-
sients were subtracted using a P/4 protocol. The extracellular
bath solution contained 140 mM tetraethylammonium chlo-
ride, 2 mM MgCl2, 20 mM BaCl2, 10 mM Hepes, and 10 mM

glucose (pH 7.4). The intracellular solution contained 100 mM

CsCl, 20 mM tetraethylammonium chloride, 1 mM MgCl2,
5 mM MgATP, 10 mM Hepes, and 10 mM EGTA (pH 7.3). Con-
trol and forskolin-containing medium was rapidly perfused
from a gravity-fed system. Cells were held at �40 mV to inac-
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tivateT-typeCa2� channels andNa� channels, and 100-ms test
pulses were applied from �40 to �40 mV in 10-mV incre-
ments. Peak Ba2� current amplitude was plotted versus voltage
to generate current-voltage (I-V) relationships. Tomeasure the
voltage dependence of activation, tail currents were recorded
after repolarization to �50 mV after test pulses from the hold-
ing potential to potentials from �50 to �150 mV in 10-mV
increments. Tomeasure inactivation kinetics, Ba2� currentwas
recorded after a series of 1-s depolarizations from the holding
potential of �40 mV to potentials from 0 to �30 mV in 10-mV
increments. The results were normalized to peak Ba2� current
amplitude recorded at �10 mV. For analysis of inactivation
kinetics, individual data traces were smoothed using a binomial
algorithm with an interval of 20 points. Gating-charge move-
ment was measured by applying a series of test pulses at 10-s
intervals from a holding potential of �40 mV to potentials
between �60 to �80 mV in 2-mV increments and integrating
the gating charge movement at the reversal potential for the
ionic currents (18). Patch pipettes (2–4 megaohms) were
pulled from micropipette glass and fire-polished before use.
Recordings were discarded if the series resistance was �7
megaohms before compensation. All experiments were per-
formed at room temperature.
Quantification of Immunocytochemical Images—For analysis

of fluorescence intensity of CaV1.2 channels and AKAP15,
whole regions of interest were taken from the images, andmean
pixel intensities were determined.
RT-PCR—Total RNA was extracted from whole hearts of

WT, Het, and KO embryos. CaV1.2mRNA expression was ana-
lyzed by RT-PCR using fluorescent SYBR Green technology on
a StepOnePlus system (Applied Biosystems). Standard curves
were constructed from cDNA standards, and the results were
normalized by expression as a molar ratio to acidic ribosomal
protein.
Statistics and Significance—All of the data are reported as the

means � S.E. One-way ANOVA with a Bonferroni posttest
(GraphPad Prism 4.0) was used to compare the averages from
multiple groups.

RESULTS

Genotype—A mouse line expressing the truncated CaV1.2
channel was generated by introducing a premature stop codon
at G1796 (Fig. 1A). Genotype was determined by loss of a NcoI
restriction site (Fig. 1, B–D). Germ line transmission was con-
firmed using RT-PCR with different primer pairs (Fig. 1E).
When probed with an anti-CaV1.2 antibody that recognizes an
epitope in the intracellular loop connecting domains II and III,
sections from hearts of E16WT andKOmice had easily detect-
able levels of CaV1.2 channels (Fig. 1F). In contrast, no signal
was detected using an antibody against the truncated distal C
terminus in DCT�/� heart, confirming successful deletion of
theDCT. Two unexpected splice variants with short extensions
of 3 and 12 residues beyond G1796 were identified (Fig. 1D).
mRNA encoding the truncated CaV1.2 channel with the 12-
amino acid extension was most abundant. However, this
12-residue extension has no effect on expression and function
of the truncated CaV1.2 channel in transfected tsA-201 embry-
onic kidney cells (Fig. 1, G and H).

Premature Death of DCT�/� Mice—Heterozygous
CaV1.2�DCT mice containing one truncated allele show no
distinguishable phenotypic differences from WT littermates,
whereas no homozygous mice were found at weaning. Further
analysis revealed that DCT�/� mice died shortly after birth,
usually within a few hours. No survival was observed after 24 h.
To determine the timeline of death of DCT�/� mice, we exam-
ined the genotype distribution during embryonic development
from E13 to E18. Live DCT�/� embryos were found at a lower
than expected Mendelian ratio (Fig. 2A, p � 0.01). Death of
DCT�/� embryos occurred as early as E15 and throughout the
later gestational stage until birth. These results indicate that
regulation of the CaV1.2 channel by its DCT is required for
normal embryonic development in vivo.
Cardiac Hypertrophy and Heart Failure in DCT�/� Mice—

Significant abdominal blood pooling was observed in all dead
DCT�/� embryos and pups collected after birth (Fig. 2A), a
hallmark feature of congestive heart failure.Noother difference
in gross structure or morphology was observed between WT
andDCT�/� embryos.DCT�/�embryos had an�31% increase
in heart weight to body weight ratio compared with WT (Fig.
2C, 5.5� 0.2 versus 4.2� 0.1mg/g,p� 0.001), indicating severe
cardiac hypertrophy. Unlike the left ventricular hypertrophy
observed in humans and animal models of heart failure, the
hypertrophy in DCT�/� embryos occurs preferentially in
the right ventricle as shown in Fig. 2B. Enlarged hearts were
observed in all dead DCT�/� embryos and pups. Further
histological analysis with hematoxylin and eosin staining
demonstrated significant concentric hypertrophy in the
right ventricular chamber (Fig. 2B), which would limit the
diastolic volume and thereby impair contractile function and
pumping capacity. Therefore, the right ventricular hypertro-
phy we have observed may cause impaired pumping capacity
and pooling of blood in internal organs such as the gastroin-
testinal track and liver, contributing to heart failure and
death of DCT�/� mice.

Membrane capacitance is proportional to cell surface area,
providing a quantitative estimate of cell size. Dissociated myo-
cytes from DCT�/� mice have a shift in distribution of cell-
surface area, with fewer myocytes having single-cell capaci-
tances of 20–25 picofarads and more myocytes having
capacitances of 30–35 picofarads (Fig. 2D). Hypertrophied
myocytes often appeared larger in cell culture and typically
expressed lower levels of CaV1.2 channels in cytoplasm and
plasma membrane in immunocytochemical images (Fig. 2E).
Overall, these results indicate that truncation of CaV1.2 chan-
nels leads to hypertrophy of individual cardiacmyocytes, which
increases the size and impairs the function of the right ventricle.
Rescue of DCT�/� Embryos with Vasodilator Treatment—

The preferential hypertrophy of right ventricle prompted us
to investigate whether the ductus arteriosus remains patent
in DCT�/� embryos. The ductus arteriosus is a specialized
vascular structure for fetal circulation that connects the pul-
monary trunk to the descending aorta and allows shunting of
95% of the blood away from the high resistance pulmonary
vasculature. Because of this shunt, the right ventricle plays a
much more important role in pumping blood to the periph-
eral circulation compared with adult heart. Premature clo-
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sure of the ductus arteriosus results in cardiac hypertrophy
and right-sided heart failure (26).We examined live DCT�/�

embryos, all of which show enlarged right ventricles but no
closure of the ductus arteriosus (Fig. 3A). These results rule

out anatomical closure of the ductus arteriosus as the cause
of hypertrophy in DCT�/� mice, but it remains possible that
increased contracture of the ductus arteriosus could con-
tribute to right ventricular hypertrophy in DCT�/� mice.

FIGURE 1. Generation of CaV1.2�DCT mice. A, a diagram of the targeting strategy used to generate CaV1.2�DCT mice by homologous recombination to
truncate the CaV1.2 channel. Homologous recombination of the targeting construct with the Cacna1c gene resulted in a mutated allele in which a
three-way stop codon cassette was inserted. The targeting vector consists of a short arm of 1.1 kb followed by neomycin (NEO) cassette flanked by loxP
sites and an 11.2-kb long-arm that began at a site 0.3 kb upstream of exon 44 bound by a NsiI site downstream of exon 49. A three-way stop codon
cassette (5�-ctgagtaagtag) was ligated into a blunted NcoI site in exon 44 of the targeting construct to engineer a premature stop. Homologous
recombination leads to incorporation of Neo selection cassette and premature stop codon into genomic DNA of the Cacna1c gene. B, partial amplicons
obtained by the primer pair used for genotyping were sequenced and aligned with the cDNA and amino acid sequence of CaV1.2. Lowercase letters,
sequence of exon 44 for wild-type and mutant; second line, amino acid sequence of wild-type and mutant protein. *, premature stop codon downstream
of the three-way stop codon cassette. C, PCR amplification products from genomic DNAs of WT, Het (DCT�/�), and KO (DCT�/�) embryos were subjected
to NcoI digestion. An NcoI site is present in the WT but not the mutant construct. A 702-bp product is obtained for the WT allele, whereas the uncut
mutant allele is 908 bp. D, DNA sequence analyses of the RT-PCR products from mRNAs encoding the C terminus of CaV1.2�DCT. The expected �210-bp
RT-PCR product encodes the expected C-terminal sequence ending at Gly-1796 with an extension of Leu-Ser-Lys-stop (bold). However, there is also an
unexpected alternative RNA splicing variant due to a splice donor site (§) in Exon 44 and a splice acceptor site in Exon 45. Splicing via the alternative
splice donor site (#) produces a �1 nucleotide shift of the Exon 45 reading frame, and a 12-amino acid-residue peptide extension (LSATPERAREPR) after
Gly-1796 in the truncated C terminus of CaV1.2 channels. E, RT-PCR of brain mRNA from WT and mutant CaV1.2�DCT mice is shown. Multiple sets of
oligonucleotides were used to amplify mRNA splice products spanning the exons 44 and 45 splice junction. The alternative splice variant gives rise to
a �143-bp RT-PCR product instead of the predicted �210 bp for mutant allele. The ratio of RT-PCR products indicates that the 143-bp splice product
accounts for the majority of the mRNA. F, coronal heart sections from WT and KO mice at E16 were analyzed by immunocytochemistry. Top, anti-CNC1
recognizes the intracellular loop between domains I and II of CaV1.2 channels. Bottom, anti-CH1 recognizing the distal C-terminal tail of CaV1.2
(CaV1.2DCT). Scale bar 	 25 �m. G, I-V relationship. H, voltage dependence of activation. These parameters were unchanged relative to unextended
CaV1.2 �DCT channels (not shown) expressed in tsA-201 cells.
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Based on our in vitro data (18), we expected that truncation
of the DCT would lead to up-regulation of CaV1.2 channel
activity in cardiac and vascular smooth muscle cells, and this
increased activity could lead to increased peripheral vascular
resistance, hypertension, and heart failure. Human hyperten-
sion is treated with dihydropyridine calcium channel blockers,
which preferentially inhibit CaV1.2 channels in vascular
smooth muscle cells in vivo (27, 28). The calcium channel
antagonist isradipine (1 and 3mg/kg) reduced the heart to body
weight ratio significantly and increased survival of DCT�/�

embryos assayed at E18 (Fig. 3, B and C). This effect was dose-
dependent, but no further improvement was observed at 10
mg/kg. This result suggests the possibility that overactive Ca2�

channels in vascular smooth muscle are responsible for hyper-
trophy and premature death in DCT�/� mice.

Angiotensin-converting enzyme inhibitors are the most
widely used treatment for human hypertension.We found that
captopril plus isradipine did not substantially improve heart
weight or survival comparedwith isradipine alone (Fig. 3,B and
C). The specific cyclic nucleotide phosphodiesterase-5 (PDE5)
inhibitor tadalafil is an effective treatment for pulmonary
hypertension in humans, and it has also been shown to inhibit
PDE5 in ductus arteriosus and cause dilation of the shunt in the
fetus (29). Tadalafil was approximately as effective as isradipine
in reducing heart weight and premature death when given
alone, but the combined effects of tadalafil and isradipine were
not greater than isradipine alone (Fig. 3, B and C).
These results suggested that increased vascular resistance

due to overactive Ca2� channels contributes significantly to the
development of cardiac hypertrophy and thereby to premature
death of DCT�/� animals during embryonic development. To
test whether the cardiac hypertrophy per se results in the death
of DCT�/� embryos, we used the calcineurin inhibitor
cyclosporin A, which counteracts the effects of alterations in
Ca2� signaling and effectively protects the heart from cardiac
hypertrophy (30–33). Treatment with cyclosporin A almost
completely prevented hypertrophy in DCT�/� embryos (Fig.
3B). Surprisingly, however, the survival ratio of DCT�/�

embryos did not change (Fig. 3C). These results suggest that
cardiac hypertrophy per se is not the primary cause of prema-
ture death of DCT�/� embryos and point to increased contrac-
ture of vascular smoothmuscle in resistance vessels and result-
ing hypertension as a primary cardiovascular defect that causes
premature death in DCT�/� mice.

FIGURE 2. Phenotypes of CaV1.2�DCT mice. A, CaV1.2�DCT KO mice have
reduced survival rates during embryonic development from E13 to E19 as
indicated by the sub-Mendelian numbers of KO animals. Deaths occur as
early as E15, but some embryos survive until hours after birth. Right panel,
examples of KO embryos show marked abdominal blood pooling. B, car-
diac hypertrophy of KO mice. Top, examples of WT and KO hearts. Bottom,
coronal sections of WT (left) and KO (right) hematoxylin and eosin-stained
hearts. Scale bar 	 1 mm. C, ratio of heart weight to body weight is shown.
D, a histogram of distribution of cell capacitances for cells isolated from
animals of each genotype (colors correspond to genotype as in panel C). E,
cells isolated from WT hearts (upper panel) and KO hearts (lower panel)
stained with wheat germ agglutinin labeled with Alexa 555 as a cell mem-
brane marker (red) (anti-WGA), anti-RyR2 (green), or anti-CaV1.2. KO cells
were hypertrophied with blebbing and extension of membrane at the end
of the cell (arrows in lower two panels) compared with WT Cells (upper
panel). Scale bar 	 10 �m.

FIGURE 3. Role of ductus arteriosus and peripheral vascular resistance in
producing hypertrophy. A, images of the ink-filled ductus arteriosus
(arrows) in hearts from animals of each genotype. No gross abnormalities
were detected in the vascular structure of KO mice. B and C, cardiac hypertro-
phy (B) and embryonic survival (C) were evaluated after the indicated drug
treatments from E13 to E18. For each drug or drug combination, at least five
litters of animals were tested. Significant differences in hypertrophy and sur-
vival are indicated by asterisks. Isra, isradipine; CsA, cyclosporin; Tad, tadalafil.
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Even though treatment with isradipine, captopril, and tada-
lafil improved the survival of DCT�/� embryos to E18, none of
them increased the number of pups surviving to weaning. The
combination of captopril and isradipine was the most effective
treatment, supporting survival to postnatal day 4 for a small
fraction of DCT�/� pups. All other treatments failed to
improve postnatal survival beyond 24 h.
Reduced L-type Ca2� Current and CaV1.2 Expression in

DCT�/� Hearts—Using the whole-cell voltage clamp tech-
nique, we examined L-type Ca2� current in acutely dissociated
embryonic cardiomyocytes. Current amplitude in WT myo-
cytes is very small, even with 3.6 mM extracellular Ca. There-
fore, 20 mM Ba2� was used as the charge carrier to achieve a
better signal-to-noise ratio. L-type Ba2� current amplitude
(Fig. 4, A and B) is dramatically reduced in cells of DCT�/�

mice compared with those ofWT and Het. At a holding poten-
tial of�40mV,which inactivatesNa� current andT-typeCa2�

current, 10 �M isradipine completely blocked Ba2� current in
both WT and DCT�/� cells, indicating that the dihydropyri-
dine-sensitive L-type Ca2� current is selectively recorded
under these conditions. The reduced L-type current in
DCT�/� myocytes is surprising because truncated CaV1.2
channels expressed in non-muscle cells in vitro exhibit
enhanced activity (17, 18).
Measurements of gating charge movement provide an esti-

mate of the number of functional voltage-gated ion channels on
the cell surface whose voltage sensors can be activated by depo-

larization (34). Most of the rapid gating charge movement in
single dissociated cardiacmyocytes upon depolarization from a
holding potential of�40mV reflects activation of CaV1.2 chan-
nels (35, 36). The gating charge movement measured at the
reversal potential was significantly lower in DCT�/� cells com-
pared withWT (Fig. 4E). This suggests that the surface expres-
sion of truncated CaV1.2 channels is dramatically reduced,
which explains the lower peak current amplitude in these cells.
We used immunocytochemistry with specific antibodies to

further assess the expression of CaV1.2 channels in DCT�/�

myocytes and vascular smooth muscle cells. In both acutely
dissociated cardiomyocytes (not shown) and transverse sec-
tions of heart from DCT�/� mice, specific immunostaining of
CaV1.2 channel was greatly reduced (Fig. 5). On the other hand,
the expression of other proteins that are involved in Ca2� sig-
naling in cardiomyocytes such as ryanodine receptor and

FIGURE 4. Function and modulation of Ba2� currents through L-type
channels. A, Ba2� current from myocytes isolated from WT (left) and KO
(right) animals in control and in the presence of 10 �M isradipine. B, mean I-V
relationships for cells of each phenotype derived from peak currents during
depolarizations to the indicated potentials. C, activation curves for L-type
Ba2� currents derived from tail currents recorded at �50 mV after depolar-
izations to the indicated potentials and normalized to the largest tail current
in each series of test pulses. D, mean currents recorded from cells of each
genotype during 1-s depolarizations from �40 to �10 mV. E, mean gating
charge measured at the reversal potential for cells of each genotype. pC, pico
coulomb.

FIGURE 5. Reduced expression of CaV1.2 channels in KO hearts but not
blood vessels. A, representative ventricular tissue slices from WT, Het, and
KO E18 hearts stained with antibody recognizing the proximal C terminus of
CaV1.2. Representative blood vessels (arrows) are shown in the lower panel.
B, mean pixel intensity for CaV1.2 staining of WT, Het, and KO in myocytes
versus blood vessels. C, mRNA levels of CaV1.2 expressed as a molar/molar
ratio to acidic ribosomal protein (ARBP). Scale bar 	 25 �m.
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CaV1.3 channels remained unchanged (data not shown). These
results confirm that expression of CaV1.2 channels in cardiac
myocytes is impaired by deletion of the DCT. In contrast, spe-
cific immunostaining of CaV1.2 channel in blood vessels (indi-
cated by arrows) remained unchanged (Fig. 5, A, lower panels,
and B). The level of mRNA encoding CaV1.2 channels in the
heart remains the same for all three genotypes (Fig. 5C), sug-
gesting that deletion of the DCT impairs the protein assembly
and/or lifetime at the plasma membrane of cardiomyocytes
rather than gene expression. The reduced expression of CaV1.2
channels in cardiac myocytes, but not in vascular smooth mus-
cle, may create an imbalance in the cardiovascular system in
which cardiac output is compromised by reduced CaV1.2 chan-
nel expression in cardiac myocytes at the same time as periph-
eral vascular resistance is increased by deletion of the DCT and
increased activity of the normal number of CaV1.2 channels in
vascular smooth muscle.
Activation and Inactivation of CaV1.2�DCT—In addition to

the large reduction in peak L-type Ba2� current, we also
observed a substantial negative shift in voltage dependence of
activation of CaV1.2�DCT channels (Fig. 4C). However, the
precise extent of this negative shift should be viewed with cau-
tion considering the small current amplitude in DCT�/� cells.
In addition to the negative shift in the voltage dependence of
activation, voltage-dependent inactivation of the L-type Ba2�

current conducted by CaV1.2�DCT channels was significantly
slowed (Fig. 4D). Interestingly, voltage-dependent inactivation
was also slowed in Het cells, where the current amplitude and
voltage dependence of channel activation remained indistin-
guishable fromWT, suggesting that the rate of inactivationmay
be preferentially affected by the loss of DCT. This result is con-
sistent with our recent studies showing that the DCT is
required for the normal enhancement of voltage-dependent
inactivation of CaV1.2 channels by physiological levels of intra-
cellular Mg2� (37).
Regulation of CaV1.2�DCT Channels by the �-Adrenergic/

PKA Pathway—Upon �-adrenergic activation of cardiac myo-
cytes, PKA phosphorylates �1 and � subunits of the CaV1.2
channel (15, 23, 38, 39), which increases peak Ca2� currents,
increases the maximal probability of channel opening and neg-
atively shifts the voltage dependence of channel activation (6, 8,
40). The �-adrenergic receptor agonist isoproterenol increases
Ca2� current of embryonic cardiomyocytes isolated at E16-E18
by �2-fold and shifts the voltage dependence of activation to
more negative membrane potential (data not shown), indicat-
ing that the fetal cardiomyocyte is a valid system to examine the
regulation of �-adrenergic signaling pathway. However, this
response is heavily dependent on the maturation of cells
because robust coupling of �-adrenergic receptors to G pro-
teins is not fully established until birth (41). Therefore, we
chose to activate adenylyl cyclase directly, downstreamof�-ad-
renergic receptors and G proteins, using forskolin. Extracellu-
lar perfusion of 10 �M forskolin increased the current ampli-
tude in both Het and WT cells by �2-fold (Fig. 6). In contrast,
no enhancement of Ba2� current was observed in DCT�/�

cells. This result suggests that the DCT is a critical regulatory
element that is required for regulation by the �-adrenergic/
PKA pathway in vivo. It is also consistent with other studies

showing that the full-length �1C subunit but not the truncated
form is phosphorylated in response to elevated cAMP in vitro
(15, 42–45). Our results provide the first demonstration in vivo
that the truncated CaV1.2 channel alone, without the proteo-
lytically processed DCT, is not sufficient for up-regulation by
�-adrenergic stimulation.
Association of AKAP15 with CaV1.2�DCT Channels—

AKAP15 has been demonstrated to anchor PKA to CaV1.2
channels in heart through interaction with the AKAP binding
domain located in the DCT (9). This interaction is required for
effective regulation by PKA even though the AKAP binding
domain is locatedbeyond thepointofproteolytic truncationof the
DCT (9). To assess the importance of the DCT in localization of
AKAP15 in vivo, we measured its expression and localization by
immunocytochemistrywithspecificantibodies.Wefoundthat the
specific staining of AKAP15 is reduced in cardiac cells dissociated
from DCT�/� animals (data not shown). A similar reduction in
immunostaining was also observed in transverse sections from

FIGURE 6. Forskolin regulation of Ba2� current in cardiac myocytes.
A, Ba2� current elicited by depolarization from �40 to �10 mV was measured
during extracellular perfusion with control solution or solution containing 10
�M forskolin. Traces recorded every 15 s from a representative cell are shown.
B, peak current amplitude was derived from each depolarization and normal-
ized to base-line current amplitude. -Fold change over base line was plotted.
C, maximal response to forskolin in each cell was normalized to base-line Ba2�

current, and the means of -fold change for cells of each genotype are shown.
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heart tissue (Fig. 7). These results indicate that theDCTof CaV1.2
channels is required for normal expression and localization of
AKAP15 in cardiac myocytes.

DISCUSSION

Functional Roles of the DCT of CaV1.2 Channels in Vivo—
Our studies of mice with deletion of the DCT of CaV1.2 chan-
nels have shown that this regulatory domain is required for life
and has at least three essential functions. First, we find that
deletion of the DCT induces cardiac hypertrophy and failure,
possibly as a result of impairment of regulation of the peripheral
vasculature. These results demonstrate an essential role for the
DCT in cardiovascular regulation in vivo. Second, against
expectations from in vitro expression studies, we find that dele-
tion of the DCT reduced the function and cell-surface localiza-
tion of CaV1.2 channels, demonstrating a requirement of the
DCT for normal functional channel expression in cardiacmyo-
cytes. Third, our results show that CaV1.2�DCT channels can-
not be regulated by the �-adrenergic/PKA signaling pathway
and cannot support normal expression and localization of
AKAP15. Each of these functional effects of the DCT is consid-
ered in more detail below.
Deletion of the DCT of CaV1.2 Channels Causes Right Ven-

tricular Hypertrophy and Heart Failure—Increased peripheral
vascular resistance leads to hypertension and heart failure (46).
Hypertension in humans is effectively treated with the calcium
channel blocker isradipine and the angiotensin-converting
enzyme inhibitor captopril (27, 28, 47). In addition, pulmonary
hypertension in humans is effectively treated with tadalafil (48).
Our experiments show that deletion of the DCT of CaV1.2 chan-
nels in mice causes dramatic right ventricular hypertrophy and
heart failure that are improved, but not cured, by treatment with
isradipine, captopril, tadalafil, and combinations of those drugs.

These results demonstrate a requirement for the DCT of CaV1.2
channels innormal regulationof the cardiovascular system in vivo.
CaV1.2 knock-out mice die before embryonic day 14, and

their death was proposed to be caused by lack of functional
CaV1.2 channels in the heart (2). This hypothesis was con-
firmed by the generation of viable conditional knock-out
animals with CaV1.2 channels inactivated in vascular smooth
muscle cells (3), in insulin-secreting cells in the pancreas
(49), or in the hippocampus and neocortex of the brain (50).
These studies show that loss of function of CaV1.2 channels
in vascular smooth muscle is not lethal, whereas loss of func-
tion in cardiac myocytes leads to premature death before
E14. In light of these previous results, it is most likely that the
failure of cardiovascular function in CaV1.2�DCTmice is caused
by the combination of gain-of-function of the normal number of
CaV1.2 channels in vascular smooth muscle cells with loss of
expression in cardiacmyocytes. Together, these two effects would
create an imbalance between increased peripheral vascular resis-
tance anddecreased ventricular contractility, eventually leading to
heart failure and premature death.
Unfortunately, the small size of E16–18 embryos precludes

detailed studies of the function of the cardiovascular system to
determine the source of failure of cardiovascular regulation
precisely. However, CaV1.2 channels have been suggested to act
asCa2� sensors for depolarization-inducedCa2� release in vas-
cular smooth muscle (51), thereby playing an important role in
maintaining myogenic tone and peripheral resistance. CaV1.2
channels also mediate blood pressure regulation by various
hormones, such as angiotensin II (3). Therefore, it is expected
that up-regulation of CaV1.2 channel activity in vascular
smoothmuscle cells would lead to increased vascular resistance
and pressure overload to the heart. Our results show that
CaV1.2 channels are expressed at normal levels in the coronary
vasculature, in contrast to the loss of expression in cardiacmyo-
cytes, and it is expected that these channels in the vasculature
would be hyperactive because of loss of the autoinhibitory
DCT. Future studies of regulation of contractility and Ca2�

channel function in dissociated vascular smooth muscle cells
from CaV1.2�DCT mice may provide further information on
the source of impaired cardiovascular regulation.
Differential Effects of DCT Truncation of Cardiac CaV1.2

Channels in Vitro and in Vivo—Using in vitro heterologous
expression systems, several groups have shown that removal of
as many as 478 amino acids from distal C terminus of CaV1.2
increases current density, gating charge movement, and chan-
nel opening without affecting cell surface expression (16–18).
Although the proteinase responsible for the proteolytic proc-
essing of CaV1.2 channels in vivo remains unknown, introduc-
tion of trypsin or carboxypeptidase A into cardiomyocytes
results in an enhancement in L-type Ca2� currents (52, 53).
Therefore, we expected that cardiac myocytes expressing only
truncated CaV1.2 channels would have enhanced channel
activity. In contrast to these expectations, however, the L-type
Ca2� current measured in dissociated cardiomyocytes is dra-
matically reduced as a consequence of reduced cell-surface
expression of the truncated channels. The drastic down-regu-
lation of CaV1.2 channels in cardiac myocytes observed in our
model is not characteristic of heart failure in general. Although

FIGURE 7. Expression of AKAP15 in WT, Het, and KO hearts. A, representa-
tive ventricular tissue sections from WT, Het, and KO E18 hearts stained with
antibody recognizing AKAP15. B, mean pixel intensity of AKAP15 in ventricu-
lar slices. Scale bar 	 25 �m.
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the alteration in CaV1.2 channel expression in hypertrophied
and failing hearts remains controversial and inconclusive, no
drastic up- or down-regulation was observed in most studies
(54–57). Therefore, down-regulation of CaV1.2 channel
expression is more likely to be a direct consequence of deletion
of the DCT rather than a secondary consequence of heart fail-
ure. Deletion of the DCT would impair in vivo proteolytic pro-
cessing at the point of truncation, which may be required for
normal functional expression and cell-surface localization in
cardiacmyocytes. It is also possible that deletion of theDCTmay
result in failure of regulation in CaV1.2 gene expression, as the
DCThas been shown to act as a transcriptional regulator (58) and
to autoregulate CaV1.2 promoter activity in vivo in cardiac myo-
cytes (59). However, we found no effect of deletion of theDCT on
the level of mRNA encoding CaV1.2 channels in the heart. There-
fore, it ismost likely that the loss of expression of CaV1.2 channels
inDCT�/�mice is caused by failure of proteolytic processing and
assemblyof thechannel complexat thecell surfaceorbyenhanced
internalization from the cell surface and degradation.
The DCT of CaV1.2 Channels Is Required for �-Adrenergic/

PKA Regulation in Cardiomyocytes in Vivo—Stimulation of
cardiac L-type Ca2� current by epinephrine was first described
in 1966 andhypothesized to bemediated by phosphorylation by
PKA (8, 60–62). The increase in Ca2� currents observed after
activation of PKA is due to an increase in the open-state prob-
ability of the channel resulting from a shift in gating mode (5,
42). Regulation of CaV1.2 channel requires PKA anchored to
the DCT by AKAP15 or another AKAP (9, 10, 18, 19, 43), and
the DCT is required for regulation of CaV1.2 channels in virally
infected cardiac myocytes (63). The full-length �1C subunit is
phosphorylated both in vitro and in vivo by PKA in response to
elevated cAMP, whereas the truncated CaV1.2 channel is not
(15, 42–45). Multiple potential PKA phosphorylation sites in
�1C subunit have been identified (64). Phosphorylation of ser-
ine 1928 in theDCT is observed upon�-adrenergic stimulation
andPKAactivation in transfected cells and in cardiacmyocytes;
however, the functional impact of phosphorylation of serine
1928 in vivo remains uncertain (15, 21, 45, 63, 65, 66). Recent
results from reconstitution of the regulation of CaV1.2 channels
expressed in nonmuscle cells show that PKA phosphorylation
of sites at the interface between the DCT and the proximal C
terminus is responsible for regulation (19).
Although peak L-type Ba2� currents are much reduced in

DCT�/� myocytes, these cells provide a unique experimental
opportunity to examine the role of theDCT in regulation by the
�-adrenergic/PKA pathway in vivo. Our results demonstrate
for the first time in native cardiomyocytes that truncation of
DCT abolishes the regulation of CaV1.2 channels by the �-ad-
renergic/PKA pathway. Deletion of the DCT also disrupts the
expression and localization of AKAP15, which may contribute
to impairment of PKA regulation. The requirement of the DCT
for �-adrenergic stimulation of L-type Ca2� current is consis-
tent with the hypothesis that �-adrenergic receptor/PKA sig-
naling pathway acts through phosphorylation of sites at the
interface between the proximal and distal C terminus, thereby
relieving autoinhibition exerted by the cleaved, noncovalently
associated DCT (18, 19).

In mammalian myocardium, CaV1.2 channels consist of
three forms: full-length, truncated, and truncated channel with
noncovalently associated DCT. Only �20% is full-length chan-
nel (15). This proportion of channel forms provides a quantita-
tive fit to the L-type Ca2� current in cardiac myocytes before
and after treatment with isoproterenol if primarily the trun-
cated channels with noncovalently bound DCT are up-regu-
lated by PKA phosphorylation (18). Moreover, in recent studies,
wehave foundthat reconstitutionofPKAregulation innonmuscle
cells requires formationof an autoinhibitory complexof truncated
CaV1.2 channels with the noncovalently associated DCT and
AKAP15 (19). These previous results are consistent with our cur-
rent findings and support the conclusion that theDCT is required
for �-adrenergic regulation of cardiac L-type Ca2� current.
DCT�/� mice provide a unique model for study of the molecular
mechanism of Ca2� channel regulation in the heart.
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