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Yokoyama, Utako, Susumu Minamisawa, Satomi Adachi-Aka-
hane, Toru Akaike, Isao Naguro, Kengo Funakoshi, Mari
Iwamoto, Masamichi Nakagome, Nobuyuki Uemura, Hideaki
Hori, Shumpei Yokota, and Yoshihiro Ishikawa. Multiple tran-
scripts of Ca2! channel "1-subunits and a novel spliced variant of the
"1C-subunit in rat ductus arteriosus. Am J Physiol Heart Circ Physiol
290: H1660–H1670, 2006. First published November 4, 2005;
doi:10.1152/ajpheart.00100.2004.—Voltage-dependent Ca2! chan-
nels (VDCCs), which consist of multiple subtypes, regulate vascular
tone in developing arterial smooth muscle, including the ductus
arteriosus (DA). First, we examined the expression of VDCC subunits
in the Wistar rat DA during development. Among "1-subunits, "1C

and "1G were the most predominant isoforms. Maternal administra-
tion of vitamin A significantly increased "1C- and "1G-transcripts.
Second, we examined the effect of VDCC subunits on proliferation of
DA smooth muscle cells. We found that 1 #M nitrendipine (an L-type
Ca2! channel blocker) and kurtoxin (a T-type Ca2! channel blocker)
significantly decreased [3H]thymidine incorporation and that 3 #M
efonidipine (an L- and T-type Ca2! channel blocker) further de-
creased [3H]thymidine incorporation, suggesting that L- and T-type
Ca2! channels are involved in smooth muscle cell proliferation in the
DA. Third, we found that a novel alternatively spliced variant of the
"1C-isoform was highly expressed in the neointimal cushion of the
DA, where proliferating and migrating smooth muscle cells are
abundant. The basic channel properties of the spliced variant did not
differ from those of the conventional "1C-subunit. We conclude that
multiple VDCC subunits were identified in the DA, and, in particular,
"1C- and "1G-subunits were predominant in the DA. A novel spliced
variant of the "1C-subunit gene may play a distinct role in neointimal
cushion formation in the DA.

alternative spliced; development; gene expression; fetal circulation

THE DUCTUS ARTERIOSUS (DA) is a fetal arterial connection
between the pulmonary artery and the descending aorta. After
birth, the DA closes immediately, in accordance with its
smooth muscle contraction. An increase in oxygen tension
and a dramatic decline in circulating prostaglandins are the
most important triggers of DA contraction (5). Generally,
vascular smooth muscle contraction is induced by Ca2!/
calmodulin-dependent phosphorylation of the regulatory
myosin light chain, which is mediated by an increase in

intracellular Ca2!. Ca2! influx through voltage-dependent
Ca2! channels (VDCCs) and Ca2! release from intracellular
stores are major sources of this increase (8, 26). Thus
VDCCs must play an important role in vascular myogenic
reactivity and tone of the DA.

VDCCs are classified, according to their distinct electro-
physiological and pharmacological properties, into low (T-
type) and high (L-, N-, P-, Q-, and R-type) VDCCs (20, 39).
VDCCs consist of different combinations of "1-subunits and
auxiliary subunits. The "1-subunit forms the ion-conducting
pore, the voltage sensor, and the interaction sites for Ca2!

channel blockers and activators (15). Therefore, "1-subunits
principally determine the channel character of VDCCs. Ten
"1-subunit isoforms have been identified. Four "2$-subunit
complexes and four %-subunits, which modulate the traf-
ficking and the biophysical channel properties of "1-sub-
units (1), have been identified (3). Although some studies
have investigated the role of VDCCs in the DA (28, 37),
characterization of VDCCs, including the composition of
each subunit, the developmental change in their expression,
and their physiological roles, remains poorly understood.

In addition to their role in determining contractile state, a
growing body of evidence has demonstrated that VDCCs
play an important role in regulating differentiation and
remodeling of vascular smooth muscle cells (SMCs) (14, 17,
41). The DA dramatically changes its morphology during
development. Intimal cushion formation during develop-
ment is a characteristic feature of vascular remodeling of the
DA (10, 30). Intimal cushion formation involves many
cellular processes, including an increase in SMC migration
and proliferation, production of hyaluronic acid under the
endothelial layer, and impairment of elastin fiber assembly.
The role of VDCCs in vascular remodeling of the DA has
not been investigated.

In the present study, we identified multiple VDCC subunits
in the DA by semiquantitative and quantitative RT-PCR and
immunodetection. In particular, "1C- and "1G-subunits were
predominant in the DA. Furthermore, we will demonstrate
the identification of a novel spliced variant of the "1C-
subunit gene that may play a role in neointimal cushion
formation of the DA.
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MATERIALS AND METHODS

Animals. All animals were cared for in compliance with the guiding
principles of the American Physiological Society. The experiments
were approved by the Ethical Committee of Animal Experiments of
Yokohama City University School of Medicine.

Maternal vitamin A administration. Maturation of the fetal DA was
accelerated by maternal administration of vitamin A, as described
previously (25, 42). Briefly, vitamin A [retinyl palmitate, 33 mg,
which is equivalent to 18 mg of retinol (Eisai, Tokyo, Japan)] was
diluted in polyoxyethylene castor oil and injected intramuscularly into
pregnant Wistar rats daily from day 17 of gestation in a dose of 1 mg
(3,000 IU)/kg body wt.

Tissue collection and preparation. For developmental studies, we
used pooled tissues obtained from Wistar rat embryos on embryonic
days 19 (e19, n & 60) and 21 (e21, n & 90) and from neonates on the
day of birth (day 0, n & 60). After excision, tissues were immediately
frozen in liquid nitrogen and stored at '80°C.

Semiquantitative and quantitative RT-PCR. Total RNA was iso-
lated from the tissues using TRIzol, as recommended by the manu-
facturer (Invitrogen, La Jolla, CA). Genomic DNA was digested by
DNase I before RT reaction. After annealing to random hexamer, 2
#M total RNA was reverse transcribed to cDNA by SuperScript II RT
(Invitrogen). For semiquantitative RT-PCR analyses of VDCC sub-
units, the primers for PCR amplification were designed on the basis of
the rat nucleotide sequences of VDCCs (Table 1) to amplify cDNA
between two exons, except "1S-subunit primers. The PCR cycle
consisted of denaturation at 94°C for 30 s, annealing at each temper-
ature for 30 s, and elongation at 72°C for 30 s; 35–40 forty cycles

were performed. Amplification products were analyzed by 2% agarose
gel electrophoresis and ethidium bromide staining. A fragment of
GAPDH was amplified as internal control. For quantitative RT-PCR
analysis, sequences for PCR primers are listed in Table 2. The spliced
variant of the "1C-subunit and nonspliced isoform were detected
simultaneously by Cav1.2 ("1C)-4 primer. Amplification and detection
were performed as described previously (40). Each template was
tested at least three times to confirm the reproducibility of the assays.
The abundance of each gene was determined relative to GAPDH
using TaqMan rodent GAPDH control reagents kits (Applied Biosys-
tems, Foster City, CA). For each RT-PCR experiment, we included
RT negative control and confirmed no amplification in each reaction.

Restriction enzyme analysis. The relative abundance of high-volt-
age-activated (HVA) channels of the "1-subunits was determined in
the DA as described previously (29). Briefly, all HVA channels of the
"1-subunits were amplified by RT-PCR using the following set of
primers: at(c/t) (a/g)tc acc ttc cag gag ca (forward) and gcg tag atg aag
aa(a/g/c) agc at (reverse). Five restriction enzymes selectively cut the
"1A-, "1B-, "1C-, "1D-, and "1E-isoforms of the PCR products. The
intensity of the digested fragments in correspondence to each isoform
was measured by a FujiFilm image analysis system (Image Gauge
version 3.41).

Generation of polyclonal antibody against spliced variant of !1C-
subunit. We generated a polyclonal antibody against spliced variant of
rat "1C-subunit using a keyhole limpet hemocyanin-conjugated syn-
thetic peptide for immunization. Antigens for spliced variant of
anti-rat "1C-subunit antibody were derived from the I-II cytoplasmic
loop region spanning amino acids 59–71 of the spliced variant of rat

Table 1. Oligonucleotides used for RT-PCR

Gene Accession No. Forward (5(-3() Position Reverse (5(-3() Position
Size,
bp

Annealing
Temperature,

°C

Cav1.1 ("1S) U31816 cgcgaggtcatggacgtggag 572–592 gatcaccagccagtagaagac 695–715 144 60
Cav1.2 ("1C)-1 AF394939 ggagagttttccaaagagagg 1342–1362 gatcaccagccagtagaagac 1699–1719 378 60
Cav1.2 ("1C)-2 AF394939 tggaaactcagctctaagag 5551–5570 tcctggtaggagagtatatc 5695–5714 164 54
Cav1.3 ("1D) NM_017298 attctgaacatggtcttcacg 4246–4265 gattctattgctctcttcaga 4405–4425 180 55
Cav1.4 ("1F) NM_053701 gcagatggcccttcaatctc 001–020 ccatgtcggatcccaggaag 833–852 852 57
Cav3.1 ("1G) NM_031601 aatggcaagtcggcttca 3648–3665 caggagacgaaaccttga 3837–3854 207 50
Cav3.2 ("1H) AF290213 gacgaggataagacgtct 3111–3128 ggagacgcgtagcctgtt 3906–3923 813 57
Cav3.3 ("1I) NM_020084 gatgaggaccagagctca 2768–2785 tctggctgcagtgagaggc 2943–2961 194 60
"2$1 NM_012919 tggtgtgatgggcgttgatgtgtc 1741–1764 gtcattgc-agtattcccttggtgc 2234–2258 518 56
"2$2 NM_175592 aggttcttcagtgaggtggat 2749–2769 ttataggacgcgttcaccgag 3081–3101 353 62
"2$3 NM_175595 ggcacagatgtcccagtaaaaga 1483–1505 tgtgtagtagtagtcattggtcat 1780–1803 321 58
%1-1 NM_017346 tgacaactccagttccag 624–641 tcaagaagtcaaacaacg 835–852 229 62
%1-2 NM_017346 tcaatgtccaaatagcag 1163–1180 tgtcagcatcaaaggtgtc 1555–1573 411 56
%2 NM_053851 acagagagcaaagcaagggaat 771–792 tctccttgagaaccctgtgaatt 1693–1715 945 56
%3 NM_012828 gtggtgttggatgctgac 892–909 attgtggtcatgctccga 1483–1500 609 58
%4 XM_215742 cgattcggcaagagagagaacagcaag 396–422 gtttgggcagcctcaaagcctatgtcg 1730–1756 1361 58
GAPDH AF106860 cccatcaccatcttccaggagcg 1060–1082 gcagggatgatgttctgggctgcc 1446–1469 410 55

Table 2. Oligonucleotides used for quantitative RT-PCR

Gene Accession No. Forward (5(-3() Position Reverse (5(-3() Position Probe (5(-3() Position
Size,
bp

Cav1.2
("1C)-3

AF394939 tgattgttgtgg-
gtagcattgtt

3992–4014 tcatagagggaga-
gcattgggtat

4049–4072 tagcaatcaccgaggtacacc-
cagctg (FAM)

4019–4072 81

Cav1.2
("1C)-4

AY323810 aatgaggacgag-
ggcatgg

136–154 gcccacaagtgag-
actgagtctg

258–280 agggaaatttgcttggtttag-
tcactccaca (FAM)

210–241 145

AF394939 tgaagacaaaccccgaaacat-
gagca (VIC)

1497–1522 70

Cav1.3
("1D)

NM_017298 gaagaggacgag-
cctgaggtt

3028–3048 ttttctccttcat-
gttcaactctga

3076–3100 (SYBR) 73

Cav3.1
("1G)

NM_031601 cctgatttcttt-
tcgcccag

3054–3073 tggcaaaaggc-
tctttcgtag

3138–3158 (SYBR) 105
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"1C-subunit (RGAPAGLHDQKKG!C). A male Japanese White rab-
bit was immunized four times every 2 wk. Serum was collected, and
polyclonal antibody was affinity purified.

Immunoblotting. The membrane fraction was prepared and immu-
noblotting was performed as described previously (23). Briefly, tis-
sues from rat (DA, aorta, atria, left ventricle, and lung) were homog-
enized in an ice-cold buffer [in mM: 50 Tris (pH 8.0), 1 EDTA, 1
EGTA, 1 dithiothreitol, and 200 sucrose] and protease inhibitors
(Complete Mini, Roche, Tokyo, Japan). The polyclonal antibody
specific for "1C-, "1D-, and "1G-subunits (Chemicon, Temecula, CA)
or spliced variant of "1C-subunit at 5 #g/ml was used to examine
20-#g membrane fractions from rat tissues.

Immunohistochemistry. For immunoperoxidase demonstration of
VDCCs in the DA, paraffin-embedded blocks containing DA tissues
were cut into 4-#m-thick sections and placed on 3-aminopropyltri-
ethoxysilane-coated glass slides. To determine the boundary line of
intimal cushion formation, tissue sections were stained with Elastica
van Gieson as recommended by the manufacturer (Muto Pure Chem-
icals). The specimens were deparaffinized, rehydrated, and incubated
for 5 min in peroxidase-blocking reagent (DAKO Laboratories) to
inactivate endogenous peroxidases. Slides were incubated with each
primary antibody of splicing variant of "1C-, "1D-, "1G-, and "1C-
subunits (1:200 dilution) at room temperature for 30 min. After they

were washed with 0.1 M PBS for 5 min, the slides were incubated for
30 min in biotinylated rabbit anti-goat IgG (Vector, Burlingame, CA).
Then the slides were washed with 0.1 M PBS for 5 min, incubated for
30 min in avidin-biotin-horseradish peroxidase complex (Vector), and
washed again with 0.1 M PBS for 5 min. The peroxidase reactivity
was demonstrated with 3,3’-diaminobenzidine (Sigma, St. Louis,
MO) and 0.3% H2O2 for 5 min. The specificity of staining was
examined by omission of the primary antibodies. The slides were
counterstained with Mayer’s hematoxylin.

Primary culture of rat DA SMCs. Vascular SMCs in primary
culture were obtained from the DA of Wistar rat embryos at e21. The
tissues were minced and transferred to a 1.5-ml centrifuge tube that
contained 800 #l of collagenase-dispase enzyme mixture [1.5 mg/ml
collagenase-dispase (Roche), 0.5 mg/ml elastase type II-A (Sigma
Immunochemicals, St. Louis, MO), 1 mg/ml trypsin inhibitor type I-S
(Sigma), and 2 mg/ml bovine serum albumin fraction V (Sigma) in
Hanks’ balanced salt solution (Sigma)]. The digestion was carried out
at 37°C for 15–20 min. Then cell suspensions were centrifuged, and
the medium was changed to the collagenase II enzyme mixture [1
mg/ml collagenase II (Worthington), 0.3 mg/ml trypsin inhibitor type
I-S, and 2 mg/ml bovine serum albumin fraction V in Hanks’ balanced
salt solution]. After 12 min of incubation at 37°C, cell suspensions
were transferred to growth medium in 35-mm poly-L-lysine (Sigma)-

Fig. 1. Semiquantitative RT-PCR analyses of Ca2! channel subunits. A: RT-PCR for L-type Ca2! channel "1-subunit isoforms in rat ductus arteriosus (DA),
aorta, skeletal muscle, and retina. RNA samples from tissues were processed for 35 cycles of PCR using primers directed to the cDNA sequence of VDCC "1S-,
"1C-, "1D-, and "1F-isoforms. PCR of the primer alone, without template, resulted in no product (data not shown). Transcripts for "1C- and "1D-subunits were
detected in DA and aorta, but no transcripts for "1S- and "1F-subunits were detected in DA and aorta. Transcripts for "1C-subunit were detected as clear bands
of expected (378 bp) and longer (453 bp) lengths. Sequence analysis detected insertion of an unreported 75-bp cDNA in the 453-bp band into the 378-bp band.
Expression of "1C-subunit mRNA was not altered during development. Expression of "1D-subunit mRNA was decreased in DA from embryonic day 21 (e21)
but decreased from day 0 (birth) in aorta. B: RT-PCR for T-type Ca2! channel "1G-, "1H-, and "1I-subunits in rat DA, aorta, skeletal muscle, and retina.
Transcripts for these subunits were present in DA and aorta. Expression level of "1G-subunit mRNA was high from embryonic day 19 (e19) to day 0 in DA and
aorta and decreased in adult aorta. Levels of "1H- and "1I-subunit mRNA expression were low in DA and aorta. C: RT-PCR for "2$-subunits in rat DA and aorta
during development. Transcripts for all 4 "2$-subunit isoforms were present in both tissues. D: RT-PCR for %-subunits in rat DA and aorta during development.
Transcripts for 4 %-isoforms were present in both tissues. %3-Subunit mRNA was abundant in DA and aorta throughout development.
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coated dishes in a moist tissue culture incubator at 37°C in 5%
CO2-95% ambient mixed air. The growth medium contained DMEM
with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin
(Invitrogen). The confluent cells were used at passages 4–6. We
confirmed that )99% of cells were positive for "-smooth muscle
actin and showed the typical “hill-and-valley” morphology.

Cell proliferation assays. [3H]thymidine incorporation was used to
measure cell proliferation in DA SMCs. The SMCs were reseeded into
a 24-well culture plate at an initial density of 1 * 105 cells per well
for 24 h before serum starvation with DMEM containing 0.5% FCS.
Cells were then incubated with or without nitrendipine (1 #M),
kurtoxin (1 #M), and efonidipine (3 #M) for 16 h in the starvation
medium before addition of 1 #Ci of [methyl-3H]thymidine (specific
activity 5 Ci/mM; Amersham International, Bucks, UK) for 4 h at
37°C. After fixation with 1.0 ml of 10% trichloroacetic acid, the cells
were solubilized with 0.5 ml of 0.5 M NaOH and then neutralized
with 0.25 ml of 1 N HCl. A liquid scintillation counter was used to
measure [3H]thymidine incorporation. Data obtained from triplicate
wells were averaged.

Generation of expression construct for spliced variant of rat
!1C-subunit. The 220-bp fragment containing a 75-bp insertion of the
spliced variant of rat VDCC "1C-subunit was extracted from the
453-bp PCR fragment using Xho I and Sph I restriction enzymes. Then
the 220-bp fragment was introduced into the Xho I/Sph I site of the
pcDNA3.1(!)-based expression construct of the rat brain 1C subunit
(rbCII; kindly supplied by Dr. T. P. Snutch) (35). The sequence of the
expression construct was confirmed by direct sequencing analysis.

Electrophysiological recordings. CaV1.2 (rbCII; GenBank acces-
sion no. M67515) or its mutant was transiently expressed in BHK6
cells, which stably express %1- and "2$-subunits. Transfection was
carried out with a transfection reagent (FuGene 6, Roche), as previ-
ously described (43).

Electrophysiological recordings were performed in the whole cell
patch-clamp configuration using a patch/whole cell-clamp amplifier
(Axopatch 200B, Axon Instruments) and an analog-to-digital con-
verter (Digidata 1200, Axon Instruments) (43). Data acquisition was
performed with pCLAMP7 software (Axon Instruments). Signals
were filtered at 5 kHz. Capacitative currents were electrically com-
pensated. The P/4 protocol (pCLAMP7) was used for leak subtraction.
Ca2! currents and Ba2! currents (IBa) through CaV1.2 (rbCII) Ca2!

channels expressed in BHK6 cells were measured as previously
described (27). The external solution contained (in mM) 137 NaCl,
5.4 KCl, 1 MgCl2, 10 HEPES, and 10 glucose, with 2 CaCl2 or BaCl2
as a charge carrier; pH was adjusted to 7.4 with NaOH at room
temperature. The resistance of the patch electrode was 2–2.5 M+
when it was filled with the pipette solution containing (in mM) 120
CsMeSO4, 20 TEA-Cl, 14 EGTA, 5 Mg-ATP, 5 Na2 creatine phos-
phate, 0.2 GTP, and 10 HEPES, with pH adjusted to 7.3 with CsOH
at room temperature. All experiments were carried out at room
temperature.

The half-activation potential (Vh-act) was estimated by fitting the
current-voltage (I-V) relations (curves) to the following equation by
an interactive nonlinear regression fitting procedure

I " ,Vm # Vrev-!Gmax!.1//1 $ exp,Vm # Vh-act-/k01

where Vm is membrane potential, Vrev is reversal potential, k is slope
factor, and Gmax is maximum conductance.

Half-inactivation voltage (Vh-inact) was estimated by fitting the
steady-state inactivation curves to the following equation

I " Imin $ ,Imax # Imin-//1 $ exp,Vh-inact # V-/k0

where Imax and Imin are maximum and minimum plateau currents,
respectively, and k is slope factor.

Statistical analysis. Values are means 2 SE. Student’s unpaired
t-tests and unpaired ANOVA followed by the Student-Newman-Keuls
test were used for statistical analysis. P 3 0.05 was considered
statistically significant.

RESULTS

Multiple transcripts of VDCC !1-, !2%-, and &-subunits in
rat DA. Semiquantitative RT-PCR analyses revealed that,
among voltage-dependent L-type Ca2! channel subunits, "1C-
and "1D-subunit mRNAs were expressed in the DA and the
aorta, whereas neither "1F- nor "1S-subunit transcript was
detected (Fig. 1A). The "1C-subunit transcripts were amplified
as two bands, 378 bp (the expected size) and 453 bp, in the
RT-PCR products. The 378-bp band was confirmed as the
reported VDCC "1C-subunit, and the 453-bp band was identi-
fied as a novel spliced variant of the rat VDCC "1C-subunit by
sequencing analysis. Another spliced variant of "1C-subunit in
the human, which displayed oxygen-sensitive opening of the
channel, was recently identified (11). However, we could not
detect this spliced variant in DA, aorta, and genomic DNA in
the rat by RT-PCR using Cav1.2 ("1C)-2 primers, although we
could detect its expression in human right ventricle (data not
shown). The expression of VDCC "1A (P/Q-type)-, "1B (N-
type)-, and "1E (R-type)-subunits was not detected in the DA
by semiquantitative RT-PCR (data not shown).

The transcripts of all T-type Ca2! channel "1-subunits, "1G,
"1H, and "1I, were detected in the DA and aorta (Fig. 1B). In
our PCR conditions, expression of the "1G-isoform was highest
and expression of the "1H-isoform was lowest in the DA
among T-type Ca2! channel "1-subunits. Expression of "1I

was decreased from e21 in the DA and from day 0 in the aorta.
The transcripts of all four "2$-subunits were detected in the

DA and aorta (Fig. 1C). Transcripts of all four %-subunits were
detected in the DA and aorta (Fig. 1D). Among them, %3-
subunit mRNA was highly expressed by semiquantitative RT-
PCR during development in the DA and aorta. Expression of
%3-subunit mRNA was not changed during development. Ex-
pression of %1-subunit mRNA was not detected in adult aorta.

Fig. 2. Relative abundance of L-type Ca2! channel "1-subunits in DA at e21.
Uncut lane shows a single band corresponding to fragments obtained after
RT-PCR; "1C, "1D, and "1S lanes show fragments obtained after restriction
digest with enzymes. Digested fragments are indicated by arrows. Digested
fragment was detected more in "1C- than in "1D-subunit. No digested fragment
was detected in "1S-subunit. Values for "1C- and "1D-subunits were obtained
from the value into which elements digested by each enzyme were divided by
amount of uncut PCR product using densitometry. The "1C-subunit is the most
abundant of the L-type Ca2! channel subunits. *P 3 0.01.
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Expression %2- and %4-subunit mRNA was higher in the fetus
than that in neonates on day 0.

VDCC !1C-subunit was a predominant transcript of L-type
Ca2! channel subunits in rat DA. Using restriction enzyme
analysis as previously reported (29), we determined relative
abundance of HVA Ca2! channel mRNA. The digested frag-
ments were detected only in the "1C- and "1D-subunit lanes
(Fig. 2), which is consistent with the result from semiquanti-
tative RT-PCR. The values of "1C- and "1D-subunits were
obtained when the value into which elements digested by each
enzyme was divided by the amount of uncut PCR product. The
density of the digested fragment was significantly higher in the
"1C- than in the "1D-subunit lane, indicating that the "1C-
subunit is the most abundant transcript among L-type Ca2!

channel subunits.
Protein expression of !1C-, !1D-, !1G-, and &3-subunits in

the DA. Protein expression of "1C-, "1D-, "1G-, and %3-subunits
was examined by immunoblotting analysis (Fig. 3). Although

the expression level of "1C-subunit mRNA was higher in the
DA than in the fetal aorta, the expression level of "1C-
subunit protein in the DA was comparable with that in the
aorta at e21 and much less than that in the adult atrium and
aorta. Protein expression of the "1D-subunit was similarly
detected in the DA and aorta at e21, but not in the adult
aorta. The level of "1G-subunit protein expression was high
in the DA and aorta at e21 and undetectable in the adult
aorta. We also detected %3-subunit protein expression in the
DA at e21.

In addition, we examined the localization of "1C-, "1D-, and
"1G-subunit proteins in the DA at e21 by immunostaining with
anti-"1C, -"1D, and -"1G (Fig. 3B). Strong immunoreaction of
"1C- and "1G-subunits and moderate immunoreaction of the
"1D-subunit were found in SMCs in the DA. Especially, the
"1G-subunit was strongly expressed in the region of intimal
thickening of the DA, which is clearly distinguished by Elas-
tica stain.

Fig. 3. A: expression of "1C-, "1D-, "1G-, and %3-subunit protein in rat DA, aorta, and atrium by immunoblotting. Membrane proteins from rat tissues were
separated by SDS-PAGE, together with prestained molecular weight markers, and subjected to immunoblot analysis with each subunit-selective antibody.
Expression level of "1C-subunit protein was comparable in DA and aorta at e21 and much less in DA than in adult atrium. Expression of "1D-subunit was
similarly detected in DA and aorta at e21. Expression of "1G-subunit protein was high in DA and aorta at e21 and undetectable in adult aorta. Expression of
%3-subunit was high in DA at e21. B: DA at e21 immunostained with anti-"1C, -"1D, and -"1G. Elastica stain identified the boundary of intimal cushion formation.
High-magnification (*4) image of the region of intimal cushion formation is shown at bottom. Strong immunoreaction of "1C-subunit and mild immunoreaction
of "1D-subunit were ubiquitously found in DA. Strong "1G-subunit immunoreaction was especially found at the region of intimal thickening (IT) in DA. Scale
bar, 100 #m.
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Effects of development and maternally administered vitamin
A on expression of VDCC !1-subunit transcripts. Although the
expression levels of "1C-subunit mRNA were not changed in
the DA during development, a significant decrease in the
expression level of "1C-subunit mRNA in the aorta resulted in
a higher expression of "1C-subunit mRNA in the DA than in
the aorta after e21 (Fig. 4A). Maternally administered vitamin
A significantly increased the expression levels of "1C-subunit
mRNA at day 0 (P 3 0.01; Fig. 4B).

Expression of "1G-subunit mRNA was 25–120 times higher
in perinatal vessels than in the adult aorta (Fig. 4C). The
expression was upregulated in the DA during development.
The level of "1G-subunit mRNA was significantly higher in the
DA than in the aorta at day 0. Maternally administered vitamin
A significantly upregulated the expression of "1G-subunit
mRNA at all developmental stages (P 3 0.001; Fig. 4D).

Effects of L- and T-type VDCCs on SMC proliferation in DA.
We used a specific L-type VDCC blocker (nitrendipine), a
specific T-type VDCC blocker (kurtoxin), and an L- and
T-type VDCC blocker (efonidipine) to investigate a role for

VDCCs in SMC proliferation in the DA. Significant inhibition
of [3H]thymidine incorporation was observed in rat DA SMCs
treated with 1 #M nitrendipine, 3 #M efonidipine, or 1 #M
kurtoxin compared with untreated SMCs (Fig. 5). The inhibi-
tion was the strongest in SMCs treated with 3 #M efonidipine,
suggesting that the additive inhibitory effect of efonidipine on
cell proliferation is due to the blockade of L- and T-type
VDCCs in rat DA SMCs.

A novel spliced variant of the !1C-subunit was highly ex-
pressed in adult lung and fetal arteries. As demonstrated
above, using RT-PCR with Cav1.2 ("1C)-1 primers, we found
a novel alternatively spliced isoform of the "1C-subunit in the
DA and aorta (Table 1). The PCR products were subcloned
into a pCRII vector (Invitrogen) and sequenced. We reported
the nucleotide sequence in the EMBL/GenBank nucleotide
sequence databases (accession no. AY323810; Fig. 6A). The
spliced variant contained a 26-amino acid insertion into the I-II
cytoplasmic linker that interacts with the %-subunit of "1C (Fig.
6B). During the course of the present study, homologs of this
variant have been reported in other species. Figure 6C shows

Fig. 4. A: developmental changes in expression of "1C-subunit mRNA. Expression level of "1C-subunit mRNA was higher in DA than in aorta (AO) at e21 and
day 0. Expression level was not changed in DA during development but was decreased in aorta from e19 to e21. *P 3 0.05. NS, not significant. B: effects of
maternally administered vitamin A (MVA) on expression of "1C-subunit mRNA in DA. Levels of "1C-subunit mRNA were not changed in DA during
development and were significantly increased with vitamin A only at day 0. *P 3 0.05; **P 3 0.01. C: developmental changes in expression of "1G-subunit
mRNA. Transcripts for "1G-subunit were increased during development in DA. Abundance of "1G-subunit mRNA was significantly greater in DA than in aorta
at day 0. **P 3 0.01; ***P 3 0.001. D: effects of maternally administered vitamin A on expression of "1G-subunit mRNA in DA. Expression of "1G-subunit
mRNA was upregulated during development and significantly higher than with vitamin A at any developmental stage. **P 3 0.01; ***P 3 0.001.
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that amino acid sequence homology between the rat and other
species (mouse, rabbit, and human) is very high (100%, 92%,
and 88%, respectively).

We characterized the novel spliced isoform of rat "1C-
subunit. Figure 7A shows the expression the spliced variant of
"1C-subunit mRNA and protein by semiquantitative RT-PCR
and immunoblotting analyses. The PCR product migrating 453
bp was the spliced variant of the "1C-subunit and the 378-bp
band indicated the reported "1C-subunit. A relatively high
intensity of the 453-bp band was detected in the DA and the

aorta. Using the specific antibody against the spliced variant of
the "1C-subunit, we also found a high level of expression of the
variant protein in arteries, including the DA, and less expres-
sion in the adult heart.

By quantitative RT-PCR analyses, the spliced variant tran-
script was expressed most abundantly in the adult lung (data
not shown), less in the fetal arteries, and least in the adult
arteries. In other adult tissues, the expression level of "1C-
subunit mRNA, including this spliced variant, was very low
(data not shown). The ratio of the abundance of the spliced
variant to the conventional "1C-isoform was measured by
quantitative RT-PCR (see MATERIALS AND METHODS). The pro-
portion of the spliced variant and nonspliced "1C-isoform was
almost invariable (1–1.5) among the lung, DA, and aorta.
Furthermore, we examined the developmental changes in the
expression of the spliced variant of the "1C-subunit transcript
in the DA and aorta (Fig. 7B). The level of the spliced variant
"1C-subunit mRNA peaked at e21 in the DA. After birth, the
level of the spliced variant "1C-subunit mRNA was higher in
the DA than in the aorta.

Localization of the spliced variant of the "1C-subunit in the
DA at e21 was examined by immunostaining with anti-"1C-
subunit splicing variant (Fig. 7C). Strong immunoreaction was
found in the region of intimal thickening of the DA (Fig. 7C,
right), whereas immunoreaction of the conventional "1C-iso-
form was ubiquitously expressed in the whole layers of the DA
(Fig. 3B).

Fig. 5. Effects of VDCC blockers on [3H]thymidine uptake of DA smooth
muscle cells. [3H]thymidine incorporation in groups treated with nitrendipine,
efonidipine, and kurtoxin was decreased compared with that in control group
in 0.1% FCS-containing medium. Treatment of DA smooth muscle cells with
efonidipine resulted in additional reduction of [3H]thymidine uptake compared
with nitrendipine or kurtoxin treatment. Experiments were performed 3 times
independently in duplicate. Significantly different from control: *P 3 0.01,
**P 3 0.0001. †Significantly different from nitrendipine (P 3 0.01). ‡Signif-
icantly different from kurtoxin (P 3 0.01).

Fig. 6. A: alignment of nucleotide sequence of rat
Ca2! channel "1C-subunit (GenBank accession no.
AF394938) and novel spliced variant (GenBank
accession no. AY323810). Spliced variant consists
of a 75-bp insertion. B: amino acid sequence of rat
Ca2! channel "1C-subunit. Spliced variant contains
a 25-amino acid insertion into the I-II cytoplasmic
linker that interacts with the %-subunit of "1C. C:
comparison of amino acid sequence of novel "1C-
subunit alternatively spliced isoform among several
species. Sets of conservative or unconservative res-
idues are indicated in bold or light font, respec-
tively. Amino acid sequence is highly conserved
among species.
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We examined whether the DA variant exerts any differences
in the gating kinetics of the Ca2! channel. Activation and
inactivation kinetics of IBa were not significantly different
between rbCII and the DA variant (Fig. 8A). The expression
level at the surface membrane, estimated as the density of IBa,
did not differ between the two groups, even though the indi-
vidual cell showed a wide variety of IBa density, as is often the
case with a transient expression experiment (Fig. 8B). The I-V
relations of rbCII and the DA variant were almost superimpos-
able (Fig. 8C). Vh-act of rbCII and the DA variant were
'15.4 2 1.9 mV (n & 9) and '14.5 2 1.2 mV (n & 7),
respectively (not statistically significant). The steady-state in-
activation curves could be slightly shifted toward the depolar-
ized direction in the DA variant, but Vh-inact was not signifi-
cantly different: '33.3 2 1.0 mV (n & 9) and '31.5 2 1.7
mV (n & 6), respectively.

DISCUSSION

Ca2! influx through VDCCs plays an important role in
vascular myogenic reactivity and tone (4, 8, 26). To our

knowledge, the present study demonstrated the first complete
characterization of the expression of VDCC subtype mRNAs
in the DA. Tristani-Firouzi et al. (38) demonstrated that acti-
vation of L-type, but not T-type, VDCCs plays a major role in
oxygen-sensitive contraction in the DA. Takizawa et al. (37)
demonstrated that an L-type VDCC blocker, verapamil, inhib-
its spontaneous closure of the DA in newborn rats. Therefore,
the abundant expression of "1C-subunit mRNA in the DA
suggested that the "1C-subunit is mainly responsible for the
influx of Ca2! that induces contraction of the DA after birth.

We also found that all T-type VDCCs were expressed in the
DA. The most dominant isoform among T-type VDCCs in the
DA is the "1G-subunit, with an expression level 25–120 times
higher in fetal vessels than in adult aorta, which is consistent
with previous reports showing that T-type VDCCs are predom-
inantly expressed in the early stages of differentiation of many
embryonic and neonatal tissues (2, 9, 12, 21). The expression
of "1G-subunit mRNA was significantly upregulated by mater-
nal administration of vitamin A. In the DA, "1G-subunit
protein was highly localized in the region of intimal thicken-

Fig. 7. A: expression of splicing variant of "1C-
subunit confirmed by semiquantitative RT-PCR and
immunoblotting analyses. Band migrating at 453 bp
is spliced variant of "1C-subunit; smaller band is
nonspliced "1C-isoform. Immunoblotting analysis
revealed that spliced variant of "1C-subunit was
highly expressed in vascular smooth muscle, includ-
ing DA, at mRNA and protein levels. B: relative
abundance of spliced variant of "1C-subunit mRNA
measured by quantitative RT-PCR. Level of spliced
variant of "1C-subunit mRNA is highly expressed in
DA and aorta in the fetus. C: immunoreaction of
splicing variant of "1C-subunit was found in smooth
muscle cells of DA at e21. Strong immunoreaction
was found in region of intimal thickening. Scale bar,
100 #m. High-magnification (*4) image of region
enclosed in rectangle at left is shown at right.
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ing. Although the abundant expression of the "1G-subunit
suggests that the "1G-subunit plays an important role in the
DA, the physiological role of T-type VDCCs in smooth muscle
contraction has been obscure. However, Ca2! influx through
the "1H-subunit has been recently identified to be essential for
normal relaxation of coronary arteries (4). Therefore, T-type
VDCCs may play a similar role in the DA, rather than in
oxygen-sensitive contraction (38). Further investigation is nec-
essary to test the possibility.

In addition to the regulation of vascular tone, L- and T-type
VDCCs are also known to regulate differentiation (14, 17),
proliferation (19, 36, 44), migration (7, 31), and gene expres-
sion (41) in vascular SMCs. In the present study, we found that
L- and T-type Ca2! channel blockers significantly inhibited
[3H]thymidine incorporation in DA SMCs, suggesting that L-
and T-type VDCCs promote cell proliferation in the DA.
Moreover, we found that BAY K 8644, an L-type VDCC
activator, increased DA SMC migration in a dose-dependent
manner (unpublished data). A previous study demonstrated
that the blockade of T-type, but not L-type, VDCCs prevented
neointima formation after vascular injury (32), which shares a
molecular mechanism of intimal thickening similar to that of
the DA. Our present results, however, indicate that L- and
T-type VDCCs are involved in intimal thickening in the DA in
different ways.

Previous studies demonstrated that responses of the DA to
oxygen and indomethacin, a prostaglandin H synthase inhibi-
tor, are blunted at e19 and are apparent at e21 (24, 25). In this
study, the expression level of "1C-subunit mRNA at e19 was
similar to that at e21 or day 0. Therefore, the expression level
of the "1C-subunit was not considered the cause of the blunted
response of the DA to oxygen and indomethacin at e19. One
may argue that an oxygen-sensitive signal is activated at near
term (e21) to increase the activity of VDCCs. In this sense,
vitamin A and/or retinoic acid signaling is a candidate for the
activator of oxygen sensitivity, because the retinoic acid re-
sponse element is strongly expressed in the mouse DA (6), and

maternally administered vitamin A accelerated development of
the oxygen-sensing mechanism of the rat DA (42). Previous
studies have also demonstrated that retinoic acid upregulated
"1C-subunit L-type Ca2! channel expression in vascular SMCs
(13) and H9C2 cardiac myoblast cell lines (22). Although
vitamin A upregulated the expression of "1C-subunit mRNA in
the DA only at day 0, it would be of great interest that vitamin
A and/or retinoic acid signal may enhance the activity of
VDCCs in the DA.

We found a novel spliced variant of the "1C-subunit in the
rat. The spliced variant contained a 25-amino acid insertion
into the I-II cytoplasmic linker. The interaction between the
cytoplasmic I-II linker of "1C- and %-subunits is known to
modulate channel opening (16). During the preparation of this
manuscript, Liao et al. (18) reported the same spliced variant of
the "1C-subunit. They demonstrated that the spliced variant of
the "1C-subunit exhibited a hyperpolarized shift in voltage-
dependent activation and the I-V relation in HEK 293 cells.
However, we did not find a difference in basic electrophysio-
logical channel properties between the conventional and the
spliced variant of "1C-subunits. Although we do not explain an
exact reason for the conflicting results between two studies, the
discrepancy may be due to the different conditions of the
experiments: we used rat cDNA and the %1-subunit, whereas
Liao et al. used human cDNA and the %2-subunit. Although we
did not find a difference in basic channel properties between
the conventional and the spliced variant of "1C-subunits, we
found the distinct expression pattern of the spliced variant in
the DA. The spliced variant was strongly expressed in neoin-
timal thickening of the DA, where SMCs exhibit more prolif-
erating and migrating characters (33, 34). In addition, we found
that expression of the spliced variant mRNA was significantly
increased in the lung of monocrotaline-treated rats (unpub-
lished data). These results suggest a distinct role for the spliced
variant in adaptation to various physiological and/or patholog-
ical signals.

Fig. 8. A: Ba2! current (IBa) traces of rat brain 1C
subunit (rbCII) and the DA variant. Peak normalized
currents were averaged and superimposed. Pulse
protocol is indicated above current traces. B: voltage
dependence of IBa density of DA variant and rbCII.
C: current-voltage (I-V) relations (curve) of rbCII
and the DA variant. Amplitude of IBa was normal-
ized to peak value in each recording and averaged.
D: steady-state inactivation curves of rbCII and the
DA variant. Test pulse to 0 mV for 100 ms was
applied after conditioning pulse for 5 s to the re-
spective voltages ranging from '80 to 10 mV in
10-mV steps and for 25 ms at '70 mV. Values are
means 2 SE.
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In conclusion, multiple VDCC subunits were identified in
the DA, and, in particular, "1C- and "1G-subunits were pre-
dominant in the DA. The expression of "1C- and "1G-subunit
mRNAs was higher in the DA than in the aorta and was
significantly upregulated by maternal administration of vitamin
A. We found a novel spliced variant of the "1C-subunit gene
that may play a specific role in Ca2! entry in the lung and fetal
arteries. Our study could be an important first step in identifi-
cation of the molecular basis of Ca2! channel function in the
DA. On the basis of our results, further study would identify
the physiological relevance between mRNA levels and Ca2!

channel function in the DA.
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