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A case of giant coronary artery aneurysm and literature review 299

artery is the RCA. Symptoms are chest pain, dys-
pnea, palpitation, and so on. However, sometimes
it is asymptomatic as shown in this case. Resec-
tion of coronary artery aneurysm with CABG is most
frequently performed as the treatment of giant
coronary artery aneurysms.

Conclusion

We reported a case with giant coronary artery
aneurysm with the diameter of 50 mm probably due
to Kawasaki disease, and reviewed the literature on
giant coronary artery aneurysms.
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Jiao Q, Bai Y, Akaike T, Takeshima H, Ishikawa Y, Minami-
sawa S. Sarcalumenin is essential for maintaining cardiac function
during endurance exercise training. Am J Physiol Heart Circ
Physiol 297: H576-H582, 2009. First published June 5, 2009;
doi:10.1152/ajpheart.00946.2008 —Sarcalumenin (SAR), a Ca®*-
binding protein located in the longitudinal sarcoplasmic reticulum
(SR), regulates Ca** reuptake into the SR by interacting with cardiac
sarco(endo)plasmic reticulum Ca?*-ATPase 2a (SERCA2a). We have
previously demonstrated that SAR deficiency induced progressive
heart failure in response to pressure overload, despite mild cardiac
dysfunction in sham-operated SAR knockout (SARKO) mice (26).
Since responses to physiological stresses often differ from those to
pathological stresses, we examined the effects of endurance exercise
on cardiac function in SARKO mice. Wild-type (WT) and SARKO
mice were subjected to endurance treadmill exercise training (~65%
of maximal exercise ability for 60 min/day) for 12 wk. After exercise
training, maximal exercise ability was significantly increased by 5%
in WT mice (n = 6), whereas it was significantly decreased by 37%
in SARKO mice (n = 5). Cardiac function assessed by echocardio-
graphic examination was significantly decreased in accordance with
upregulation of biomarkers of cardiac stress in SARKO mice after
training. After training, expression levels of SERCA2a protein were
significantly downregulated by 30% in SARKO hearts, whereas they
were significantly upregulated by 59% in WT hearts. Consequently,
SERCAZ2 activity was significantly decreased in SARKO hearts after
training. Furthermore, the expression levels of other Ca®>*-handling
proteins, including phospholamban, ryanodine receptor 2, calseques-
trin 2, and sodium/calcium exchanger 1, were significantly decreased
in SARKO hearts after training. These results indicate that SAR plays
a critical role in maintaining cardiac function under physiological
stresses, such as endurance exercise, by regulating Ca®* transport
activity into the SR. SAR may be a primary target for exercise-related
adaptation of the Ca®™ storage system in the SR to preserve cardiac
function. :

treadmill; calcium uptake; heart failure; excitation-contraction cou-
pling

ENDURANCE EXERCISE 1S ONE of the most common physiological
stresses affecting the homeostasis of the whole body. Adapta-
tions to chronic endurance exercise result in functional and
structural changes in the heart (19, 31, 33); for example, after
chronic endurance exercise training, it has been shown that
resting heart rate is decreased and that maximal stroke volume
is increased, since myocardial contractile function is enhanced
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and left-ventricular cavity dimension is augmented (2, 14, 25).
A growing body of evidence has demonstrated that the regu-
lation of intracellular Ca®* through the sarcoplasmic reticulum
(SR) plays a critical role in maintaining cardiac function under
both physiological and pathological stresses (5, 7, 17). In
particular, rapid transport of Ca** from the cytosol to the SR
via the cardiac sarco(endo)plasmic reticulum Ca?*-ATPase 2a
(SERCA?2a) is a critical determinant for the maintenance of
Ca?* storage in the SR. Therefore, it is extremely important for
us to understand the effect of endurance exercise training on
SERCAZ2a function and thus on the Ca** storage system in the
heart. In this regard, a considerable number of previous studies
on animals have demonstrated that endurance exercise trgining
increases the expression and/or activity of SERCA2a in the
heart, resulting in enhanced cardiac function of the healthy (9,
10, 20, 22, 30, 35) or pathological heart (6, 15, 21, 24, 34, 39).

Sarcalumenin (SAR) is an SR luminal glycoprotein respon-
sible for Ca** buffering in skeletal and cardiac muscles (13,
16). SAR is predominantly found in the longitudinal SR, where
SERCA and phospholamban (PLN) are also located. Our
laboratory’s previous study has demonstrated that SAR inter-
acts with SERCA2 to enhance the protein stability of
SERCAZ2a, and that it facilitates Ca®" sequestration into the
cardiac SR (26). Although young sedentary SAR knockout
(SARKO) mice exhibit only mild impairments in Ca** tran-
sient and cardiac function (38), we have recently demonstrated
that SAR deficiency induced progressive heart failure in re-
sponse to pressure overload (26), indicating that SAR plays a
critical role in adapting to pathological stresses, such as pres-
sure overload in the heart. We found that SAR is essential for
maintaining SERCA2a expression and activity in the pressure-
overloaded heart. However, it has recently been reported that
skeletal muscle from SARKO mice is highly resistant to
fatigne compared with that from wild-type (WT) mice (40);
this fatigue resistance of SARKO skeletal muscle is likely due
to enhanced store-operated Ca®* entry (SOCE) induced by

“upregulated expression of mitsugumin 29 (MG29), a synapto-

physin-related membrane protein that is ndt expressed in the
heart. In addition, it is known that the heart often resporids
differently to physiological stresses, such as endurance 'exer-
cise, than to pathological stresses, such as pressure overload.
Therefore, it remains unknown whether SAR also plays a role
in maintaining cardiac function when the heart is exposed to
physiological stresses, such as endurance exercise. To clarify
the mode of action of SAR in the heart under a physiological
stress, such as endurance exercise training, we investigated the

http://www.ajpheart.org



SARCALUMENIN DEFICIENCY AND ENDURANCE EXERCISE

impact of SAR deficiency on the expression and activity of
SERCAZ2a in the heart and on cardiac function after endurance
exercise training.

MATERIALS AND METHODS

Animal preparation. Generation of SARKO mice has been de-
scribed previously (38). SARKO and C57BL/6T WT mice (8—10 wk
of age) were bred at Yokohama City University. All mice used in the
present study came from the same genetic background. All animal
care and study protocols were approved by the Animal Ethics Com-
mittees of Yokohama City University School of Medicine and
Waseda University, and the investigation conforms to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (National Institutes of Health Publication
No. 85-23, revised 1996).

Maximal exercise ability and treadmill endurance exercise train-
ing. Mice were randomized into four groups: sedentary WT (SED-
WT) and sedentary SARKO (SED-SARKO) mice, and WT (ET-WT)
and SARKO (ET-SARKO) mice subjected to endurance exercise
training.

Animals ran on a rodent motor-driven treadmill (MANUAL, LE
8700 series, Panlab, Barcelona, Spain) with adjustable belt speed
(0-150 cm/s). The treadmill apparatus was equipped with adjustable-
amperage (0—2 mA) shock bars at the rear of the belt, through which
mild electrical stimulation (grid shock <1 mA) was applied to
encourage the mice to run. A detector located above the shock grid
measured the number of shock stimuli received by each mouse.

First, mice were acclimated to the treadmill via three 15-min
running sessions with mild shock stimulation and a belt speed of 30
- cm/s. After acclimation, all mice underwent a treadmill exercise test
to determine their exercise ability before the endurance exercise
training described below; a similar assessment was made during and
after training for comparison purposes. The belt speed of the treadmill
was set to 30 cm/s at the beginning of each test. It was then increased
linearly by 2 cm/s every 30 s until the mice could not continue to run
regularly on the treadmill, or until they had rested on the shock grid
more than three times. The final belt speed achieved by each mouse
was considered to be that mouse’s maximal exercise ability. Maximal
exercise ability was determined by averaging the maximal belt speeds
of at least three measurements for each mouse; there was an inter-
mission of at least 1 h between each measurement. Workloads of
endurance exercise training were then adjusted for each mouse in
accordance with its maximal exercise ability.

Before the start of each exercise training session, each mouse
performed a 5-min warm-up at 40% of its maximal speed. ET-WT and
ET-SARKO mice then ran on the treadmill (at 0° inclination) at 65%
of their maximal speeds for 60 min/day, 5 days/wk, for 12 wk. Each
mouse’s maximal exercise ability was reevaluated every 4 wk, and
each mouse’s workload was adjusted again based on its current
maximal speed (Supplemental Fig. 1). (The online version of this
article contains supplemental data.) For sedentary mice, running skill
was maintained by treadmill running for 15 min at 0° inclination at a
belt speed of 30 cm/s, 3 days/wk.

" Citrate synthase activity. As a marker for endurance training, the
myocardial citrate synthase (CS) activity was measured at 37°C in the
presence of 0.2% Triton X-100 with 20 pg protein sample, as
previously described (27, 32). CS activity was also measured in soleus
muscle homogenates to assess the efficacy of endurance exercise
training.

Cardiac function assessed by echocardiography. Mice were anes-
thetized with an intraperitoneal injection of Avertin (250 pg/g) and
subjected to echocardiography, as described in our laboratory’s pre-
vious publications (28, 38). Since we have observed that the heart
rates of mice decrease after intraperitoneal injection of Avertin,
reaching stable minimal levels around 15-20 min after imjection
(Supplemental Fig. 2), we obtained the echocardiographic data around
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15-20 min after injection of Avertin. After the final assessment of
cardiac function after endurance training, heart and skeletal (soleus)

" muscles were immediately placed in chilled phosphate-buffered saline

to remove all residual blood. Hearts were then weighed, and left
ventricles were immediately frozen in liquid nitrogen and stored at
—80°C. .

Quantitative RT-PCR analysis. Total RNA was isolated from
various tissues using TRIzol reagent (Invitrogen, Carlsbad, CA), as
recommended by the manufacturer. Generation of ¢cDNA and RT-
PCR analysis was performed as described previously (36, 37). The
primers for PCR amplification were designed based on the mouse
nucleotide sequences of atrial natriuretic factor (ANF) and brain
natriuretic peptide (BNP). The mRNA levels of interest were normal-
ized to mouse glyceraldehyde-3-phosphate dehydrogenase.

Immunoblot analysis. We prepared protein samples from the left
ventricular tissues of the sedentary and trained mice, which had been
immediately frozen and stored at —80°C after death of the animals.
Immunoblot analyses were performed as described previously (26,
36). Briefly, tissues were defrosted to 0°C and homogenized in a
chilled homogenization buffer [in mM: 50 Tris (pH 8.0), 1 EDTA, 1
EGTA, 1 dithiothreitol, and 200 sucrose] with protease inhibitors
(Complete Mini, Roche, Basel, Switzerland). Protein content was
determined using the Coomassie Plus protein assay (Pierce Chemical,
Rockford, IL), and BSA (0.1~1 mg/ml) was used as a standard. The
protein samples (20 pg) were separated in the same gel by SDS-
polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA). When the molecular
size of target proteins was different, polyvinylidene difluoride mem-
branes were cut in accordance with their size. When the molecular
size of target proteins was similar, we reused the same membrane for
a different antibody after washing the membrane with a stripping
buffer [in mM: 62.5 Tris (pH 8.0), 100 2-mercaptoethanol, and 2%
SDS]. Antibodies used in the present study are shown in Supplemental
Table 1. After application of a secondary antibody, quantification of
the target signals was performed using the LAS-3000 imaging system
(FUIIFILM, Tokyo, Japan). The protein levels of interest were nor-
malized to rat B-actin. For reuse, a membrane was washed with a
stripping buffer at 55°C for 10 min and was washed three times with
0.1% Tris buffered saline-Tween 20 buffer.

SR Ca?*-ATPase assay. SR Ca?*-ATPase activity was measured
in triplicate spectrophotometrically at 37°C, as described previously
with some modifications (18). Briefly, using 5 p.g of SR protein from
mice heart tissues, the reaction was carried out at 37°C in a reaction
medium [in mM: 30 TES, 100 KCl, 5§ NaN3, 5 MgCl,, 0.5 EGTA, and
4 ATP, with or without 0.5 CaCl,]. The reaction medium was
preincubated at 37°C for 5 min. The reaction was started at 37°C by
adding SR protein to the medium. After 5 min, the reaction was
stopped by adding 0.5 ml of ice-cold 10% trichloroacetic acid solu-
tion, and the mixture was placed on ice. Inorganic phosphate was
measured by using U2001 (Hitachi), as described previously (8).
Ca®*-ATPase activity was calculated by subtracting the ATPase
activity in the presence of 0.5 mM EGTA (no added Ca?*) from the
activity in the presence of 0.5 mM CaCl,.

Statistical analysis. All values are expressed as means * SE.
Comparisons of data from multiple groups were performed by un-
paired ANOVA followed by the Student Newman-Keuls post hoc test.
Statistical significance was defined as P < 0.05.

RESULTS

Effects of endurance exercise training on exercise ability in
SARKO mice. Before the start of endurance exercise training,
exercise ability was examined in WT and SARKO mice by a
treadmill-based exercise stress test, described above. Maximal
exercise ability, as evaluated by maximal belt speed, was lower
in SARKO mice (n = 16, 65.0 % 3.6 cm/s) than in WT mice

AUGUST 2009 « www.ajpheart.org
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Fig. 1. The effect of endurance exercise training (ET) on maximal exercise
ability in sarcalumenin (SAR) knockout (SARKO) mice. Maximal exercise
ability, as evaluated by maximal belt speed, is alrsady lower in SARKO mice
than in wild-type (WT) mice before ET. During ET, maximal exercise ability
gradually increased in WT mice, whereas it actually decreased in SARKO
mice in a time-dependent manner. Maximal exercise ability after ET was
significantly increased in WT mice, whereas it was actually decreased in
SARKO mice compared with their maximal exercise ability before the train-
ing. Values are means * SE; n = 6 and 5 for WT and knockout (KO),
respectively.

(n = 16, 74.1 = 2.1 cm/s), although it did not reach a statistical
significance (P = 0.059). As expected, maximal exercise
ability in sedentary animals (SED-WT and SED-SARKO
mice) did not significantly change during the 12-wk training
period (data not shown). In ET-WT mice, maximal exercise
ability gradually increased during endurance exercise training,
whereas, in ET-SARKO mice, it gradually decreased (Fig. 1).
Whenever a change in a mouse’s maximal exercise ability was
detected by a regular treadmill test, that mouse’s training

SARCALUMENIN DEFICIENCY AND ENDURANCE EXERCISE

workload was adjusted based on its current maximal speed
(Supplemental Fig. 1). Maximal exercise ability after endur-
ance exercise training significantly increased by 5% in ET-WT
mice, whereas it actually decreased by 37% in ET-SARKO
mice compared with their ability measured before the training
regime began (Fig. 1).

Exercise training did not improve CS actzvzly in SARKO
mice. We observed no difference between WT and SARKO
mice in terms of CS activity of skeletal or cardiac muscle at
a basal condition. After the endurance exercise training,
ET-WT mice exhibited increased CS activity of soleus
muscle (Fig. 24), indicating an appropriate effect of the
training program on working muscles. In accordance, they also
exhibited increased CS activity of cardiac muscle (Fig. 2B),
which is consistent with several previous studies (1, 20),
although most of previous studies have demonstrated that CS
activity is not increased or little increased by endurance exer-
cise in rodent hearts (4, 19). In ET-SARKO mice, on the other
hand, CS activity was not increased in either soleus or cardiac
muscle (Fig. 2).

Endurance exercise training resulted in cardiac dysfunction
in SARKO mice. To examine the effect of endurance exercise
training on cardiac function, we investigated it using transtho-
racic echocardiography. Before endurance exercise training, all
parameters listed in Table 1 were similar between WT and
SARKO mice, including body weight, heart rate, left ventric-
ular fractional shortening, thickness of myocardial walls and
ejection time. After endurance exercise training, left ventricu-
lar fractional shortening was significantly decreased in ET-
SARKO mice, whereas it was not changed in ET-WT mice
(Table 1). As we expected, the diameter of the end-diastolic
left ventricular chamber was significantly increased in ET-
SARKO mice. Furthermore, ejection time was significantly
prolonged in ET-SARKO mice, and their heart rate corrected
velocity of circumferential fiber shortening was significantly
lower (Table 1).

Biomarkers of cardiac stress were increased in ET-SARKO
hearts. To examine the effect of endurance exercise training on
the myocardium itself, we measured molecular markers of

A Soleus muscle B Cardiac muscle
45 r 45T N. 3
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Fig. 2. Citrate synthase (CS) activity after ET. After ET, < = < 8
CS activity of soleus muscle {(4) and cardiac muscle (B) § S s b p<or P<0.01 § 2 25 F
was increased in ET-WT mice, but not in ET-SARKO ~.§ & —_— 2 5
mice. Values are means = SE; n = 5 for each group. SED, §> ;.3 2 F NS 5. g: 0 }
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Table 1. Cardiac function after endurance exercise training

SED-WT ET-WT SED-SARKO ET-SARKO

Pre Post Pre Post Pre Post Pre Post
n 10 10 6 6 10 10 6 5
BW, g 242+1.3 32.6*1.9 26.3*1.7. 31.1+13 23.3+1.0 273%1.1 22,612 26.8*1.8
HR, beats/min 464x15 474%15 438+18 43618 430+12 409+14 -449*24 42514
LV weight, mg - 115+9 111x7 936 86+7
LV-to-BW weight ratio, mg/g 3.55%£0.25 3.58+0.15 3.38+0.12 3.26+0.15
LVES, % 35.6x1.1 355+1.0 347%12 349+2.6 37.5%1.3 34.0+1.2 38.6x2.7 <28.4+1. 1204
LVIDd, mm 4.11+0.08 4.12+0.11 4.03+0.06 425+0.12 3.88x£0.10* 4.02+0.09 3.84%0.12 4,14%0.192
IVSTd, mm 0.77+0.03 0.79+0.05 0.77+0.02 0.71+0.05 0.76+0.02 0.67+0.01° 0.76£0.02 0.66+0.02°
LYPWTd, mm 0.76+0.03 0.75x0.04 0.760.04 0.76+0.06 0.72%+0.07 0.65+0.04* 0.69+0.02 0.67+0.022¢
Ejection time, ms 60+1 601 642 663 64+2 65x2 58+2 6932
Vefe, circumferences/s 2.14+0.06 2.13:0.07 2.12+0.10 2.14x0.17 2.21x0.10 2.04x0.14 244+0.18 1.56+0.05%<4

Values are means £ SE; n, no. of mice. SED, sedentary; WT, wild-type mice; ET, endurance exercise training; SARKO, sarcalumenin-knockout mice; Pre,
before ET; Post, after ET; BW, body weight; HR, heart rate; LV, left ventricle; FS, fractional shortening; L.VIDd, LV internal dimensions at end diastole; IVSTd,
interventricular septum thickness at end diastole; LVPWTd, LV posterior wall thickness at end diastole; Vcfe, corrected velocity of circumferential fiber
shortening. Significant difference vs. Pre: P < 0.05 and *P < 0.01; vs. WT: °P < 0.05; and vs. SED: 9P < 0.05.

cardiac stress, such as ANF and BNP mRNAs. These were
significantly upregulated in ET-SARKO mice (Fig. 3). Endur-
ance training did not affect the expression of ANF and BNP
mRNAs in ET-WT mice.

Significant reductions in the expression of Ca?* handling
proteins in ET-SARKO mice. Since the expression levels of
SERCAZ2a and other Ca®* handling proteins are critical for the
regulation of cardiac function, we examined them by Western
blot analyses (Fig. 4, Table 2). Consistent with our laboratory’s
previous report (26, 38), the expression levels of SERCA2a
and total PLN were significantly downregulated in SED-
SARKO mice compared with those in SED-WT mice. After
endurance exercise training, the expression level of SERCA2a
protein was significantly increased by 59% in ET-WT mice,
whereas it was reduced by 30% in ET-SARKO mice compared
with sedentary mice of each group’s respective genotype.
Endurance exercise training also resulted in a further signifi-
cant downregulation of both total and phosphorylated PLN
proteins in ET-SARKO mice, but not in ET-WT mice. The
SERCA2a-to-PLN protein ratio was significantly decreased in
ventricular muscles of ET-SARKO mice (Table 2). The ratio of
phosphorylated threonine 17 PLN to total PLN protein was
significantly lower in ET-SARKO than in ET-WT, but that of

serine 16 to total PLN protein was not (Table 2). It should be
noted that intraperitoneal injection of Avertin did not affect the
phosphorylation status of serine 16 and threonine 17 in PLN
(Supplemental Fig. 2).

The expression levels of calsequestrin 2 (CSQ2) and ryan-
odine receptor type 2 (RyR2) proteins in SED-SARKO mice
were comparable to those in SED-WT mice, while those of
sodium/calcium exchanger 1 (NCX1) protein were even higher
in SED-SARKO mice than in SED-WT mice. After the endiir-
ance exercise training, all of these proteins were significantly
downregulated in ET-SARKO mice, but not in ET-WT mice
(Fig. 4, Table 2). Overall, in addition to SERCA2, all other
Ca®* handling proteins that we examined were downregulated
in ET-SARKO mice after endurance exercise training.

Significant reduction in SERCA2a activity in ET-SARKO
mice. As measured in myocardial homogenates, maximal
Ca?*-ATPase activity was lower in SED-SARKO mice than in
SED-WT mice (Fig. 5). After the endurance exercise training,
maximal Ca?*-ATPase activity was further significantly de-
creased in ET-SARKO mice, whereas it was significantly
increased in ET-WT mice. This result was consistent with the
change in the ratio of SERCA2a to PLN protein expression
shown in Table 2.

A NS B NS
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NS P<0.01 NS P<0.05
< 8007 P<0.01 < 300 P<0.05
e ——
% 500 % 250 Fig. 3. Upregulation of atrial natrivretic factor
% - (ANF) and brain natriuretic peptide (BNP) mRNAs

= 400 a 2 in ET-SARKO mice. Quantitative RT-PCR analyses
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Fig. 4. The expression of Ca®* handling proteins after ET. The expression
levels of sarcalumenin (SAR), sarco(endo)plasmic reticulum Ca?*-ATPase 2
(SERCA2), phospholamban (PLN), phosphorylated PLN (p-PLN), ryanodine
receptor 2 (RyR2), calsequestrin 2 (CSQ2), and sodium/calcium exchanger 1
(NCX1) proteins were quantified in hearts isolated from SED and ET mice.
Protein expression was normalized by (-actin.

DISCUSSION

The most striking finding in the present study is that long-
term (12 wk) endurance éxercise training induced a significant
cardiac dysfunction in mice that harbor systemic ablation of the
SAR gene. Along the same lines, we have recently demon-
strated that SARKO mice failed to adapt to pressure-over-
loaded stress induced by transverse aortic constriction (26),
whereas sedentary young SARKO mice exhibit mild cardiac
dysfunction (38). Since exercise is one of the most common
physiological stresses, the present data indicate that SAR plays
an important role in preserving cardiac function during adap-
tation to not only pathological, but also physiological, stresses.

It should be noted that the absolute training intensity under-
taken by SARKO mice was significantly lower than that
undertaken by WT mice (Supplemental Fig. 1), because the
intensity of each mouse’s exercise regime was determined on
the basis of that mouse’ maximal exercise ability. Accordingly,

Table 2. The expression of calcium handling proteins after
endurance exercise training .

SED-WT ~ ET-WT  SED-SARKO  ET-SARKO
SAR 100£5 1089
SERCA2 10010 159%138§ T4+4* 52+6tt
PLN 1006 123:+8 83+2% T1x21§
p-PLN Ser 16 100£3 12011 955 8231t
p-PLN Thre 17 1004 112x7 926 78411
SERCA2/PLN 100+5 132+12% T 944 75+10t%
p-PLN Ser 16/PLN 1004 9848 1134 116%8
p-PLN Thre 17/PLN  100*1 98+4 93+2 88£2*
RyR2 - 1005 100+10 97%6 68£8*%
CSQ2 1007 1014 99+3 836%f
NCX1 100+10  139x11% 124+3% 92+11%*%

Values are means * SE; n = 5 mice for each group. The expression level
in SED-WT mice was referred to 100% as a control. Protein expression was
normalized by B-actin. SAR, sarcalumenin; SERCA?2, sarco(endo)plasmic
reticulum Ca?*-ATPase 2; PLN, phospholamban; p-PLN: phosphorylated
phospholamban; RyR2, ryanodine receptor 2; CSQ2, calsequestrin 2; NCX1,
sodium/calcium exchanger 1. Significant difference vs. WT: *P < 0.05 and P
< 0.01; vs. SED: 1P < 0.05 and §P < 0.01.
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Fig. 5. SERCA2a activity after ET. SERCA2a activity was increased in
ET-WT, whereas it was decreased in ET-SARKO after ET. Values are
means * SE; n = 5 for each group.

CS activity in soleus muscle after endurance exercise training
was significantly lower in ET-SARKO mice than in ET-WT
mice (Fig. 2). Since skeletal muscle CS activity is a marker for
mitochondrial content (a hallmark of endurance exercise) and
muscle oxidative capacity, this result indicates that our exer-
cise training program is sufficient to enhance the exercise
ability of WT mice, but insufficient to enhance that of SARKO
mice. Although this may explain a number of the negative
effects on SARKO mice that were caused by exercise training
in the present study, it is, nevertheless, very difficult to explain
why ET-SARKO mice exhibited progressive cardiac dysfunc-
tion. We assume that inadequate adaptation to endurance
exercise in ET-SARKO mice caused impaired cardiac func-
tion, the primary insult, which, secondarily, resulted in a
number of negative effects on SARKO mice caused by train-
ing.

The mechanism by which endurance exercise induced pro-
gressive cardiac dysfunction in SARKO mice is a critical
question. One observation that may be relevant to this question
is the significant decrease in the expression and activity of
SERCAZ2a in ET-SARKO mice. A number of previous studies
have reported that endurance exercise training increased the
expression and/or activity of SERCA2a in healthy (9, 10, 20,
22,30, 35) or diseased rodents (6, 21, 24, 34, 39); similarly, we
found that the expression and activity of SERCA2a increased
after endurance exercise training in control mice. Yet other
studies have demonstrated that endurance exercise training
does not change the expression and/or activity of SERCAZ2a (3,
4) or Ca®* transients (12) in rodents. It is worth noting that
these conflicting results may have their origins in such factors
as differences in species, exercise protocols, and/or condition
of the subjects; few studies, however, have shown that endur-
ance exercise decreases the expression and/or activity of
SERCAZ2a. Therefore, our results found in ET-SARKO mice
were so remarkable that it is very important to investigate why
SAR deficiency caused the significant reduction in the expres-
sion and activity of SERCA2a under endurance exercise train-
ing. ,

Our laboratory’s recent study has demonstrated that SAR
interacts with SERCA2 to enhance the protein stability of
SERCAZ2a (26). Since exercise training usually increases pro-
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tein synthesis and degradation in muscle (11, 23), we assume
that endurance exercise training also increased the turnover
rate of SERCA2a protein. Then we postulate that SAR defi-
ciency induced a progressive degradation of SERCA?2a protein
due to impaired protein stabilization under endurance exercise
training and resulted in the significant decrease in the expres-
sion of SERCA2a in ET-SARKO mice. Importantly, the
present study demonstrated that endurance exercise training
slightly increased the expression levels of SAR protein in WT

hearts, in accordance with a significant increase in the expres- |

sion of SERCAZ2a protein. To our knowledge, this is the first
report to show the effect of endurance exercise training on the
expression of SAR protein. These data suggest that SAR is a
key regulatory protein to maintain the expression level of
SERCAZ2a protein under pathophysiological stresses. In addi-
tion, the ratios of SERCA2a to PLN protein and phosphory-
lated threonine 17 PLN to total PLN protein were significantly
decreased in the ventricular muscles of ET-SARKQO mice,
indicating that SERCA?2a activity was inhibited by PLN more
in ET-SARKO mice than in other groups. Taken together, this
evidence shows that SAR deficiency induced a significant
reduction in SERCAZ2a activity and deterioration of the Ca®*
storage system in the SR under endurance exercise stress,
which is very likely to play a primary role in the exercise-
induced cardiac dysfunction exhibited by ET-SARKO mice.

Interestingly, in addition to the decreases in the SERCA2a
and PLN proteins that interact with SAR in the longitudinal
SR, other Ca*>* handling proteins, such as RyR2, CSQ2, and
NCX1, were also significantly downregulated in ET-SARKO
mice, which has not been investigated in pressure-overloaded
SARKO hearts (26). These abnormalities probably contribute
to the further impairment of cardiac function during endurance
exercise training. We assume that the downregulation of RyR2,
CSQ2, and NCX1 could be a secondary phenomenon that
occurs under physiological stress conditions, as SAR does not
directly interact with these proteins. The mechanism of these
discrepant responses to different stresses in SARKO mice is
currently not clear; it is an important question that should be
addressed in future studies.

In one way, the results of the present study somehow
contradict those of a recent report by Zhao et al. (40), which
showed that skeletal muscles from SARKO mice are highly
resistant to fatigue compared with those from WT mice. The
same authors have also demonstrated that SOCE was promoted
in SARKO skeletal muscle by the upregulation of MG29 (40).
They proposed that the promotion of SOCE played a role in
making skeletal muscle more fatigue resistant (40). In the
present study, however, we did not detect any expression of
MG29 protein in either WT or SARKO hearts, before or after
exercise training, although we used the same membranes for
our Western blot analyses (data not shown). This observation is
consistent with a previous study (29). Currently, we cannot
explain the exact reason for the disagreement between the
results of Zhao et al. (40) and our own. A possible explanation
is the difference in the exercise programs our two groups used
to evaluate the exercise performance of SARKO mice. Further
investigation is needed to clarify whether a defect of MG29
may cause the negative responses to exercise in SARKO
cardiac muscle cells.

In conclusion, we found that cardiac function and maximal
exercise ability were significantly impaired in SARKQO mice

H581

after endurance treadmill exercise training. These impairments
were due, at least in part, to a significant downregulation of
SERCA2a and other Ca®* handling proteins and to a deterio-
ration of the Ca** storage system in the SARKO heart under
endurance exercise. Thus present study indicates that SAR
plays a critical role in maintaining cardiac function under
physiological stresses, such as endurance exercise, by regulat-
ing Ca** transport activity into the SR. SAR may be a primary
target for exercise-related adaptation of the Ca?* storage sys-
tem in the SR to preserve cardiac function.
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T-type Ca’" Channels Promote Oxygenation-induced Closure
of the Rat Ductus Arteriosus Not Only by Vasoconstriction
but Also by Neointima Formation™
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The ductus arteriosus (DA), an essential vascular shunt for
fetal circulation, begins to close immediately after birth.
Although Ca?* influx through several membrane Ca®>* channels
is known to regulate vasoconstriction of the DA, the role of the
T-type voltage-dependent Ca** channel (VDCC) in DA closure
remains unclear. Here we found that the expression of «1G, a
T-type isoform that is known to exhibit a tissue-restricted
expression pattern in the rat neonatal DA, was significantly up-
regulated in oxygenated rat DA tissues and smooth muscle cells
(SMCs). Immunohistological analysis revealed that @lG was
localized predominantly in the central core of neonatal DA at
birth, DA SMC migration was significantly increased by «1G
overexpression. Moreover, it was decreased by adding a1G-spe-
cific small interfering RNAs or using R(—)-efonidipine, a highly
selective T-type VDCC blocker. Furthermore, an oxygenation-
mediated increase in an intracellular Ca®>* concentration of DA
SMCs was significantly decreased by adding elG-specific
siRNAs or using R(—)-efonidipine, Although a prostaglandin E
receptor EP4 agonist potently promoted intimal thickening of
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the DA explants, R(—)-efonidipine (107 M) significantly inhib-
ited EP4-promoted intimal thickening by 40% using DA tissues
at preterm in organ culture. Moreover, R(—)-efonidipine (107°
M) significantly attenuated oxygenation-induced vasoconstric-
tion by ~27% using a vascular ring of fetal DA at term. Finally,
R(—)-efonidipine significantly delayed the closure of in vivo DA
in neonatal rats, These results indicate that T-type VDCC, espe-
cially @1G; which is predominantly expressed in neonatal DA,
plays a unique role in DA closure, implying that T-type VDCCis
an alternative therapeutic target to regulate the patency of DA.

The ductus arteriosus (DA)? is an essential vascular shunt
between the aortic arch and the pulmonary trunk during a fetal
period (1). After birth, the DA closes immediately in accord-
ance with its smooth muscle contraction and vascular remod-
eling, whereas the connecting vessels such as the aorta and pul-
monary arteries remain open. When the DA fails to close after
birth, the condition is known as patent DA, which is a common
form of congenital heart defect. Patent DA is also a frequent
problem with significant morbidity and mortality in premature
infants. Investigating the molecular mechanism of DA closure
is important not only for vascular biology but also for clinical
problems in pediatrics.

Voltage-dependent Ca** channels (VDCCs) consist of mul-
tiple subtypes, named L-, N-, P/Q-, R-, and T-type. L-type
VDCCs are known to play a primary role in regulating Ca®>*
influx and thus vascular tone in the development of arterial
smooth muscle including the DA (2-4). Our previous study
demonstrated that all T-type VDCCs were expressed in the rat
DA (5). a1G subunit, especially, was the most dominant iso-
form among T-type VDCCs. The abundant expression of «1G
subunit suggests that it plays a role in the vasoconstriction
and vascular remodeling of the DA, In this regard, Nakanishi

2 The abbreviations used are: DA, ductus arteriosus; VDCC, voltage-depend-
ent Ca2* channel; SMC, smooth muscle cell; siRNA, small interfering RNA;
FCS, fetal calf serum; fura-2/AM, fura-2 acetoxymethyl ester.
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et al. (6) demonstrated that 0.5 mm nickel, which blocks
T-type VDCC, inhibited oxygen-induced vasoconstriction
of the rabbit DA. On the other hand, Tristani-Firouzi et al.
(7) demonstrated that T-type VDCCs exhibited little effect
on oxygen-sensitive vasoconstriction of the rabbit DA, Thus,
the role of T-type VDCCs in DA vasoconstriction has
remained controversial.

In addition to their role in determining the contractile state,
a growing body of evidence has demonstrated that T-type
VDCCs play an important role in regulating differentiation (8,
9), proliferation (10-12), migration (13, 14), and gene expres-
sion (15) in vascular smooth muscle cells (SMCs). Hollenbeck
et al. (16) and Patel et al. (17) demonstrated that nickel inhib-
ited platelet-derived growth factor-BB-induced SMC migra-
tion. Rodman et a4l (18) demonstrated that «1G promoted
SMC proliferation in the pulmonary artery. The DA dramati-
cally changes its morphology during development. Intimal
cushion formation, a characteristic feature of vascular remod-
eling of the DA (19-21), involves many cellular processes: an
increase in SMC migration and proliferation, production of
hyaluronic acid under the endothelial layer, impaired elastin
fiber assembly, and so on (1, 19, 21-23). Although our previous
study demonstrated that T-type VDCCs are involved in smooth
muscle cell proliferation in the DA (5), the role of T-type
VDCCs in vascular remodeling of the DA has remained poorly
understood.

In the present study, we hypothesized that T-type VDCCs,
especially «1G subunit, associate with vascular remodeling
and vasoconstriction in the DA, To test our hypothesis, we
took full advantage of recent molecular and pharmacological
developments. We chose the recently developed, highly
selective T-type VDCC blocker R(—)-efonidipine instead of
low dose nickel for our study. Selective inhibition or activa-
tion of @1 G subunit was also obtained using small interfering
RNA (siRNA) technology or by overexpression of the «lG
subunit gene, respectively. We found that Ca*' influx
through T-type VDCCs promoted oxygenation-induced DA
closure through SMC migration and vasoconstriction.

EXPERIMENTAL PROCEDURES

Animals—Timed pregnant Wistar rats were purchased from
Japan SLC, Inc. (Shizuoka, Japan). The DA was obtained from
rat fetuses on the 19 day of gestation (preterm) and on the 21%
day of gestation (term) and from neonates within at least 6 h
after delivery. The DAs on the 19 day of gestation remained
immature, whereas they became mature on the 21% day of ges-
tation. All of the animals were cared for in compliance with the
guiding principles of the American Physiologic Society. The
experiments were approved by the Ethical Committees on Ani-
mal Experiments of Waseda University and Yokohama City
University School of Medicine.

Reagents—R(—)-Efonidipine, a highly selective T-type
VDCC blocker, and ONO-AE1-329, a selective prostaglandin
E receptor EP4 agonist, were provided by Nissan Chemical
Industries, Ltd. (Saitama, Japan) and ONO Pharmaceutical Co.
(Osaka, Japan), respectively. Nitrendipine, a selective L-type
VDCC blocker, was purchased from Sigma-Aldrich. «1G plas-
mid was kindly provided by Dr. Lory at Université Montpellier
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(Montpellier, France). Collagenase II was from the Worthing-
ton Biochemical Corp. (Lakewood, NJ). Collagenase/dispase
was purchased from Roche Applied Science. Fetal calf serum
(FCS) was purchased from Invitrogen. Platelet-derived growth
factor-BB and 10% buffered formalin were purchased from
Walco Pure Chemical Industries, Ltd. (Osaka, Japan). Elastase
type II-A, trypsin inhibitor type I-S, bovine serum albumin V,
penicillin-streptomycin solution, Dulbecco’s modified Eagle’s
medium, and Hanks’ balanced salt solution were purchased
from Sigma-Aldrich. Anti-«1G and anti-o-smooth muscle
actin antibodies were purchased from Sigma-Aldrich. Anti-
Ki-67 antibody was purchased from Dako.

Immunoblotting—To examine the expression of a1 G protein
after birth, we used pooled tissues obtained from one littermate
of Wistar rat neonates on the day of birth. After excision, the
tissues were immediately frozen in liquid nitrogen and stored at
—80 °C until use. lmmunoblotting was performed as described
previously (5).

Tissue Staining and Immunohistochemistry—To demon-
strate the immunoperoxidase of «1G subunit and Ki-67 in the
rat DA, tissue staining and immunohistochemistry were car-
ried out as previously explained (5, 21).

Primary Culture of Rat DA SMCs—Vascular SMCs in pri-
mary culture were obtained from the DAs of Wistar rat
embryos on embryonic day 21, as described previously (5, 21).
The confluent cells for four to six passages were used in the
experiments. We checked that these cells were in a more differ-
entiated state than the cells of primary isolations, although the
cells for four to six passages were in a less differentiated state
than DA tissues at term and adult aortic artery, when the dif-
ferentiation state was determined by the expression of marker
genes of SMC differentiation such as SM1, SM2, and SMemb
(supplemental Fig. S1). Therefore, it should be noted that the
phenotype of cultured DA SMCs was not completely the same
as the contractile phenotype of tissues of the DA and aorta. To
examine the effect of a change in oxygen tension, DA SMCs
were cultured in a hypoxic chamber (1% O,, 5% CO,) and then
transferred to a normoxic chamber (21% Q,, 5% CO,).

SMC Migration Assay—The migration assay was performed
using 24-well transwell culture inserts with polycarbonate
membranes (8- um pores; Corning Inc.) as described previously
with some minor modifications (21). Using a fibronectin-
coated membrane of a Boyden chamber, we examined an acute
(~4 h) effect of T-type VDCC on SMC migration by overex-
pression of a a1G protein or by inhibition with R(—)-efonidip-
ine or with alG-specific siRNAs. To examine the effect of
T-type VDCC on actively migrating SMCs, 10% FCS was used
as a potent stimulator for SMC migration.

Transfection of Plasmid DNAs and siRNAs in DA SMCs—A
full-length of rat «1G cDNA was ligated to pcDNA3.1 plasmid
vector. Plasmid DNAs were purified using a High Pure plasmid

‘isolation kit (Roche Applied Science) according to the manu-

facturer’s instructions. Genome-ONE NEO, an inactivated,
column-purified HVJ-E vector, was purchased from Ishihara
Sangyo Co. Ltd.(Osaka, Japan). Plasmid DNAs were transfected
according to the manufacturer’s instructions.

Two double-standard 21-bp siRNAs to the selected region of
alG subunit ¢cDNA were purchased from Qiagen. The anti-
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sense siRNA sequences targeting «1G subunit were 5'-UAG-
CAUUGGACAGGAAUCGATdA-3’ and 5'-UAAUGUGAC-
GAGAAUGCGCdAdT-3'. AllStars negative control siRNA
purchased from Qiagen was used as a control nonsilencing
siRNA. siRNAs were transfected as previously described (21).

Quantitative Reverse Transcription-PCR Analysis—Both iso-
lation of total RNA from pooled tissues or cultured SMCs and
generation of cDNA and reverse transcription-PCR analysis for
a1G subunit were carried out as described previously (5). The
forward primer specific for alG subunit was 5'-cctgatttcttt-

‘tcgeecag-3'. The reverse primer specific for «lG subunit was
5'-tggcaaaaggetctttcgtag-3'. The 5’ and 3’ primers specific for
glyceraldehyde-3-phosphate dehydrogenase were 5'-cccatcac-
catcttceaggageg-3' and 3'-geagggatgatgttetgggctgee-5'. The
abundance of each gene was determined relative to internal
control using a Quantitect primer assay (Qiagen). For each
reverse transcription-PCR experiment that included a reverse
transcription negative control, we confirmed that there was no
amplification in any reaction.

Intracellular Ca®* Concentration in DA SMCs—DA SMCs
were loaded with fura-2/AM (Dojindo, Kumamoto, Japan) in a
Tyrode solution (137 mM NacCl, 2.7 mm KCl, 1.4 mm CaCl,, 5.6
mM glucose, 0.5 mm MgCl,, 0.3 mm NaH,PO,, 12 mm NaHCO,,
pH7.4). The DA SMCs on a 96-well microplate (Nunc) were
superfused with the solution containing 2.5 um fura-2/AM for
20 min at 37 °C. After the dye loading, the loading buffer was
then removed, and the cells were washed twice with loading
buffer. DA SMCs were incubated for 24 h under the following
conditions within the dye loading time: a humidified chamber,
5% CO,, and 1% O, at 37 °C. Intracellular Ca®" concentration
of DA SMCs was performed using the ARVO™MX fluores-
cence microplate reader (PerkinElmer Life Sciences) from 5
min at room air after the hypoxic incubation. Fura-2/AM was
excited at 340 and 390 nm with fluorescence emission detected
using a 510-nm band pass filter. We evaluated intracellular
Ca?' concentration with the use of the observed fluorescence
ratio 340/390 nm.

Organ Culture—Ex vivo DA organ culture was prepared as
described previously (21). Briefly, fetal arteries including the
DA on the 19" day of gestation were stimulated for 2 days by
R(—)-efonidipine under the following conditions: a humidified
chamber, a concentration of 107 M in 0.5% FCS containing
Dulbecco’s modified Eagle’s medium, 5% CO,, and 95% ambi-
ent mixed air at 37 °C. The segments were fixed in 10% buffered
formalin and embedded in paraffin. Morphometric analyses
were conducted using Win Roof version 5.0 software (Mitani
Corp., Tokyo, Japan). Intimal cushion formation was defined as
[intimal area)/[medial area].

Isometric Tension of the DA Vascular Rings—After the
maternal rats were anesthetized on the 21% day of gestation
with an overdose of pentobarbital (100 mg/kg), the fetuses at
embryonic day 21 were delivered by cesarean section. Either the
vascular ring of the DA or the descending aorta was placed in a
tissue bath and kept at 37 °C. Two tungsten wires (30 um in
diameter) were threaded into the lumen, and the preparation
was mounted in a two-channel myograph (Dual Wire myo-
graph system 410A; Unique Medical, Tokyo, Japan). One tung-
sten wire was connected to a micro-manipulator, and the other
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was connected to a force transducer. All of the vascular rings
were initially stabilized for at least 60 min with a modified
Krebs-Henseleit solution (Sigma-Aldrich) that was equili-
brated with room air and whose temperature was maintained at
37 °C by a heated water jacket. Isometric tension was continu-
ously monitored using a PowerLab/8 SP system (ADInstruments,
Inc., Colorado Springs, CO). After stabilization, the vas-
cular ring was exposed to 1 uM of indomethacin-containing
Krebs-Henseleit solution for at least 10 min at 37 °C. After the
vascular ring was washed with modified Krebs-Henseleit solu-
tion and relaxed, the resting tension was adjusted to 0.30 mN.
After a plateau vasoconstriction had been attained using oxy-
gen exposure (95% O,, 5% CO,), R(—)-efonidipine or the L-type
Ca*" channel blocker, nitrendipine, was added to stimulate
vasodilatation. After the vasoconstriction reached a new steady
state, the concentration of R{(—)-efonidipine was increased
from 1077 M to, 107 % M. At the end of all experiments, vasocon-
striction of the DA was induced by potassium-enriched solu-
tions (22 mMm NacCl, 120 mm KCl, 1.5 mm CaCl,, 6 mm glucose, 1
mm MgCl,, 5 mm HEPES, pH 7.4).

Time Course of DA Closure after Birth—After the maternal
rats were anesthetized on the 21% day of gestation with an over-
dose of pentobarbital (100 mg/kg), rat newborns were obtained
by cesarean section. Immediately after cesarean section, the
neonates were given intraperitoneal injections either with
R(—)-efonidipine at a concentration of 10 ug/g of body weight
or 100 ug/g of body weight or with saline. After injection, the
neonates were incubated in room air at 33 °C for 30 or 90 min;
and then the DA segments were fixed and analyzed by the same
method used in the organ culture. The degrees of vasoconstric-
tion and intimal cushion formation were estimated by [open
area]/[total vessel area] and [intimal area}/[medial area],
respectively.

Statistical Analysis—All of the data are presented as the
means * S.E. Student’s unpaired ¢ tests were used to compare
mRNA expression in the DA and other tissues. Comparisons
between data from multiple groups were performed by
unpaired analysis of variance followed by the Student’s-New-
mann-Keuls test. p values <0.05 were considered statistically
significant.

RESULTS

alG Protein Was Up-regulated and Localized in the Cells
Sealing the Lumen of the DA after Birth—QOur previous study
demonstrated that «1G mRNA was predominantly expressed
and were significantly up-regulated in the DA during vascular
development (5). Then we examined the expression of alG
protein in the DA tissue during the perinatal period. Consistent
with the change in the expression of mRNA, the expression
levels of a1G protein were significantly up-regulated by 2.3-
fold in the neonatal DA just after birth from what they were in
the DA on embryonic day 21 (Fig. 1).

Because our previous study had demonstrated that «1G pro-
tein was strongly expressed in the region of intimal thickening
of the mature DA at embryonic day 21 (5), we further investi-
gated the localization of 21G protein in the DA after birth. We
found that the lumen of the rat neonatal DA was filled with
densely packed intimal cells within 1 h after birth, whereas the
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FIGURE 1. Western blot analysis of the rat perinatal DA, The expression
levels of «1G protein were significantly up-regulated by 2.3-fold in the neo-
natal DA relative to that in the DA of termed fetuses. The values are expressed
as the means * S.E. (n = 4). * indicates p < 0.01.
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FIGURE 2. Immunohistochemistry of rat neonatal DA. A, elastica staining of the DA and the aorta. 8, a1G
subunit staining of the DA and the aorta. Strong immunoreaction was found in the DA. C, enlarged image of the
DA stained by anti-a1G subunit antibody. D, Ki-67 staining. Strong immunoreaction was found in the overlap-

lumen of the aorta was widely open (Fig. 2, A and B). The immu-
noreaction of a1G protein was strongly stained in these cells of
the central core of the DA lumen (Fig. 2C). Ki-67, a nuclear
antigen associated with cell proliferation, was also strongly
stained in the packed intimal cells (Fig. 2D), suggesting that
al1G is profoundly expressed in the proliferative cells.

Oxygenation Up-regulated the Expression of «lG in DA
Smooth Muscle Cells—¥e then examined the effect of oxygen-
ation on the expression of a1G in DA SMCs. When the condi-
tion of the culture medium was changed from hypoxia (1% oxy-
gen) to normoxia (21% oxygen) in the DA SMCs after 7 h, the
expression levels of ®1G mRNA were up-regulated by 2.2-fold,
and those of protein were up-regulated by 1.9-fold (Fig. 3),
although they were unchanged after 1 h. These data may
explain the association between the up-regulation of «1G in the
rat neonatal DA and an increase in oxygen tension in the circu-
lation after birth.

alG Promoted SMC Migration of the DA—Progressive SMC
migration from vascular media into the endothelial layer is an
important vascular remodeling process of the DA at birth (1, 19,
23). These findings regarding the localization of a1G protein that
was observed suggest that alG regulated the SMC migration of
the DA. First, when the expression of a1G mRNA was up-regu-
lated by ~2.5-fold by transfection of «1G plasmids in DA SMCs
(supplemental Fig. S24), SMC migration was significantly in-
creased by 2.1-fold (p < 0.01) (Fig. 44). In the presence of 10% FCS,
SMC migration was increased by
more than 5-fold, probably because of
hormones and/or c¢ytokines that were
contained in FCS. It should be noted
that FCS did not significantly affect
the expression of ®1G mRNA (sup-
plemental Fig. S3). a1G overexpres-
sion further increased FCS-mediated
SMC migration by 1.6-fold (p < 0.01)
(Fig. 4A). Next, we examined the
effect of genetic and pharmacological
inhibition of T-type VDCC on DA
SMC migration. Two different siRNAs
for «lG significantly decreased
the expression of ¢1G mRNA and
protein in DA SMCs by ~60% (sup-
plemental Fig. S2, B and C), whereas
they did not significantly change the
expression of a1C, al1C splice vari-
ant, and alD mRNAs that was
abundantly detected in the rat DA
(supplemental Fig. S4) After these
a1G siRNAs were used, FCS-medi-
ated SMC migration was signifi-
cantly decreased by ~42% when
compared with that of a nontarget-
ing negative control siRNA (Fig.
4B). Furthermore, R(—)-efonidip-
ine, a recently developed, highly
selective T-type VDCC blocker, sig-
nificantly attenuated FCS-mediated
SMC migration by ~48% in a dose-
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FIGURE 3. Effects of oxygenation on a1G expression. When the condition
of the culture medium was changed from hypoxia (1% oxygen) to normoxia
(21% oxygen), the expression levels of both «1G mRNA (A) and protein (B)
were significantly up-regulated after 7 h by 2.2-and 1.9-fold, respectively. The
values are expressed as the means * S.E. (n = 6). *indicates p < 0.01. n.s., not
significant.
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dependent manner (p < 0.01) (Fig. 4C). Mibefradil, another
selective T-type VDCC blocker, also significantly attenuated
FCS-mediated SMC migration by ~17% in a dose-dependent
manner (p < 0.05), although its inhibitory effect was weaker
than that of R(—)-efonidipine (supplemental Fig. S5).
Oxygenation Was Required for alG-mediated SMC Mi-
gration—Because vascular remodeling of the DA, including
SMC migration, dramatically progresses after birth, we hypoth-
esized that oxygenation might play a critical role in regulating
this remodeling through an increase in Ca®* influx via T-type
VDCCs. When cultured DA SMCs were used and when the
condition of culture medium was changed from hypoxia to nor-
moxia, SMC migration was increased by ~2.0-fold in the nor-
moxic group when compared with that in the hypoxic group,
either in the absence or presence of 10% FCS (p < 0.01), indi-
cating that oxygenation promoted SMC migration of the DA.
Furthermore, we examined the effect of T-type VDCCs on oxy-
genation-mediated migration. We found that R(—)-efonidipine
at a concentration of 107° M significantly attenuated DA SMC
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FIGURE 4. DA SMC migration assay. A, effects of «1G overexpression on
DA SMC migration. Migration was significantly increased in a1G overexpressed
SMCs when compared with that of control SMCs (n = 7). 10% FCS increased
SMC migration by more than 5-fold. In the a1G-overexpressed cells, SMC
migration was further increased by 1.6-fold (n = 7). B, effects of a1G-specific
siRNAs on DA SMC migration. Two different o1G-specific siRNAs significantly
decreased FCS-mediated SMC migration by ~58% when compared with a
nontargeting negative control siRNA (n = 11). C, effects of R(—)-efonidipine
on DA SMC migration. R(—)-efoidipine significantly attenuated DA SMC
migration by ~52% in a dose-dependent manner (n = 8). The values are
expressed as the means % S.E. *and ** indicate p < 0.05 and p < 0.01,and t
and 11 indicate p < 0.05 and p < 0.01 versus control, respectively. n.s., not
significant.

migration by ~23% when the culture medium was changed
from hypoxia to normoxia (p < 0.05), although it exhibited no
effect on SMC migration in a continuously hypoxic medium
(Fig. 5A). In addition, using one of the a1 G-specific siRNAs that
significantly decreased the expression of a1G mRNA as pre-
sented above, we found that the alG-specific siRNA signifi-
cantly decreased DA SMC migration by ~42% when compared
with a nontargeting negative control siRNA in a culture
medium changed from hypoxia to normoxia {(p < 0.01) (Fig.
5B). However, the a1G-specific siRNA did not suppress SMC
migration in a continuously hypoxic medium. It should be
noted that FCS was still capable of stimulating DA SMC migra-
tion even in the presence of R(—)-efonidipine and a1G-specific
siRNA, suggesting that FCS contains some cell migrating fac-
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FIGURE 5. Effects of oxygenation on DA SMC migration. A, effects of R(—)-
efoidipine on oxygenation-mediated DA SMC migration. R(—)-Efonidipine
significantly attenuated DA SMC migration by ~77% in a culture medium
changed from hypoxia to normoxia (n = 8). It should be noted that no effect
of the a1G-specific siRNA and R(—)-efonidipine on SMC migration was
observed in the hypoxic culture medium. B, effects of a1G-specific siRNA on
oxygenation-mediated DA SMC migration. When the condition of the culture
medium was changed from hypoxia to normoxia, SMC migration was signif-
icantly increased in the normoxic group when compared with that in the
hypoxic group in the presence of 10% FCS {(n = 5). DA SMC migration was
significantly decreased by ~58% when compared with that of a nontargeting
negative control siRNA in a culture medium changed from hypoxia to nor-
moxia {n = 5). The values are expressed as the means * S.E.* and ** indicate
p < 0.05and p < 0.01, respectively.

tors that are independent of the effect of T-type VDCCs on
SMC migration. Taken together, these independent experi-
ments indicated that T-type VDCCs, most likely o1G, played an
important role in promoting oxygenation-mediated SMC
migration in the DA,

@lG Regulated Oxygenation-induced Intracellular Ca®*
Increases—It has been known that oxygenation increases intra-
cellular Ca®* concentration of the DA to consequently initiate
smooth muscle contraction of the DA (6, 24). Accordingly,
using fura-2/AM fluorescence assay, we also found that intra-
cellular Ca®* concentration of cultured DA SMCs was signifi-
cantly increased by ~1.3-fold by oxygenation when the condi-
tion of culture medium was changed from hypoxia to normoxia
(Fig. 6, A and B). Importantly, we found that R(—)-efonidipine
significantly inhibited the oxygenation-mediated increase in an
intracellular Ca®** concentration of cultured DA SMCs by ~12
or ~20% at a concentration of 107 or 107° M, respectively (Fig.
6, C and D). In addition, using one of the «1G-specific siRNAs
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that significantly decreased the expression of «lG mRNA as
presented above, we found that the a1G-specific siRNA signif-
icantly decreased the oxygenation-mediated increase in intra-
cellular Ca®* concentration of cultured DA SMCs by ~15%
(Fig. 6, E and F). Taken together, these data indicated that
T-type VDCCs, most likely a1G, played an important role in
the oxygenation-mediated increases in intracellular Ca®* con-
centration of the DA.

R(—)-Efonidipine Inhibited EP4-mediated Intimal Thicken-
ing in the Rat DA—Our previous study had demonstrated that
when immature rat DA explants were exposed to an EP4-spe-
cific agonist, ONO-AE1-329, for 48 h in an organ culture, inti-
mal cushion formation was fully developed in DA explants (21).
To investigate whether T-type VDCC indeed plays an impor-
tant role in promoting intimal cushion formation, we examined
the effect of R(—)-efonidipine on ONO-AE1-329-mediated
intimal cushipn formation in the rat DA explants (Fig. 7). The
intimal thickening was 2.5-fold greater in the presence of
ONO-AE1-329 than it was in the control (Fig. 7, B and D),
which was consistent with our previous findings (21). R(—)-
Efonidipine significantly inhibited ONO-AE1-329-mediated
intimal cushion formation by 40% (Fig. 7, C and D). The immu-
nostaining of Ki-67 of ONO-AE1-329-mediated intimal cush-
ion formation was similar in the presence or absence of R(—)-
efonidipine (supplemental Fig. S6).

R(—)-Efonidipine Attenuated Oxygenation-induced Vaso-
constriction of the Rat DA—Because vasoconstriction is
another important factor of DA closure, we examined the role
of T-type VDCCs in DA vasoconstriction by exposing a vascu-
lar ring of the fetal DA at embryonic day 21 to oxygenating
Krebs-Henseleit solution: R(—)-Efonidipine attenuated oxy-
genation-induced vasoconstriction in a dose-dependent man-
ner (Fig. 8). Isometric tension induced by oxygen was attenu-
ated by ~27% or by 40% in the presence of R(—)-efonidipine at
a concentration of 10 ¢ or 10~° m, respectively. R(—)-Efonidip-
ine exhibits selective inhibition of T-type VDCCs at a concen-
tration of 107° M, whereas it inhibits not only T-type but also
L-type VDCCs at a concentration of 107° M (25). The data
indicated that not only T-type but also L-type VDCCs contrib-
uted to oxygenation-induced vasoconstriction. In this regard,
nitrendipine, a selective L-type VDCC blocker, additively
inhibited oxygenation-induced vasoconstriction in the pres-
ence of R(—)-efonidipine (1075 M) (data not shown).

R(—)-Efonidipine Delayed Closure of the Rat Neonatal DA—
The present study demonstrated that Ca®”* influx via T-type
VDCCs, especially alG, stimulated SMC migration, intimal
cushion formation, and vasoconstriction in the cultured DA
SMCs or DA explants, It would be important to determine
whether blockade of Ca** influx via T-type VDCCs indeed
prevents in vivo DA closure after birth. To test this possibil-
ity, R(—)-efonidipine was intraperitoneally injected into rat
newborns just after delivery by cesarean section. The data
obtained is summarized in Table 1. All of the control DAs
closed at 30 min after saline injection (Fig. 94), whereas all of
the DAs remained open at 90 min after ONO-AE1-329
injection (Fig. 9D). After injection of R(—)-efonidipine at a
concentration of 10 ug/g of body weight, most (71%, five of
seven neonatal rats) of the DAs remained open at 30 min,
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FIGURE 6. Effects of oxygenation on intracellular Ca®* concentration in DA SMCs. A, effects of oxygenation
on the fura-2/AM fluorescence ratio. When the condition of the cuiture medium was changed from hypoxia to
normoxia, the fluorescence ratio 340/390 nm was significantly increased from 35 min after oxygenation {open
circle, n = 6). The fluorescence ratio 340/390 nm was not significantly increased when the condition of the
cuiture medium stayed in the normoxia (closed circle, n = 6). B, traces of the ratio of representative A. , effects
of R(—)-efonidipine on the oxygenation-mediated increase in the fura-2/AM fluorescence ratio. R(—)-Efonidip-
ine at a concentration of 1077 m significantly decreased the ratio by ~12% in only 50 min after oxygenation
(closed circle, n = 6), when compared with controls (open circle, n = 6). R(—)-Efonidipine at a concentration of
1078 m significantly decreased the ratio from 5 min after oxygenation, which decreased by ~20% (closed
triangle, n = 6). R(—)-Efonidipine at a concentration of 107> m significantly decreased the ratio from 5 min
after oxygenation, which decreased by at most 21% (closed square, n = 6). D, traces of the ratio of repre-
sentative C. F, effects of 1G siRNA on oxygenation-mediated increase of the ratio. a1G siRNA significantly
suppressed the oxygenation-mediated increases in the ratio by 15% from 20 min (closed circle, n = 6)
when compared with a nontargeting negative control siRNA (open circle, n = 6). F, traces of the ratio of
representative E. The values are expressed as the means % S.E. T and 1t indicate p < 0.05 and p < 0.01
versus 5 min after oxygenation, respectively, and * and ** indicate p < 0.05 and p < 0.01 versus the
normoxic condition, respectively.

both 30 and 90 min after injection of
R(—)-efonidipine (Fig. 9, C and F).
The ratio of [open area]/[total vessel
area) was significantly increased by
administration of R(—)-efonidipine
(1 = 6-7;Fig. 9G), suggesting that it
attenuated vasoconstriction of the
neonatal rat DA. The ratio of [inti-
mal area)/[medial area] was signifi-
cantly decreased by administration
of R(—)-efonidipine (» = 6-7; Fig.
9H), suggesting that it inhibited inti-
mal cushion formation. These data
indicated that blockade of T-type
VDCCs indeed delays closure of the
rat neonatal DA through vasodila-
tion and intimal cushion formation.

DISCUSSION

The present study revealed that
T-type VDCCs, especially alG sub-
unit, play a role in promoting oxygen-
ation-induced DA closure through
vasoconstriction {functional closure)
and intimal cushion formation (ana-
tomical closure) in the rat neonatal
DA. Accordingly, blockade of T-type
VDCC using R(—)-efonidipine in-

‘deed retarded closure of the rat neo-

natal DA (Fig. 9 and Table 1).

In termis of functional DA closure,
we found that blockade of T-type
VDCC resulted in vasodilation of ex
vivo rat DA (Fig. 8), using R(—)-efo-
nidipine that exhibits more selective
inhibition of T-type VDCC than that
exhibited in other previous studies (6,
7). Although the effect of R(—)-efo-
nidipine on vasorelaxation seemed
relatively modest when compared
with that on intracellular Ca*>* con-
centration, it should be noted that
the protocols of the experiments
were different for measurement of
contractility and intracellular Ca®*
concentration, In the experiment
for measurement of contractility,
R(—)-efonidipine was added after
oxygenation-induced vasoconstric-
tion had already occurred. Because
vasorelaxation is a relatively slow
process, the inhibitory effect of
R(—)-efonidipine on vasoconstric-
tion seemed rather less than

whereas less than half (43%, three of seven neonatal rats) expected. In addition to T-type VDCC, other channels such as
remained open at 90 min (Fig. 9, B and E). Furthermore, when L-type VDCC and transient receptor potential channels are
the dose of R(—)-efonidipine was increased to 100 ug/g of body also involved in Ca®* influx in the DA (6, 26) and should be

weight, the percentage of patent DA was increased to 86% at taken into consideration.
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FIGURE 7. Effects of R{—)-efonidipine on EP4-mediated intimal thickening of immature rat DA explants.
A, control, B, ONO-AE1-329 (107° M), C, ONO-AE1-329 (107 m) plus R(—)-efonidipine {10 m). Scale bars, 50 pum.
D, the ratio of intimal and medial thickening. intimal thickening was 2.5-fold greater in the presence of ONO-AE1~
329 than it was in the control. R{(—}-Efonidipine significantly inhibited ONO-AE1-329-mediated intimal cushion
formation by 60%. The values are expressed as the means * S.E. (n = 5).* indicates p < 0.01, n.s, not significant.
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FIGURE 8. Effects of R(—)-efonidipine on vasoconstriction of rat DA, DA tension as a function of R(—)-efonidip-
ine. R(—)-Efonidipine significantly attenuated oxygen-induced vasoconstriction in a dose-dependent manner (n =
18). The values are expressed as the means =+ S.E. ** indicates p < 0.01 versus maximal vasoconstriction.

T-type VDCC using mibefradil pre-
vents pathological neointimal for-
mation after vascular injury.
Although the mechanism has not
been well understood, several stud-
ies, including our previous one, have
indicated that T-type VDCC pro-
motes both proliferation (5, 18, 28)
and migration of vascular SMCs
(16). However, T-type VDCC may
not significantly increase cell prolif-
eration and thus EP4-mediated inti-
mal cushion formation, because
R(—)-efonidipine did not affect the
expression of Ki-67 in the DA
explants in the presence of ONO-
AE1-329 (supplemental Fig. S6)
Therefore, SMC migration must be
involved in T-type VDCC-mediated
intimal cushion formation. Accord-
ingly, using both molecular and phar-
macological approaches in our pres-
ent study, we found that Ca®* influx
through T-type VDCC promotes
SMC migration when cells were har-
vested in a normoxic condition and
that DA SMC migration is promoted
in accordance with an increase in
extracellilar Ca®"  concentration
(supplemental Fig, S7). It should be
noted that several studies have dem-
onstrated that L-type VDCC also
promotes SMC migration and thus
neointima formation in other ves-
sels (14, 17, 29), although the find-
ings are more controversial than
those on T-type VDCC. In our
unpublished experiments, we
found that nitrendipine, a selec-
tive L-type VDCC blocker, also
inhibits ~ FCS-mediated SMC
migration in the rat DA. A further
study warrants examination of
which type of Ca®>* channels plays
a more significant role in
neointima formation of the DA.
Interestingly, the effect of T-type
VDCC on SMC migration was not
observed in the hypoxic condition of
the culture medium (Fig. 5). Impor-
tantly, oxygenation increased intra-
cellular Ca®" concentration that was
significantly inhibited by R(—)-efo-
nidipine (Fig. 6). These results sug-
gested that oxygenation activates

In terms of anatomical DA closure, we found that R(—)-efo-  T-type VDCC, increases intracellular Ca®* concentration, and

nidipine inhibited intimal cushion formation in the rat DA then promotes migration

of DA SMCs. In this sense, several

explants. Schmitt et al. (27) have demonstrated that blockade of ~ studies have demonstrated that reactive oxygen species
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TABLE 1

Patent DA ratio and DA patency ratio when two different substances
were intraperitoneally injected into rat newborns at two different
times just after delivery by cesarean section

Substance injected {dosage) T“.ne a‘fter DAAP#C,,“LY
injection ratio
ntin Vb

Saline 30 0/6 (0)
R{—)-Efonidipine (10 pg/g of body weight) 30 517 (71)
R(—)-Efonidipine (100 ug/g of body weight) 30 6/7 (86)
Saline 90 0/6 (0)
R(—)-Efonidipine (10 pg/g of body weight) 90 3/7 (43)
R(~)-Efonidipine (100 pg/g of body weight) 90 6/7 (86)
ONO-AE1-329 (10 ng/g of body weight) 90 3/3 (100)

“Number of experiments in which DA patency was observed per number of exper-
iments. The numbers in parentheses indicate the percentages of patent DA,

B R{-)-efonidipine, 10yg/g

A Saline

T-type Ca®™ Channel in the Rat Ductus Arteriosus

enhance the activity of T-type VDCC (30) and that hypoxia
inhibits the activity (31). Furthermore, we found that oxygen-
ation up-regulated the expression levels of «1G subunit in DA
SMCs. Consistently, the expression levels of «1G subunit pro-
tein in the DA were significantly up-regulated after birth, which
happens to be when oxygen tension in circulatory blood is dra-
matically increased. Although several studies have demon-
strated that hypoxia up-regulated the expression of T-type
VDCCs (32, 33), to our knowledge, our report is the first one
showing that oxygenation up-regulated the expression of a1G
mRNA and protein. Because oxygenation is known to promote
DA closure after birth, the present data highlight another
important role of oxygenation in the vascular remodeling
through T-type VDCC. We, how-
ever, could not define the mecha-
nism by which oxygenation acti-
vates, T-type VDCC  and
up-regulates the expression of alG
in the present study. This important
question should be addressed in our
future study.

Although T-type VDCC is not the
only factor (channel) in DA closure,
T-type VDCC, especially «1G, plays a
unique role in DA closure for the fol-
lowing reasons: 1) the expression of
alG is highly restricted in the DA,
especially after birth, whereas that of
other Ca®* channels may not be, and
2) T-type VDCC promotes both func-
tional and anatomical closure of the
DA. These characters of alG T-type
VDCC are important, particularly for
clinical applications. For example,
blockade of T-type VDCC does not
have serious adverse effects such as
hypotension or cardiac dysfunction
(34), whereas blockade of L-type
VDCC may induce hypotension or
cardiac dysfunction (35), especially in
neonates. These adverse events are
critical to keep the DA open in
patients with congenital heart dis-
eases involving right- or left-sided
obstruction, because their circulatory
systems are usually less compliant.
For these patients, prostaglandin E,
administration is commonly used as
the most potent vasodilator of the DA

C R{(-)-efonidipine, 100pg/g

F  R(-)-efonidipine, 100ug/g

30 min
D ONO-AE{-329, 10ngly E R{-)-efonidipine, 10pgl/g
90 min
G
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FIGURE 9. Effects of R(—)-efonidipine on the patency of in vivo rat neonatal DA, A-F, representative mor-
phology of the neonatal DA 30 min after peritoneal injection of saline (A), of R(—)-efonidipine (10 g/g of body
weight) (B), and of R{—)-efonidipine (100 g/g of body weight) (C), and 90 min after injection of ONO-AE1-329
(10 ng/g of body weight) (D), of R{(—)-efonidipine {10 pg/g of body weight) (E), and of R(—)-efonidipine (100
1g/g of body weight) (F). Scale bars, 50 pm. G, the ratio of [open area]/[total vessel area] versus time after
injection. The ratio was significantly increased by administration of R(—)-efonidipine. H, the ratio of [intimal
area)/[medial area] versus time after injection. The ratio was significantly decreased by administration of R(—)-
efonidipine. The values are expressed as the means £ S.E. (n = 6-7), * indicates p < 0.05. n.s., not significant.
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Time after injection

(1). However, our previous study sup-
ports the notion that chronic prostag-
landin E, stimulation may have an
adverse effect on such patients
because it also promotes anatomical
DA closure. On the contrary, blocl-
ade of T-type VDCC prevents both
vasoconstriction and EP4-mediated
intimal cushion formation of the DA.

90 min
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T-type Ca®* Channel in the Rat Ductus Arteriosus

Therefore, blockade of T-type VDCC may be an alternative ther-
apeutic target to maintain the patency of the DA,

In conclusion, T-type Ca®" channels, especially «1G sub-
unit, promote oxygenation-induced DA closure through SMC
migration and vasoconstriction in rats, Our present study
implies that selectively blocking T-type Ca®' channels is an
effective alternative strategy to prostaglandin E, analogs for
keeping the DA open in patients with a DA-dependent congen-
ital heart defect.
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