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Fig. 3. Heart rate variability in senescent SARKO mice. The heart rate variability (HRV) was compared between senescent WT (n=6) and senescent SARKO mice (n=8) using
telemetric ECG. (A) Mean heart rate (HR), (B) standard deviation of normal R-R intervals (SDNN), (C) total power (TP), (D) normalized low frequency power (LF), (E) normalized

high frequency power (HF), (F) LF-to-HF ratio. * vs. WT; *p<0.05; **p<0.01.

in senescent SARKO mice than in senescent WT mice. The ratio of
nLF to nHF was therefore higher in senescent SARKO mice than in
senescent WT mice, suggesting that senescent SARKO mice exhib-
ited higher sympathetic activity than WT mice despite their lower
heart rate.

3.5. Senescent SARKO mice exhibited impaired exercise capacity

Since exercise intolerance is one of the symptoms of heart failure
and often linked to the condition of cardiac dysfunction, we next
examined exercise capacity in WT and SARKO mice by a treadmill-
based exercise stress test (Fig. 4A). The maximal speed was slightly
lower in young SARKO mice than in young WT mice, although the
difference did not reach statistical significance (p = 0.06). Aging sig-
nificantly reduced the maximal speed in both WT and SARKO mice,
but the difference between young mice and senescent mice was
greater among the SARKO mice. The observation that senescent
SARKO mice exhibited poor exercise capacity is consistent with the
results of the hemodynamic portion of this study. We also exam-
ined the effect of maximal exercise on heart rate in senescent WT
and SARKO mice. Although heart rate at rest was lower in senescent
SARKO mice than in senescent WT mice, peak heart rate just after
exercise was the same for both genotypes (Fig. 4B), suggesting that
the response to sympathetic activity was preserved in senescent
SARKO mice.

3.6. Biomarkers of cardiac stress were increased in senescent
SARKO hearts

The findings outlined above indicated that asymptomatic heart
failure was developing in senescent SARKO mice, although no obvi-
ous symptom of heart failure such as accelerated breathing and
ruffled fur was observed. We then tested for molecular markers
of cardiac stress such as atrial natriuretic factor (ANF) and natri-
uretic factor type B (BNP). We found that the expression levels of
ANF and BNP mRNAs were significantly upregulated in senescent
SARKO mice (Fig. 4C and D).

3.7. Progressive degradation of SERCA2a protein in
cycloheximide-treated SARKO mice

To investigate why the expression of SERCA protein was
decreased in SARKO mice, we investigated whether SAR deficiency
resulted in progressive degradation of SERCA2 protein and other
Ca%* handling proteins using SARKO mice, because our previous
study demonstrated that SAR significantly prolonged the half-life
of SERCA2a protein in HEK293T cells that were transfected with
both SERCA2a and SAR when compared with those transfected with
SERCAZ2a alone [13]. The treatment of cycloheximide for 48 h sig-
nificantly decreased the expression of SERCA2 protein in the hearts
of SARKO mice when compared with the control treatment of PBS
(Fig. 5A). The effect of cycloheximide on the decreased expression
of SERCA2 protein was greater in SARKO mice than in WT mice, sug-
gesting SAR deficiency caused progressive degradation of SERCA2
proteinin the heart. We also examined other Ca®* handling proteins
such as PLN, calsequestrin 2, and NCX1 proteins. As found in senes-
cent SARKO mice, the expression levels of PLN, calsequestrin 2, and
NCX1 proteins were significantly downregulated in cycloheximide-
treated SARKO mice (Fig. 5B-D).

3.8. Senescent SARKO mice exhibited ER stress

We further attempted to examine whether endoplasmic retic-
ulum (ER) stress involved critical degradation of SERCA. There are
three response pathways (PERK, ATF6, and IRE1 pathways) that reg-
ulate the mammalian ER stress response [24]. We found that the
expression levels of Bip, IRE1, EDEM, and XBP1 mRNAs were signif-
icantly increased in senescent SARKO mice whereas those of PERK
and ATF6 mRNAs were not increased in senescent SARKO mice
(Fig. 6), We also found that the expression of XBP1 protein was
significantly increased in senescent SARKO mice (Supplemental
Figure 1). Furthermore, we observed proteasomal activity in SARKO
mice. Interestingly, proteasomal activity was higher in young mice
than old mice. However, proteasomal activity was not different
between WT and SARKO mice (Supplemental Figure 2A). We also
investigated the SERCA2a protein expression in senescent ventric-
ular muscles by using proteasome inhibitors. Even in the presence
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Fig. 4. Senescent SARKO mice exhibited impaired exercise capacity, and upregulation of ANF and BNP mRNAs. (A} Exercise capacity was examined by a treadmill-based
exercise stress test in young WT (n=16), senescent WT (n=12), young SARKO (n=16), and senescent SARKO mice (n=17). * vs. young; { vs. WT; *,1p<0.05; **,+{p<0.01; (B)
The effect of maximal exercise on heart rate in senescent WT (n=8) and SARKO (n =10) mice. Although heart rate at rest was lower in senescent SARKO mice than in senescent
WT mice, peak heart rate just after exercise was the same in SARKO and WT mice. Quantitative RT-PCR analyses revealed that the expression levels of ANP (C) and BNP (D)
mRNAs were significantly upregulated in the ventricles of senescent SARKO mice. Young WT mice were set to 100% as a control. n=5 for each group. mRNA expression was
normalized by GAPDH. * vs. young; t vs. WT; *,ip<0.05; **,11p<0.01.
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Fig. 6. A significant increase in activation of the ER stress pathway in senescent SARKO mice. Quantitative RT-PCR analyses revealed that the expression levels of Bip (A),
IRE1 (B), EDEM (C), and XBP1 (F) mRNAs were significantly increased in the ventricles of senescent SARKO mice. Young WT mice were set to 100% as a control. n=4 for each

group. mRNA expression was normalized by GAPDH. * vs. young; { vs. WT; *,1p <0.05.

of proteasome inhibitors, the expression level of SERCA2a protein
in senescent SARKO mice was decreased to 64% of that found in
senescent WT mice (Supplemental Figure 2B). These data provided
evidence that senescent SARKO mice exhibited ER stress without
an increase in proteasomal activity.

4. Discussion

Several studies have demonstrated that SERCA2a is one of the
most important determinants of cardiac function. The expression
levels and/or activity of SERCA2a are often decreased in the failing
heart. While our previous study revealed a modest decrease in the
expression of SERCA2 and cardiac function in young SARKO mice
[12], a major finding in the present study is a marked decrease
in cardiac function and the expression and activity of SERCA2 in
senescent SARKO mice. Furthermore, we have recently reported
that pressure overload stress induced by transverse aortic con-
striction significantly decreased the expression levels of SERCA2
protein and cardiac function in young SARKO mice [13]. In addi-
tion, our previous study have reported that SAR is a primary target
for exercise-related adaptation of the Ca2* storage system in the
SR to preserve cardiac function [14]. These studies indicate that
SAR plays an important role in preserving the expression levels of
SERCA2 protein and cardiac function under biological and mechan-
ical stresses such as aging and pressure overload.

Significantly, downregulation of SAR protein preceded that of
SERCA2 as the mice aged. Downregulation of SAR also preceded
that of SERCA2 when pressure-overload was introduced into the
heart [13]. These observations suggest that downregulation of SAR
triggers a further reduction in the expression level of SERCA2a
protein, especially in the stressed hearts. Accordingly, in SERCA2a-
transformed HEK293 cells, we found that the stability of SERCA2a
protein was significantly lower in the absence of co-transformation
of SAR than in the presence of co-transformation of SAR [13].
Consistent with the in vitro study, an in vivo experiment in the

present study demonstrated that SAR deficiency caused progres-
sive degradation of SERCA2 protein in the heart (Fig. 4). Therefore,
we postulate that the loss of SAR promotes a subsequent degra-
dation of SERCA2a protein and decreased SERCA2a activity in the
process of aging. It also should be noted that the ratio of phos-
phorylated PLN to total PLN protein was significantly lower in
senescent SARKO mice than in young SARKO mice. These eventually
resulted in advancing progressive cardiac dysfunction in senescent
SARKO mice. In addition to a decrease in the expression level of sar-
calumenin, the status of phosphorylation of sarcalumenin may be
important for SERCA2a activity like PLN, because cardiac sarcalu-
menin has been shown to undergo phosphorylation as described
previously [25]. It is intriguing to investigate whether the phospho-
rylation level of SAR is changed in mice under pathophysiological
stresses. The important question should be addressed in a future
study.

In addition to a decrease in SERCA2 protein, the present study
demonstrated that other Ca%* handling proteins were downregu-
lated in senescent SARKO mice, although the expression levels of
these proteins were the same in young and senescent WT mice.
This result indicated that Ca?* cycling in senescent SARKO mice
was largely deteriorated, which also contributed to progressive
cardiac dysfunction in these animals. It is well documented that
NCX1 is often upregulated to compensate for the dysfunction of
CaZ* reuptake into the SR [26], but this mechanism does not work
in senescent SARKO mice, at least at the protein expression level.
Although the mechanism by which SAR deficiency induces a signif-
icant reduction in other Ca?* handling proteins remains unclear,
the in vivo experiment using cycloheximide suggested that SAR
played an important role in stability of Ca?* handling proteins such
as SERCA2, PLN, CSQ2, and NCX1 (Fig. 5). SAR deficiency may result
in degradation of Ca?* handling proteins in the aging heart through
the deterioration of Ca?* homeostasis in the SR or due to progressive
ER stress (Fig. 6). Further study is required to prove this assumption.

Although senescent SARKO mice exhibited no obvious symp-
tom of heart failure such as accelerated breathing and ruffled fur,
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several typical clinical findings of heart failure such as increased
sympathetic activity (Fig. 3), impaired exercise tolerance (Fig. 4A
and B), and upregulation of ANF and BNP mRNAs (Fig. 4C and
D) were observed. Since heart failure is a syndrome with many
symptoms and findings from clinical examinations, these evidences
indicated that asymptomatic heart failure was developing in senes-
cent SARKO mice. In this regard, the findings observed in senescent
SARKO mice were similar with those seen in senescent human
population. We also found a significant reduction in heart rate
in senescent SARKO mice. The reduction in heart rate could be
caused by downregulation of the -adrenergic signaling pathway
in the sinus node; this explanation is supported by our observa-
tion of a sustained increase in sympathetic activity in senescent
SARKO mice. On the other hand, heart rate increased normally
in response to exercise and infusion of isoproterenol (data not
shown) in senescent SARKO mice, indicating that the responsive-
ness of the sinus node to a B-adrenergic signal remains normal
and the decrease in heart rate was not due to sinus node dysfunc-
tion.

As malfolded proteins and protein aggregates can evoke ER
stress, it has been speculated that ER stress is involved in
most conformational diseases, particularly Alzheimer’s disease and
Parkinson’s disease, although it is still heavily disputed whether ER
stress (or protein aggregates) is a major cause of these diseases.
Our data suggested that SAR deficiency is susceptible to ER stress.
These findings support that the presence of SAR is necessary for
proper protein folding in aged cardiac cells. While specific role of
SAR in this process remains to be elucidated in further study, it is
possible that SAR could directly act as a molecular chaperone in the
SR.

On the other hand, it has been reported that skeletal muscle
from SARKO mice is highly resistance to fatigue when compared
with wild-type muscle, likely due to enhanced store-operated
Ca?* entry (SOCE) induced by upregulated expression of mit-
sugumin 29 (MG29), a synaptophysin-related membrane protein
located in the triad junction [27]. The improved performance
in SARKO skeletal muscle might contradict our present observa-
tions that cardiac function is clearly worsened in SARKO mice.
However, it should be noted that MG29 is not expressed in the
heart and that its expression did not become detectable in both
WT and SARKO hearts (data not shown). It appears that SAR
effects in striated muscle may be dependent on the expression
of MG29, with knockout of SAR producing fatigue resistance in
skeletal muscle where MG29 is expressed and reduced SAR expres-
sion producing detrimental effects in aged cardiac muscle where
MG29 in not expressed. Therefore, the impaired exercise capac-
ity in the aged SARKO mice would probably result from the
compromised cardiac function rather than a change in skeletal
muscle.

In conclusion, the present study suggested that SAR is essen-
tial for maintaining the CaZ* transport activity of SERCA2a. Since
impaired SERCA2a activity is a hallmark of cardiac dysfunction in
the senescent population, this study uncovered the important role
of SAR in SERCA2a activity and thus in cardiac function, especially
in the aging heart.
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Summary

Background: We report a rare case of acute pulmonary embolism (PE) induced by urinary
retention and bladder distention with benign prostatic hyperplasia (BPH).

Case report: A 76-year-old male with BPH presented to the hospital with anuria of 24h dura-
tion and abdominal distention. Physical examination revealed tenderness and distention of the
lower abdomen and a swollen right leg. Echocardiography after urethral catheterization showed
a large free-floating thrombus traversing back and forth through the tricuspid orifice. Computed
tomographic angiography demonstrated filling defects at the level of the right inter lobar pul-
monary artery and the segmental branches of both pulmonary arteries, indicating acute PE. The
patient was treated with heparin and warfarin for three weeks to ensure the resolution of the
pulmonary embolus. After the resolution of all symptoms, the patient was discharged without
further complication.

* Corresponding author. Tel.: +1 973 972 8925; fax: +1 973 972 7489.
E-mail addresses: umemura0807@gmail.com, m.umemura.0807@gmail.com (M. Umemura).

1878-5409/$ — see front matter © 2011 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.jccase.2011.10.004
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Conclusion: This case suggested that a distended bladder is a potential risk factor for the
development of deep vein thrombosis and PE.
© 2011 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.

Introduction

Pulmonary embolism (PE) is a blockage of one or more
arteries in lungs by air, fat, tumor tissue, or thrombus.
Approximately 90% of PE arises from deep vein thrombosis
(DVT) [1]. DVT risk factors include surgery, hospitaliza-
tion, immobilization, smoking, obesity, age, medication,
thrombophilia, or pregnancy [2]. Although bladder disten-
tion could also cause obstruction of veins in the pelvis, and
thus subsequent DVT [3—5], it is rare for bladder distention
to induce PE. In this regard, it remains unknown whether
benign prostatic hyperplasia (BPH), which can also induce
bladder distention [6], can lead to PE. Here, we report a PE
case with a history of BPH accompanied by severe urinary
retention and bladder distention.

Case report

A 76-year-old man was brought to our hospital with lower
abdominal distention. He had noticed the symptoms 4 days
prior to the visit. His past medical history was significant
for chronic atrial fibrillation without chronic anticoagulation
therapy. He had no prior history of heart failure or throm-
bosis. He never smoked and his family history was negative
for clotting disorder or thrombosis.

On admission, his body mass index was 24kg/m?.
Vital signs included a mildly elevated blood pressure
at 134/79 mmHg, with irregular pulses at a rate of
70 beats/min, and peripheral oxygen saturation of 98% on
room air. His body temperature at the time of presen-
tation was 37°C. Physical examination was unremarkable
except for a tender and rigid abdomen without guarding
or rebound as well as a swollen right lower leg. Laboratory
tests were consistent with dehydration, renal dysfunction,
and inflammation as follows. Significant findings included a
white blood cell count of 16,300 cells/pl. C-reactive protein
was 9.50 mg/dl. Blood urea nitrogen was 88 mg/dl and serum
creatinine was 2.34mg/dl. Qualitative analysis of urine
showed the presence of white blood cells. Prothrombin and
partial thromboplastin times were normal, but D-dimer was
increased (86 pwg/ml: normal range < 1 pg/ml). The levels of
plasma protein C and protein S were within normal limits,
and anti-cardiolipin antibody was negative. The serum level
of prostatic specific antigen was increased (14.1 pg/ml: nor-
mal range <4 pg/ml). Chest X-ray showed no abnormality.
Electrocardiogram was consistent with atrial fibrillation,
and unchanged from prior recording taken a month earlier.
Echocardiography was significant for mild concentric left
ventricular hypertrophy with normal left ventricular func-
tion, and no thrombosis in his heart and no signs of right
ventricular pressure overload were found. Abdominal ultra-
sound examination revealed an extended urinary bladder.
Ultrasound examination for vein of lower extremity showed
a thrombus in the right femoral vein and no thrombus in
the left. Taken together, urinary distention secondary to

BPH, obstruction of pelvic vein within the pelvis by the
distended urinary bladder, urinary tract infection, acute
post-renal failure, and right DVT were suspected. Urinary
catheterization was then performed to relieve the urinary
obstruction.

However, when echocardiography was repeated 1 h after
the urinary catheterization, we found a large floating throm-
bus within the right atrium, with frequent back and forth
movement through the tricuspid orifice, which was not
observed previously (Fig. 1A and B). Mild pressure over-
load of the right ventricle was also observed at this time.
The patient was immediately brought to our intensive care
unit. Follow-up echocardiography, however, showed that the
observed thrombus in the right atrium had disappeared.
Emergent computed tomographic (CT) angiography revealed
clots at the level of right distal pulmonary artery, and the
segmental branches of both pulmonary arteries (Fig. 2A—C).
Pelvis CT showed that there was BPH. Chest and abdom-
inal CT showed that there were no thrombi in either of
the femoral veins or the inferior vena cava. Screening for
malignancy with CT was negative.

Pulmonary perfusion scintigraphy showed diffuse filling
defects in both lungs, which were consistent with findings
of CT angiography (Fig. 3A and B). Lower extremity perfusion
scintigraphy showed a delay of disappearance of *™Tc-MAA
in his right leg compared to the left leg (Fig. 3C and D).
Accordingly, we diagnosed that the patient had developed
PE.

Treatment for PE with continuous intravenous infusion of
heparin (14,000 units/day) and oral warfarin (3 mg/day) was
started. We did not perform intravenous infusion of uroki-
nase or tissue plasminogen activator because the patient
showed no sign of hemodynamic instability or severe right
ventricular pressure overload. On day 5 during the hospital-
ization, heparin was discontinued because the prothrombin
time/international normalized ratio had reached 2.0. On
day 14, CT showed reduced size of the thrombus (20% of
the initial size). Regarding BPH, both suppressive therapy
for BPH and intermittent self-catheterization were initi-
ated. On day 19, the patient became symptom free and was
discharged.

Discussion

There are few reports of urinary distention-induced DVT
[3—5,7], although urinary retention itself can lead to
increased venous pressure in the pelvis [7]. Accordingly, it is
not well accepted that BPH can serve as a risk factor for PE
through urinary retention and bladder distention. A review
reported that 9 of 15 urinary distention cases, which led to
DVT, had prostatic enlargement [8,9]. Meinardi et al. pre-
viously reported a case of BPH-induced DVT with protein
S deficiency [5]. These authors concluded that BPH alone
may be insufficient to induce PH unless other risk factors,
such as thrombophilic defects, are accompanied. However,
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Figure 1

Echocardiogram of axis view (A) and four chamber view (B). A giant floating thrombus (3cm x 3 cm, white arrows) in

the right atrium and ventricle frequently moved back and forth through the tricuspid orifice. RY, right ventricle.

as shown in the current and another case [10], BPH alone
can induce DVT without any other risk factors. It is thus
tentative to speculate that BPH should be recognized as a
potential risk factor for DVT via urinary bladder distention.
In this case, it should be noted that hypercoagulability, due
to increased inflammation along with urinary tract infection,

might contribute to thrombus formation. More interestingly,
bilateral lower extremity swelling is usual with such blad-
der distention; a previous review summarized that 14 of
15 patients had bilateral swelling [8] and that the occur-
rence of PE following DVT was uncertain. This is in contrast
to the current case, which showed unilateral leg swelling

Figure 2

Chest computed tomography (CT) shows clots and disturbed blood flow in right distal pulmonary artery and left segmental

branch (A—C). Clots are shown by arrowheads. Pelvic CT shows enlarged prostate (D, arrow).
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Figure 3

Pulmonary perfusion scintigraphy showed filling defects in both lung [A (anterior view) and B (posterior view)]. Perfusion

scintigraphy of lower extremities showed a delay of disappearance of *™Tc-MAA in his right leg compared to his left leg [C (early

phase) and D (delay phase)].

followed by PE. When unilateral leg swelling is observed
with urinary distention, DVT and potentially PE might be
considered as well. Before urinary catheterization was
performed, formation of thrombus due to distended blad-
der was not listed as a differential diagnosis because it is
clinically rare. Placing temporary inferior vena cava might
be effective for inhibition of PE, thus should be consid-
ered in the case of leg swelling concurrent with distended
bladder.

Prognosis of PE is typically poor. The conventional treat-
ments for PE include urokinase, heparin, tissue plasminogen
activator, and warfarin [2]. We used warfarin in this case
but not urokinase or tissue plasminogen activator because
hemodynamic instability or severe right ventricular pressure
overload were not found. Consequently, the patient was dis-
charged without further complications. Factors that brought
this fortunate outcome may include the PE onset within the
hospital and thus the rapid initiation of heparin and warfarin
therapy.

Conclusion

BPH could potentially cause DVT and thus PE via bladder
distention.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found, in the online version, at
doi:10.1016/j.jccase.2011.10.004.
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Abstract

There are few reports of acute myocardial infarction (AMI) relating to the occlusion of the conus

branch, most of which are iatrogenic in nature. So far as we are concerned, this is the first case of
spontaneous AMI with isolated conus branch occlusion. Electrocardiogram (ECG) showed mild
elevation of ST segment in leads V; through V3. Cardiac makers of myocardial infarction were
positive. Right coronary angiography revealed an isolated occlusion of the conus branch. Penetration
of the guidewire in the occluded lesion was attempted, and recanalization was successfully achieved.
The patient was discharged without any adverse events.

© 2012 Elsevier Inc. All rights reserved.
Keywords:

Acute myocardial infarction; Conus branch; Occlusion; ST elevation; Spontaneous; Isolated

Introduction

The conus branch of the right coronary artery (RCA)
frequently provides blood supply to the outflow tract of right
ventricle. Previous papers reported that characteristic
electrocardiographic (ECG) changes (elevation of ST
segment in the right precordial leads) appeared when the
conus branch was occluded or narrowed. All these reported
events occurred during coronary angiography/angioplasty or
cardiac surgery in the RCA. '™ Here, unlike these iatrogenic
occlusions, we show the first case of spontaneous occlusion
of the conus branch. The isolated conus branch occlusion led
to acute myocardial infarction (AMI), and we treated the case
with successful recanalization using penetration with a
guidewire, instead of balloon/stent catheter.

* Corresponding author. Cardiovascular Research Institute, Department
of Cell Biology and Molecular Medicine, New Jersey Medical School—
University of Medicine and Dentistry of New Jersey, MSB G645, 185 South
Orange Avenue, Newark, NJ 07103, USA.

E-mail address: m.umemura.0807@gmail.com

0022-0736/$ — see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.jelectrocard.2011.11.006

Case report

A 78-year-old Japanese man awoke with retrosternal chest
pain. The patient had been on home oxygen therapy for severe
pulmonary emphysema and been on maintenance hemodialy-
sis for the past 2 years. He had no history of coronary artery
disease, diabetes, thrombosis, or atrial fibrillation and had
never received anticoagulation therapy. Other risk factors
included a history of tobacco use and smoking 20 cigarettes a
day for 60 years. Family history was negative for clotting
disorder, stroke, or coronary artery disease.

One hour after the onset of the chest pain, the patient visited
an outside clinic. The electrocardiogram showed elevation of
ST segment in the precordial leads (V; through V3) (Fig. 1A).
Sublingual nitroglycerin was given, and the patient was
transferred to the emergency room of our hospital. At
presentation, the patient had sustained chest pain that was
not reduced by the nitroglycerin given at the outside clinic.

On admission, the blood pressure was 152/66 mm Hg and
the heart rate was 82 beats per minute. The result of the
physical examination was unremarkable. The electrocardio-
gram showed mild ST-segment elevation in the leads V;
through V3 (Fig. 1B). The maximum elevation of ST segment
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Fig. 1. (A) Electrocardiogram of the conus branch occlusion. (B) Electrocardiogram of the patient showed atrioventricular block 1 month before the onset of
AML. (C) Elevation of ST segment in leads V through V3 was seen in the outside clinic after sublingual nitroglycerin was given, and (D) resolution of ST-

segment elevation after the recanalization using the guidewire.

was 2 mm in the lead V, (Fig. 1C) recorded 3 hours after the
onset of the chest pain as compared with the ECG 1 month
before the admission (Fig. 1A). White blood cell count was
3600 cells/ul. C-active protein level was 2.69 mg/dL. Serum
creatinine level was 6.48 mg/dL. Cardiac markers were as
follows: creatinine kinase level of 138 IU/L, creatinine kinase-
MB fraction of 15 IU/L, and troponin T level of 0.37 ng/mL.
Echocardiography showed relatively normal segmental wall
motions of both right and left ventricles. At that point, acute
coronary syndrome was strongly suspected, and coronary
angiography was immediately performed. Complete occlusion
of the conus branch of the RCA was found (Fig. 2A and B).
Because coronary angioplasty was considered to be difficult in
this lesion, penetration of guidewire was attempted. The
guidewire was easily crossed through the occluded lesion (Fig.
2C), and Thrombolysis in Myocardial Infarction Trial (TIMI)
grade III flow was restored as demonstrated in the following
coronary angiography (Fig. 2D), suggesting successful
recanalization. The resolution of chest pain was immediate.
Intravenous infusion of heparin with oral warfarin (3 mg/day)
and aspirin (100 mg/day) was initiated. The electrocardiogram
taken at 24 hours after recanalization showed the resolution of
ST elevations in leads V; through V3 without the development
of Q-wave or T-wave inversion (Fig. 1D). Creatinine kinase
level peaked at 1066 TU/L with an MB fraction of 137 TU/L 1
day after the recanalization. On day 13, the patient was
discharged with aspirin and warfarin. Although CHADS2

score is 1, we added warfarin to the patient because we
considered the possibility of his hypercoagulability due to
sever emphysema and his maintenance of hemodialysis. It was
also likely that thromboembolism caused myocardial infarc-
tion, not arteriosclerosis.

The characteristic ECG changes (elevation of ST
segment in leads V; through V;) observed in this case
are consistent with those in the previous reports of conus
branch occlusion. > Matthews> reported that conus branch
was occluded by injection to RCA during angiography.
Eichhofer et al* reported that stent implantation in the right
proximal coronary artery resulted in conus branch occlu-
sion. The electrocardiogram showed similar pattern in the
precordial leads (V; through Vj;). These reports did not
mention treatments, presumably because it is considered
difficult to perform angioplasty or stent implantation for
conus branch occlusion due to the small diameter of the
artery. Successful balloon angioplasty in the conus branch
was reported in a case of occlusion by suture material after
mitral valve reconstruction.” On the contrary, occlusion of
the conus branch is known to show similar ECG pattern as
those seen with Brugada syndrome, that is, elevations of the
ST segment in the right precordial leads (V, through V3).
There are 2 reports of Brugada-like ECG changes due to
conus branch vasospasms with acetylcholine, which
resulted in ventricular fibrillation or ventricular tachycardia. >
Because Brugada syndrome can lead to ventricular fibrillation,
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Fig. 2. Coronary angiograms before and after the penetration of guidewire into the conus branch occlusion. The conus branch of the RCA showed total occlusion
(arrows in A and B). The TIMI flow grade was 0 at this point. A guidewire was penetrated into the conus branch lesion (arrowhead in C), and grade Il TIMI flow
was observed (D). RAO indicates right anterior oblique; LAO, left anterior oblique.

and thus sudden death, treatment of conus branch occlusion
is of clinical importance. In our case, penetration of a
guidewire was attempted, and blood flow was restored
without development of ventricular fibrillation or tachycar-
dia. To our knowledge, this is the first report of successful
recanalization with a guidewire in a conus branch occlusion.
Because insertion of a guidewire into the conus branch may
be easier than that of balloon/stent catheter, guidewire
penetration should be considered as the first option for
treatment of isolated conus branch occlusion. Furthermore,
conus branch occlusion described in the previous reports
were unexceptionally iatrogenic in nature; spontaneous
occlusion like our case has not been reported. Nonetheless,
all cases, including the current case, showed similar ECG
changes, that is, ST elevation in the right precordial leads
(V; through V3) and moderate elevation in creatinine kinase
(300-1000 TU/L). Meanwhile, the conus artery in about 50%
of human hearts is not a branch of the RCA but arises from
the right sinus ostium of Valsalva directly. Therefore, when
ST elevations in the right precordial leads are observed, not
only the conus branch of RCA but also the conus artery
occlusion should be considered. Nonetheless, when angio-
plasty is considered to be difficult in either cases, penetration
with a guidewire could be an alternative optional for

treatment. Because this artery is important in terms of critical
ventricular arrthythmia development, such treatment should
be performed immediately even though the putative
irrigation area may not be very large.
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Mice Lacking Hypertension Candidate Gene ATP2B1 in
Vascular Smooth Muscle Cells Show Significant Blood
Pressure Elevation

Yusuke Kobayashi, Nobuhito Hirawa, Yasuharu Tabara, Hidenori Muraoka, Megumi Fujita,
Nobuko Miyazaki, Akira Fujiwara, Yasuhiro Ichikawa, Yuichiro Yamamoto, Naoaki Ichihara,
Sanae Saka, Hiromichi Wakui, Shin-ichiro Yoshida, Keisuke Yatsu, Yoshiyuki Toya, Gen Yasuda,
Katsuhiko Kohara, Yoshikuni Kita, Kohtaro Takei, Yoshio Goshima, Yoshihiro Ishikawa,
Hirotsugu Ueshima, Tetsuro Miki, Satoshi Umemura

Abstract—We reported previously that ATP2B1 was one of the genes for hypertension receptivity in a large-scale Japanese
population, which has been replicated recently in Europeans and Koreans. ATP2B1 encodes the plasma membrane
calcium ATPase isoform 1, which plays a critical role in intracellular calcium homeostasis. In addition, it is suggested
that ATP2B1 plays a major role in vascular smooth muscle contraction. Because the ATP2B1 knockout (KO) mouse
is embryo-lethal, we generated mice with vascular smooth muscle cell-specific KO of ATP2B1 using the Cre-loxP
system to clarify the relationship between ATP2B1 and hypertension. The KO mice expressed significantly lower levels
of ATP2B1 mRNA and protein in the aorta compared with control mice. KO mice showed significantly higher systolic
blood pressure as measured by tail-cuff method and radiotelemetric method. Similar to ATP2B1, the expression of the
Na*t-Ca®* exchanger isoform 1 mRNA was decreased in vascular smooth muscle cells of KO mice. However, ATP2B4
expression was increased in KO mice. The cultured vascular smooth muscle cells of KO mice showed increased intracellular
calcium concentration not only in basal condition but also in phenylephrine-stimulated condition. Furthermore, phenylephrine-
induced vasoconstriction was significantly increased in vascular rings of the femoral artery of KO mice. These results suggest
that ATP2B1 plays important roles in the regulation of blood pressure through alteration of calcium handling and
vasoconstriction in vascular smooth muscle cells. (Hypertension. 2012;59:854-860.) @ Online Data Supplement

Key Words: hypertension @ ATP2B1 m Cre-loxP system B blood pressure 8 Millennium Genome Project
B Global Blood Pressure Genetics

Numerous studies have attempted to identify genetic
markers for hypertension over the past 2 decades, but no
cross-validated loci in different ethnic groups have thus far
been identified except for the mendelian forms of hyperten-
sion.! In the Millennium Genome Project* we identified
single nucleotide polymorphisms located upstream or within
the ATP2B1 gene as strong susceptible polymorphisms for
hypertension in Japanese. Some of these findings have been
replicated in individuals of European descent in the Global
Blood Pressure Genetics sample and have also been validated
in other studies in individuals of Buropean descent,® Kore-
ans,*® and Japanese.” The single nucleotide polymorphisms
of ATP2B1 identified in these studies showed a significant

association with hypertension in various large-scale study
populations with different methods, genome-wide association
study in the Cohorts for Heart and Aging Research in
Genomic Epidemiology Consortium and the Korean study
and candidate gene analysis in our previous study. However,
the functional roles of ATP2B1 in blood pressure control
have not yet been proven in vivo. The ATP2B1-null mutant
mouse has been reported to be embryolethal®; thus, we need
to make a conditional knockout (KO) mouse model of
ATP2BI1 using the Cre-loxP system to reveal the function of
the gene. Because the ATP2B1 gene encodes one of the
calcium pumps and plays an important role in contraction
of bladder smooth muscle,” we selected vascular smooth
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muscle cells (VSMCs) as target tissue of KO. Because we
have already demonstrated that ATP2B1 mRNA expres-
sion in human umbilical artery smooth muscle cells was
significantly lower in those having the risk allele for
hypertension than in those with no risk allele,'® we
hypothesized that VSMC ATP2B1 KO mice would exhibit
high blood pressure. In the present study, we made the
VSMC-specific ATP2B1 KO mice and evaluated their
blood pressure and related mechanisms.

Materials and Methods

Animal Care

Animals were housed under a 12-hour light-dark cycle at a temper-
ature of 25°C. Tap water was provided ad libitum. Experiments were
conducted under the guidelines for animal experiments set by the
animal experiment committee of Yokohama City University School
of Medicine.

Creation of VSMC-Targeted ATP2B1 KO Mice

ATP2B1'°**19F mice were generated using the Cre-loxP and
flippase recombination enzyme-flippase recognition target (FLP-
FRT) recombination system. ATP2B1 is encoded by 21 exons on
chromosome 10, and mice systemically deficient in exon 10 are
reported to be embryolethal.® We, therefore, designed a vector to KO
exon 10 of the ATP2B1 gene. The detailed technical strategy for
conditional KO mouse generation is described in the Methods
section of the online-only Data Supplement. To target inactivation of
the ATP2B1 gene to VSMCs, ATP2B11*F1°XF mice were inter-
crossed with SM22-Cre transgenic mice (see details in the online-
only Data Supplement) expressing Cre recombinase under control of
the mouse transgelin (smooth muscle protein 22-«) promoter. The
resulting ATP2B1'°**/SM22-Cre animals were further mated with
ATP2B1*F/10xF mice to generate ATP2B1'°*F1°XP/SM22-Cre
(VSMC ATP2B1 KO) mice and ATP2BI'F1XP mice without
SM22-Cre (control mice). Animals used for experiments were
backcrossed =6 times.

BP Measurement by Tail-Cuff Method and
Radiotelemetric Method

Systolic blood pressure was measured by the tail-cuff method
(BP-monitor MK-2000; Muromachi Kikai Co) at the age of 8 weeks
and 22 weeks, as described previously.!''? Furthermore, direct
blood pressure measurement was performed by a radiotelemetric
method in which a blood pressure transducer (PA-C10, Data Sci-
ences International) was inserted into the left carotid artery. Ten days
after transplantation, each mouse was housed individually in a
standard cage on a receiver under a 12-hour light-dark cycle. Direct
blood pressure was recorded every minute by radiotelemetry, as
described previously.'®

Real-Time Quantitative RT-PCR Analysis

Total RNA was extracted from the aorta or cultured VSMCs with
ISOGEN (Nippon Gene), and cDNA was synthesized using the
SuperScript III First Strand System (Invitrogen). Real-time quanti-
tative RT-PCR was performed by incubating the reverse-
transcription product with TagMan PCR Master Mix and a designed
TagMan probe (Applied Biosystems).!? RNA quantities were ex-
pressed relative to the 18S mRNA control.

Western Blot Analysis of ATP2B1

Western blot analysis was performed as described previously.!!
Further details of the Western blot analysis are described in the
online-only Data Supplement.

ATP2B1 Knockout Mouse and Hypertension 855

Cell Culture of Mouse VSMCs and Measurement
of Intracellular Calcium Concentration

VSMCs were aseptically isolated from thoracic aortic explants of an
8-week—old ATP2B1 KO mouse and its wild-type littermate, as
described previously.'* Further details of the cell culture of mouse
VSMCs are described in the online-only Data Supplement. Measure-
ment of basal condition and phenylephrine-stimulated changes in
intracellular calcium concentration were assessed by Fura-2 fluores-
cence ratio imaging using a microscopic digital imaging system
(IX71, Olympus), as described previously.15 Briefly, ATP2B1 KO or
control VSMCs grown on 25-mm coverslips were loaded with the
calcium-specific dye Fura-2-acetoxymethyl ester (2.5 wmol/L, Invit-
rogen) and 0.01% Pluronic acid (Invitrogen) for 30 minutes at 37°C.
After washing with the Hank balanced salt solution, cells were
incubated for 20 minutes at 37°C in the Hank balanced salt solution
to allow complete hydrolysis of Fura-2-acetoxymethyl ester to
Fura-2. Emissions fluorescence was measured with a CCD camera
(U-PMTV1X, Olympus) at a wavelength of 510 nm. Real-time shifts
in Fura-2 ratio fluorescence (ratio of emissions: F340:F380), indi-
cating changes in intracellular calcium concentration, were recorded
before, during, and after stimulating VSMCs with 107 M phenyl-
ephrine (Sigma Aldrich), and we used calcium ionophore A23187
(Calbiochem) as positive control for the accuracy of the intracellular
calcium concentrations. Summary data represent the average differ-
ence in basal condition and the peak increase in phenylephrine-
induced intracellular calcium concentration.

Isometric Tension of Vascular Rings of

Femoral Artery

‘We measured isometric tension of femoral artery vascular rings from
KO mice and control mice, as described previously.'® Phenylephrine
and potassium-enriched solution were added to stimulate vasocon-
striction. Further details of the vasoconstriction assay are described
in the online-only Data Supplement.

Statistical Analysis

For statistical analysis of differences between groups, Mann-
Whitney U test or ANOVA followed by Bonferroni method was
used. All of the quantitative data are expressed as mean=*SE. Values
of P<<0.05 were considered statistically significant.

Results

High Efficiency, VSMC-Selective Deletion of
ATP2B1 Gene

Figure 1A shows the Southern blot analysis of tail DNA
obtained from VSMCs. ATP2B1 KO mice demonstrated a
deletion event occurring in VSMCs within the vascular bed of
the tail. Quantitative RT-PCR analysis demonstrated that
expression of ATP2B1 mRNA in isolated aorta of VSMC
ATP2B1 KO mice was reduced by 80% to 90% compared
with that in control mice (Figure 1B). Similarly, Western blot
analysis showed that ATP2B1 protein in isolated aorta of
VSMC ATP2B1 KO mice was reduced by 80% compared
with that in control mice (Figure 1C and 1D).

VSMC ATP2B1 KO and Control Mice Were Both
Born at Expected Mendelian Ratio

As shown in Figure 1E, both VSMC ATP2B1 KO mice and
control mice, male and female, were born at the expected
mendelian ratio and could not be distinguished from one
another at birth.

No Difference in Growth Between VSMC ATP2B1
KO Mice and Control Mice

Body weight was measured at 8, 12, 22, and 36 weeks after
birth. As seen in Figure 1F, there was no difference in
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Figure 1. High efficiency, vascular smooth muscle cell (VSMC)-selective deletion of ATP2B1 gene. A, Tail DNA was prepared by stan-
dard methods, and the ATP2B1 gene was amplified by PCR using the forward primer 5'-CATCCTCTTTAGTTATTAAGGAAGCAGT-3’
(located in the intron before the first loxP site) and reverse primer 5-GCCTTTTACAGCATGAACATAGCGA-3’ (located in the intron after
the second loxP site). The presence of wild-type ATP2B1 (W), floxed ATP2B1 (F), and recombined ATP2B1 (X) was determined using
the forward primer and reverse primer, generating products of 1282 bp for W, 1442 bp for F, and 399 bp for X. B, ATP2B1 mRNA
expression in aorta of 8-week-old mice (n=6 for each genotype) as quantified by quantitative RT-PCR using exon 10 and 11 amplifica-
tion. Data are presented as mean and SE from 6 independent experiments (P<0.0001). C and D, ATP2B1 protein expression in aorta of
VSMC ATP2B1 knockout (KO) mice and control mice estimated by immunoblot analysis (=5 for each genotype). One representative of
5 independent experiments is shown. Data are presented as mean and SE. E, Birth rate of mating, which is expected to have the same
ratio of births. The data were collected from 632 mice born by the mating of VSMC ATP2B1 KO mice and control mice. F, Growth
curve of VSMC ATP2B1 KO mice and control mice. The data were all collected from male mice. Weights for each genotype represent
mean and SE (n=12-24 for each genotype; C indicates control mice; K, VSMC ATP2B1 KO mice). The data collected show that there

was no difference in body weight alterations.

alteration of body weight between VSMC ATP2B1 KO mice
and control mice.

VSMC ATP2B1 KO Mice Showed Higher

Blood Pressure Than Control Mice Under

Resting Conditions

To ascertain whether deletion of ATP2B1 in VSMCs affects
blood pressure, conscious VSMC ATP2B1 KO mice and
control mice were subjected to blood pressure measurements
by the tail-cuff method. All of the experiments were carried
out in a blinded manner on male mice eating standard rodent
chow (0.3% NaCl). Under resting conditions, VSMC
ATP2B1 KO mice displayed higher systolic blood pressure
than that of control mice at 8 and 22 weeks of age (Figure
2A). Heart rate did not differ significantly between the groups
(data not shown).

VSMC ATP2B1 KO Mice Showed Higher Blood
Pressure Assessed by 24-Hour Radiotelemetric
System Than Control Mice

To confirm the effects of deletion of VSMC ATP2B1 on
blood pressure and to analyze the circadian pattern of blood
pressure, conscious VSMC ATP2B1 KO mice and control
mice were subjected to blood pressure measurements by
radiotelemetry. KO mice showed higher blood pressure than
control mice at 14 weeks of age throughout the day (systolic

blood pressure, Figure 2B; diastolic blood pressure, Figure
S9A; mean blood pressure, Figure S9B), whereas circadian
variations in heart rate did not differ significantly between the
groups (Figure 2C).

Expressions of Calcium-Regulatory Genes in
Cultured VSMCs of ATP2B1 Mice

The same as for the in vivo results, expression of both
ATP2B1 (0.07-fold P<0.0001; Figure 3A) and Na*-Ca?*
exchanger isoform 1 (NCX1) (0.3-fold P<<0.0001; Figure
3B) mRNAs were decreased in cultured VSMCs of ATP2B1
KO mice aorta compared with those in the control mouse
aorta. On the contrary, the expression of ATP2B4 mRNA was
upregulated (1.9-fold P<<0.0001; Figure 3C) in KO VSMCs.

Increased Intracellular Calcium Concentrations in
VSMCs of ATP2B1 KO Mice

To investigate whether intracellular calcium concentration in
VSMCs was altered through KO of the ATP2B1 gene, we
used the Fura-2-acetoxymethyl ester fluorescence assay. As
shown in Figure 3D, the intracellular calcium was higher in
VSMCs of ATP2B1 KO mice (F340/F380 ratio of KO
VSMCs: 0.631+0.029; F340/F380 ratio of control VSMCs:
0.505+0.022; P<<0.05) at baseline condition. Furthermore,
phenylephrine-induced peak increase in intracellular calcium
concentration was also augmented in KO VSMCs than in
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Figure 2. Blood pressure measured by tail-cuff method and
radiotelemetric method. A, Systolic blood pressure was mea-
sured by tail-cuff method in 8-week-old knockout (KO) mice
(117.7+3.4; n=15) and control mice (105.3%2.9; n=13), and
22-week-old vascular smooth muscle cell (VSMC) ATP2B1 KO
mice (132.6+3.3; n=14) and control mice (117.3%£5.4, n=11).
Data are presented as mean and SE (C indicates control mice;
K, VSMC ATP2B1 KO mice; 8w, 8-week-old; 22w, 22-week-
old). B, Circadian patterns of systolic blood pressure in VSMC
ATP2B1 KO mice (n=9) and control mice (n=9) on a 12-hour
light (8:00 am to 8:00 pm)/dark (8:00 PM to 8:00 am) cycle are
shown. Mice were studied on a normal-salt diet (0.3% NaCl).
Values plotted are hourly means and SEs measured over 60
hours (C indicates control mice; K, VSMC ATP2B1 KO mice). C,
Circadian patterns of heart rate in VSMC ATP2B1 KO mice
(n=9) and control mice (n=9) on a 12-hour light (8:00 am to 8:00
pm)/dark (8:00 pm to 8:00 am) cycle are shown. Mice were stud-
ied on a normal-salt diet. Values plotted are hourly means and
SEs measured over 60 hours.

| Light period

control VSMCs (F340/F380 ratio of KO VSMCs:
1.187+0.068; F340/F380 ratio of control VSMCs:
0.805+0.034; P<<0.001).

Vasoconstriction Was Accelerated by
Phenylephrine Loading in Femoral Artery

of KO Mice

We examined the vasoconstrictor response of femoral artery
rings to phenylephrine. As summarized in Figure 4, femoral
artery rings of KO mice were hyperreactive to the maximum
concentration of phenylephrine (107> M) compared with

ATP2B1 Knockout Mouse and Hypertension 857

those of control mice (KO: 84.1% KCI contraction; control:
54.4% KCI contraction; P<<0.05; n=10).

Discussion

Implication of ATP2B1 in Blood Pressure Control
and Function of ATP2B1 in VSMCs

This study showed that blood pressure was significantly
higher in mice lacking ATP2B1 in VSMCs than that in
wild mice. These results confirm the importance of the
ATP2B1 gene in regulation of blood pressure. The
ATP2BI1 gene is one of the genes that we reported in 2008
as a gene for hypertension receptivity in a large-scale
Japanese population, which has been confirmed recently in
individuals of European descent, Koreans, and other Jap-
anese. We first paid attention to the gene and made a
strategy for creating a conditional KO model of the gene to
confirm the relation between ATP2B1 and hypertension.
VSMC ATP2B1 KO mice showed no significant change in
birth rate and growth, although their expressions of
ATP2BI1 in the aorta and primary cultured VSMCs were
markedly reduced, and they showed significantly higher
blood pressure. We confirmed that the elevation of blood
pressure in ATP2B1 KO mice was certain, with no relation
to age and light-dark cycle. Furthermore, alteration in
calcium homeostasis in VSMCs and increased vasocon-
striction of femoral artery were observed in ATP2B1 KO
mice. Recently, we showed that single nucleotide polymor-
phisms in the ATP2B1 gene cause phenotypic changes in
human tissue.'® ATP2B1 mRNA expression in human
umbilical artery smooth muscle cells was significantly
lower in those with a risk allele for hypertension than in
those having no risk allele. The finding using human artery
was consistent with those seen in mice lacking ATP2B1 in
VSMCs. These findings support that KO of ATP2BI1 in
VSMCs caused blood pressure elevation.

The ATP2B1 gene encodes plasma membrane calcium
ATPase isoform 1 (so-called PMCA1), which removes biva-
lent calcium ions from eukaryotic cells against very large
concentration gradients and plays a critical role in intracellu-
lar calcium homeostasis. In mammals, calcium ATPase iso-
forms are encoded by =4 separate genes (ATP2B1 to B4),'”
and organ-specific mRNA expression of the isoforms has
been reported. Using bladder smooth muscle cells, contrac-
tility measurements have documented the important role of
ATP2B1 in the extrusion of Ca** after carbachol stimulation
or depolarization with potassium chloride.” Although bladder
smooth muscle expresses both ATP2B4 and ATP2BI,
ATP2B1 inhibition caused 3-time increments in intracellular
calcium concentration and contraction of bladder smooth
muscle compared with ATP2B4 blockade. Thus, ATP2B1
rather than ATP2B4 may have an important role in calcium
handling and regulation in contraction of smooth muscle
cells. In vascular smooth muscle, ATP2B1 and ATP2B4 have
been also shown to be expressed.'® However, there were few
reports evaluating the role of ATP2B1 in VSMCs. Thus, we
decided to knock out the ATP2B1 gene of VSMCs to clarify
the function of the ATP2B1 gene in hypertension theoreti-
cally in humans. In fact, VSMC-specific KO of ATP2B1
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Figure 3. Altered gene expression and calcium transient in primary cultured vascular smooth muscle cells (VSMCs) of knockout (KO)
mice. A, ATP2B1 mRNA expression in primary cultured VSMCs (n=8-10 for each genotype) quantified by quantitative RT-PCR (gRT-
PCR) using exon 10 and 11 amplification. Data are presented as mean and SE (P<0.0001). B, NCX1 mRNA expression in primary cul-
tured VSMCs (n=8-10 for each genotype) quantified by gRT-PCR. Data are presented as mean and SE (P<0.0001). C, ATP2B4 mRNA
expression in primary cultured VSMCs (n=8-10 for each genotype) quantified by gRT-PCR. Data are presented as mean and SE
(P<0.0001). D, Measurement of basal condition and phenylephrine-induced increase in intracellular calcium concentration of VSMCs
were performed. Figure shows the time course of phenylephrine-stimulated change in intracellular calcium concentration in ATP2B1 KO
VSMC and control VSMC mice (n=26-30 cells from 10 to 11 coverslips). ATP2B1 KO VSMC mice showed higher intracellular calcium
concentration the entire time course before and after the phenylephrine stimulation. Data are displayed as ratio of F340/F380. Intracel-
lular calcium concentration values over the entire cell were averaged to obtain the changes in the whole-cell calcium concentration.
Data are presented as mean and SE (BL indicates baseline condition; PE, phenylephrine; K, ATP2B1 KO VSMC; C, control VSMC;

*P<0.05, *P<0.01, **P<0.001).

showed an elevation in blood pressure associated with a rise
in intracellular calcium and a decrease in NCX1 mRNA
expression. Moreover, the vascular contractile response was
increased in KO mice. These results suggest that ATP2B1 has
important roles in calcium handling and contraction in
VSMCs.

Important Relationship Between ATP2B1 and
Other Calcium-Related Genes

NCX1, a calcium pump similar to ATP2B1, is known to
play an important role in hypertension through its effect on
VSMCs.'*?° Interestingly, a recent report revealed that
calcium clearance proteins, such as plasma membrane
Ca?"-ATPase (PMCA), sarcoplasmic reticnlum Ca®* AT-
Pase, and NCX1, showed coordinated expression.21 Fur-
thermore, PMCA and NCX1 showed similar changes in
expression in human arterial myocytes.”*> These recent
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Figure 4. Phenylephrine-induced vasoconstriction of femoral
artery rings. Isolated femoral artery rings obtained from knock-
out (KO) mice and control mice were stimulated with the
al-adrenoceptor agonist phenylephrine. Data are presented as
mean and SE of 9 to 10 independent experiments. Force is
expressed as the percentage of maximal contraction obtained
by potassium-enriched solution.

findings suggest that ATP2B1 and NCX1 have a strong
relationship and are modulated by the same system.
Moreover, NCX1 and PMCA showed colocalization in the
basolateral membrane of mouse distal convoluted cells in
several studies.”®?* Furthermore, several proteins associ-
ate with NCX1 and PMCA with an alteration in their
activity.?> On the contrary, ATP2B4 was upregulated in
KO VSMCs. This upregulation of ATP2B4 seems to
compensate for the decrease in expression of ATP2BI.
These findings suggest that decreased expression
of ATP2B1 and NCX1 is one of the possible mechanisms
of increase in intracellular calcium concentration.

Possibility of Alteration in Intracellular

Calcium Homeostasis

In a recent study, a novel PMCA1 selective inhibitor,
caloxinlb3, raised cytosolic calcium concentration in en-
dothelial cells.?® This finding supports the results that KO
of ATP2B1 in VSMCs causes significant alterations in
calcium-related gene expression and in intracellular cal-
cium concentration. In the present study, KO VSMCs
showed higher intracellular calcium concentration com-
pared with the control, and a higher response was observed
in response to the stimulation of phenylephrine compared
with that of control VSMCs. Because increased intracel-
lular calcium concentration may lead to blood pressure
elevation via vasoconstriction,?’ the increased calcium
concentrations seen in ATP2B1 KO VSMCs may be one of
the possible mechanisms of high blood pressure seen in
AP2B1 KO mice.

Increased Vasoconstriction Is One of the Possible
Mechanisms for Blood Pressure Elevation

In the present study, we confirmed an increased contractile
response to phenylephrine in femoral artery rings of KO
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mice. Because phenylephrine activates inositol 1,4,5-
triphosphate-induced intracellular calcium release and also
stimulates voltage-independent calcium-permeable chan-
nels,*® the alteration in contractile response may be attrib-
uted to alteration in intracellular calcium homeostasis. As
shown in the present study, increased intracellular calcium
concentration would augment the contractile capacity,
which might increase the blood pressure in ATP2B1 KO
mice. These findings strongly support the hypothesis that
ATP2B1 gene is associated with blood pressure control in
vivo.

Conclusion

We revealed that ATP2B1 KO in VSMCs increases the blood
pressure in vivo study. Lack of ATP2B1 in VSMCs also
increased intracellular calcium concentration and augmented
the vascular contractility in ex vivo study. Our results clearly
demonstrated that ATP2B1 gene expression in VSMCs is
important in blood pressure regulation. Because the ATP2B1
gene has been reported to be a hypertension-susceptible gene
by our systemic multiple candidate gene analyses, the present
data suggest not only the importance of the ATP2B1 gene as
a hypertension-related gene but also the value of the systemic
multiple candidate gene approach and genome-wide associa-
tion study in finding disease-related genes.

Perspectives

We made mice with conditional KO of ATP2B1 in
VSMCs. However, the role of ATP2B1 in cells other than
VSMC:s in blood pressure control is not known. Thus, we
need to further investigate the role of the ATP2B1 gene
using other types of Cre mice and should make new
organ-specific KO mice to analyze the role of the ATP2B1
gene in other conditions.

Sources of Funding

This work was supported by grants for scientific research
(KAKENHI and Priority Areas “Medical Genome Science [Millen-
nium Genome Project]” and “Applied Genomics™) from the Ministry
of Education, Culture, Sports, Science, and Technology, Japan; a
grant for a Science and Technology Incubation Program in Advanced
Regions, Japan Science and Technology Agency; a grant for scien-
tific research from Yokohama City University; and a research grant
from Olympus Corporation.

Disclosures
N.H., Y.T.,KK, YK, HU, TM, and S.U. have been named as the
inventors on a patent application by Ehime University, Shiga
University of Medical Science, and Yokohama City University in
work related to this study.

References

1. Lifton RP. Molecular genetics of human blood pressure variation.
Science. 1996;272:676-680.

2. Kohara K, Tabara Y, Nakura J, Imai Y, Ohkubo T, Hata A, Soma M,
Nakayama T, Umemura S, Hirawa N, Ueshima H, Kita Y, Ogihara T,
Katsuya T, Takahashi N, Tokunaga K, Miki T. Identification of
hypertension-susceptibility genes and pathways by a systemic multiple
candidate gene approach: the Millennium Genome Project for Hyper-
tension. Hypertens Res. 2008;31:203-212.

3. Levy D, Ehret GB, Rice K, Verwoert GC, Launer LJ, Dehghan A,
Glazer NL, Morrison AC, Johnson AD, Aspelund T, Aulchenko Y,
Lumley T, Kottgen A, Vasan RS, Rivadeneira F, Eiriksdottir G, Guo
X, Arking DE, Mitchell GF, Mattace-Raso FU, Smith AV, Taylor K,

ATP2B1 Knockout Mouse and Hypertension

10.

12.

13.

14.
15.

16.

17.

18.

859

Scharpf RB, Hwang SJ, Sijbrands EJ, Bis J, Harris TB, Ganesh SK,
O’Donnell CJ, Hofman A, Rotter JI, Coresh J, Benjamin EJ, Uitter-
linden AG, Heiss G, Fox CS, Witteman JC, Boerwinkle E, Wang TJ,
Gudnason V, Larson MG, Chakravarti A, Psaty BM, van Duijn CM.
Genome-wide association study of blood pressure and hypertension.
Nat Genet. 2009;41:677-687.

. Cho YS, Go MJ, Kim YJ, Heo JY, Oh JH, Ban HJ, Yoon D, Lee MH, Kim

DJ, Park M, Cha SH, Kim JW, Han BG, Min H, Ahn Y, Park MS, Han HR,
Jang HY, Cho EY, Lee JE, Cho NH, Shin C, Park T, Park JW, Lee JK,
Cardon L, Clarke G, McCarthy MI, Lee JY, Oh B, Kim HL. A large-scale
genome-wide association study of Asian populations uncovers genetic
factors influencing eight quantitative traits. Nat Genet. 2009;41:527-534.

. Hong KW, Go MJ, Jin HS, Lim JE, Lee JY, Han BG, Hwang SY, Lee SH,

Park HK, Cho YS, Oh B. Genetic variations in ATP2B1, CSK, ARSG and
CSMD1 loci are related to blood pressure and/or hypertension in two
Korean cohorts. J Hum Hypertens. 2010;24:367-372.

. Hong KW, Jin HS, Lim JE, Kim S, Go MJ, Oh B. Recapitulatioh of two

genomewide association studies on blood pressure and essential hyper-
tension in the Korean population. J Hum Genet. 2010;55:336-341.

. Takeuchi F, Isono M, Katsuya T, Yamamoto K, Yokota M, Sugiyama T,

Nabika T, Fujioka A, Ohnaka K, Asano H, Yamori Y, Yamaguchi S,
Kobayashi S, Takayanagi R, Ogihara T, Kato N. Blood pressure and
hypertension are associated with 7 loci in the Japanese population.
Circulation. 2010;121:2302-2309.

. Okunade GW, Miller ML, Pyne GJ, Sutliff RL, O’Connor KT, Neumann

JC, Andringa A, Miller DA, Prasad V, Doetschman T, Paul RJ, Shull GE.

‘Targeted ablation of plasma membrane Ca?"-ATPase (PMCA) 1 and 4

indicates a major housekeeping function for PMCA1 and a critical role in
hyperactivated sperm motility and male fertility for PMCA4. J Biol
Chem. 2004;279:33742-33750.

. Liu L, Ishida Y, Okunade G, Shull GE, Paul RJ. Role of plasma

membrane Ca?*-ATPase in contraction-relaxation processes of the blad-
der: evidence from pmca gene-ablated mice. Am J Physiol Cell Physiol.
2006;290:C1239-1247.

Tabara Y, Kohara K, Kita Y, Hirawa N, Katsuya T, Ohkubo T, Hiura Y,
Tajima A, Morisaki T, Miyata T, Nakayama T, Takashima N, Nakura J,
Kawamoto R, Takahashi N, Hata A, Soma M, Imai Y, Kokubo Y, Okamura
T, Tomoike H, Iwai N, Ogihara T, Inoue I, Tokunaga K, Johnson T,
Caulfield M, Umemura S, Ueshima H, Miki T. Common variants in the
ATP2B1 gene are associated with susceptibility to hypertension: the Japanese
Millennium Genome Project. Hypertension. 2010;56:973-980.

. Tsurumi Y, Tamura K, Tanaka Y, Koide Y, Sakai M, Yabana M, Noda

Y, Hashimoto T, Kihara M, Hirawa N, Toya Y, Kiuchi Y, Iwai M,
Horiuchi M, Umemura S. Interacting molecule of AT1 receptor, ATRAP,
is colocalized with AT1 receptor in the mouse renal tubules. Kidney Int.
2006;69:488-494.

Sakai M, Tamura K, Tsurumi Y, Tanaka Y, Koide Y, Matsuda M,
Ishigami T, Yabana M, Tokita Y, Hiroi Y, Komuro I, Umemura S.
Expression of MAK-V/Hunk in renal distal tubules and its possible
involvement in proliferative suppression. Am J Physiol Renal Physiol.
2007;292:F1526-F1536.

Mills PA, Huetteman DA, Brockway BP, Zwiers LM, Gelsema AlJ,
Schwartz RS, Kramer K. A new method for measurement of blood
pressure, heart rate, and activity in the mouse by radiotelemetry. J Appl
Physiol. 2000;88:1537-1544.

Kobayashi M, Inoue K, Warabi E, Minami T, Kodama T. A simple
method of isolating mouse aortic endothelial cells. J Atheroscler Thromb.
2005;12:138-142. )
Zimmerman MC, Sharma RV, Davisson RL. Superoxide mediates angio-
tensin II-induced influx of extracellular calcium in neural cells.
Hypertension. 2005;45:717-723.

Akaike T, Jin MH, Yokoyama U, Izumi-Nakaseko H, Jiao Q, Iwasaki S,
Iwamoto M, Nishimaki S, Sato M, Yokota S, Kamiya Y, Adachi-Akahane
S, Ishikawa Y, Minamisawa S. T-type Ca®* channels promote
oxygenation-induced closure of the rat ductus arteriosus not only by
vasoconstriction but also by neointima formation. J Biol Chem. 2009;
284:24025-24034.

Carafoli E. The Ca** pump of the plasma membrane. J Biol Chem.
1992;267:2115-2118.

Pande J, Szewczyk MM, Kuszczak I, Grover S, Escher E, Grover AK.
Functional effects of Caloxin 1c2, a novel engineered selective inhibitor
of plasma membrane Ca>*-pump isoform 4, on coronary artery. J Cell
Mol Med. 2008;12:1049-1060.

Downloaded from http://hyper.ahajournals.org/ at YOKOHAMA SHIRITSU DAIGAKU on May 7, 2013



