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Impaired nitric oxide production and increased blood
pressure in systemic heterozygous ATP2BI null mice
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INTRODUCTION

ypertension is a major cardiovascular risk factor
H affecting more than 25% of the adult population

according to a recent worldwide analysis, and
is the leading contributor to global mortality [1]. As with
other multifactorial disorders, hypertension is a complex
genetic disorder caused by interaction between several risk
genes and environmental factors [2,3]. To date, large-
scale genome-wide association studies have attempted to
identify genetic markers for hypertension. However,
although many studies have been conducted all over the
world, they have produced inconsistent results. In the
‘Millennium Genome Project’, we identified ATP2B1 as a
gene responsible for hypertension in Japanese through
single-nucleotide polymorphism (SNP) analysis [4]. These
SNPs have been replicated in individuals of European
descent [5], Korean descent [6], other Japanese descents
[7], and the whole world [8]. The ATP2B1 gene encodes the
plasma membrane calcium ATPase 1 (PMCA1), which con-
tributes to the maintenance of appropriate cytoplasmic
calcium levels by removing calcium ions from the cell to
the extracellular environment [9]. In particular, PMCA,
sarco-endoplasmic reticulum Ca**-ATPase (SERCA) and
sodium/calcium exchanger (NCX) play a crucial role in
intracellular calcium homeostasis. PMCA comprises four
different isoforms (PMCA1-4) that are encoded by four
independent genes. PMCA1 and PMCA4 are expressed
ubiquitously, whereas PMCA2 and PMCA3 are mainly
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present in neuronal tissue [10,11]. Since the ATP2B1 null
mutant mouse is embryo-lethal [12], we attempted to make a
conditional knockout mouse model of ATP2B1 using the
Cre-loxP system. We reported previously that mice with
ATP2B1 knockout in vascular smooth muscle cells (VSMCs)
showed increased blood pressure [13,14]. However, this
could not address the role of ATP2B1 in the whole body.
So we generated systemic heterozygous ATP2B1 null
(ATP2B1%/7) mice, and evaluated the implication of ATP2B1
in blood pressure. Moreover, there have been several reports
on the relationship between PMCAs and nitric oxide synthase
(NOS) in recent years. Previous studies have shown that
PMCAs inhibit endothelial NOS (eNOS) activity [15], and
PMCAA4 regulates neural NOS (nNOS) [16,17]. In this study,
we also examined whether reduced ATP2B1 gene expres-
sion affects NOS activity and nitric oxide production.

METHODS

Animal care

Animals were housed under a 12-h light-dark cycle at a
temperature of 25°C. Mice were studied at 3 months of age
and fed a normal-salt diet with free access to drinking water.
Experiments were conducted under the guidelines for
animal experiments set by the Animal Experiment Commit-
tee of Yokohama City University School of Medicine.

Creation of systemic heterozygous ATP2B1 null
(ATP2B1"'™) mice

ATP2B1'°19%F jce were generated using the Cre-loxP and
flippase recombination enzyme-flippase recognition target
recombination system. ATP2B1 is encoded by 21 exons on
chromosome 10, and mice systemically lacking exon 10 were
reported to be embryo-lethal [12]. We, therefore, designed a
vector to knock out exon 10 of the ATP2B1 gene. The
detailed technical strategy for conditional knockout mouse
generation is described previously [13].

Tie2 promotor can cause noncell-specific deletion of
floxed alleles through the germ line activation. Normally,
two successive rounds of breeding are performed to generate
mice carrying two floxed target-gene alleles and a transgene
expressing Cre-recombinase tissue-specifically. However,
this causes the conversion of the floxed allele to a null allele
in the germ line, which is transmitted to offspring, which can
resultin global deletion irrespective of their Cre-recombinase
genotype. Therefore, germ-line activation of the Tie2 pro-
motors can cause noncell-specific deletion of floxed alleles
with a fixed probability [18]. ATP2B1°**Tie2-Cre mice
were created by mating ATP2B1'**'°*F female mice with
transgenic mice expressing Cre recombinase under control
of the murine Tie2 promotor (Tie2-Cre mice) [19] [B6.Cg-
Tg(Tie2-Cre)1Ywa/J, stock No.008863, Jackson Laboratoryl].
ATP2B17*F:Tie2-Cre male offspring were then crossed
with ATP2B1'/1%® female mice, and we created systemic
heterozygous ATP2B1 null [ATP2B1" ~:Tie2-Cre(-)] mice
and genetic control [ATP2B1 /" Tie2-Cre(-)] mice.

Cell culture

The aorta was dissected out from the aortic arch to
the abdominal aorta and immersed in 10% fetal bovine
serum (FBS)-Dulbecco’s Modified Eagle Medium (DMEM)
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containing 1000 U/ml heparin (Sigma-Aldrich). A 24-gauge
cannula was inserted into the proximal portion of the aorta.
The other side was tied, and the lumen was filled with a
solution of collagenase type II (2mg/ml, dissolved in
serum-free DMEM). After incubation at 37°C for 45min,
endothelial cells were removed from the aorta by flushing
with 5 ml DMEM containing 10% FBS and cultured in a
35-mm collagen type I-coated dish. On the contrary, the
aorta is cut into pieces and put inside onto a 60 mm gelatin
dish. VSMCs were cultured for approximately 10 days {20].

Real-time quantitative reverse transcription-PCR
analysis

Total RNA was extracted from the brain, heart, lung, aorta,
kidney, liver, spleen, skeletal muscle, cultured VSMCs, and
cultured endothelial cells with ISOGEN (Nippon Gene).
cDNA was synthesized using the SuperScript III First Strand
System (Invitrogen). Real-time quantitative reverse tran-
scription-PCR (qRT-PCR) was performed by incubating
the reverse transcription product with TagMan PCR Master
Mix (Applied Biosystems) and a designed TagMan probe
(ATP2B1: MmO01245796_m1, ATP2B4: Mm01285597_ml,
NCX1: Mm01232254_m1; Applied Biosystems) [21]. RNA
quantities were expressed relative to the 18S (4319413E;
Applied Biosystems) mRNA control.

Western blot analysis

Western blot analysis was performed as described pre-
viously [13]. Briefly, tissue extracts were used for electro-
phoresis, and membranes (Millipore) were incubated with
anti-PMCAL1 antibody (recognizes exonl0; Unitech), anti-
eNOS antibody (Abcam), anti-phospho eNOS antibody
(Ser-1177; Cell Signaling Technology), anti-nNOS antibody
(Thermo Scientific), anti-B-actin antibody (Abcam) or anti-
Flotillin-2 antibody (Cell Signaling Technology) and sub-
jected to enhanced chemiluminescence (Amersham Bio-
sciences). The images were analyzed quantitatively using a
FUJI LAS3000 Image Analyzer (FUJI Film) to determine each
protein level. Kidney and liver tissues were fractionated
into membrane and cytoplasmic components.

Blood pressure measurements by
radiotelemetric method

Direct blood pressure measurement was performed by a
radiotelemetric method in which a blood pressure transducer
(PA-C10, Data Sciences International) was inserted into the
left carotid artery at 3 months of age. The mice were anes-
thetized with 2% isoflurane. Ten days after transplantation,
each mouse was placed in a metabolic cage (TECNIPLAST)
and acclimatized for 3 days on a normal-salt diet (0.3% NaCD).
Then direct blood pressure, heart rate and locomotor activity
were recorded every 5 min by the Dataquest ART Gold
Acquisition software (Data Sciences International) under a
12-h light-dark cycle, as described previously [22].

Measurement of intracellular calcium
concentration in cultured vascular smooth
muscle cells

Briefly, ATP2B1™~ or control VSMCs grown on 25-mm
cover slips were loaded with the calcium-specific dye
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Fura-2-acetoxymethyl ester (2.5umol/l; Invitrogen) and
0.01% Pluronic acid (Invitrogen) for 30 min at 37°C. After
washing with the Hank balanced salt solution, cells were
incubated for 20 min at 37°C in the Hank balanced salt
solution (Invitrogen) 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 fluor-
escence (ratio of emissions: F340:F380), indicating changes
in intracellular calcium concentration, were recorded
before, during, and after stimulating VSMCs with 1 pmol/l
phenylephrine, and we used calcium ionophore A23187
(Calbiochem) as positive control for the accuracy of the
intracellular calcium concentrations. Summary data
represent the average difference in basal condition and
the peak increase in phenylephrine-induced intracellular
calcium concentration.

Isometric tension of vascular rings
We measured isometric tension of abdominal aortic vascular
rings from ATP2B1™~ mice and control mice, as described

previously [13,23]. Phenylephrine (Sigma-Aldrich) and -

potassium-enriched solution were added to stimulate vaso-
constriction. Acetylcholine (Sigma-Aldrich) and sodium
nitroprusside (Sigma-Aldrich) were added to stimulate vaso-
relaxation during constriction to the phenylephrine
(0.1-1 pmol/D, which evoke a sub-maximal constriction.
To eliminate the effect of NOS, the vascular rings were
treated with 1mmol/l Nw-nitro-r-arginine methyl ester
(I-NAME; NOS inhibitor, Sigma-Aldrich) 5 min before
phenylephrine was applied. At the end of all experiments,
vasoconstriction of vascular rings was induced by potassium-
enriched solutions containing (in mmol/D: KCI 120, CaCl,
2.5, MgSO4 1.17, NaHCOj; 25, KH,PO4 1.18, EDTA 0.027,
glucose 5.5.

Evaluation of nitric oxide production by
measuring nitrate/nitrite

After reaching sub-confluence, endothelial cells in 6-well
dishes were washed gently three times with phosphate-
buffered saline and incubated in 1ml DMEM without
phenol red for 24h. The aorta rings were cut into 10-mm
segments and incubated in 0.5ml DMEM without phenol
red for 24 h. The supernatants were used for nitrate/nitrite
(NOx) measurement. Concentrations of NOx in culture
media were determined by the Griess method (Griess
Reagent Kit, Dojindo) [24].

Statistical analysis

For statistical analysis of differences among groups,
unpaired Student’s £ test or analysis of variance (ANOVA)
followed by Scheffe F test was used. All of the quantitative
data are expressed as mean = SEM. Values of P less than
0.05 were considered statistically significant.

RESULTS

Generation of ATP2B1"'™ mice

ATP2B1™~ mice were generated by mating ATP2B1™
Tie2-Cre male mice with ATP2B1' /' female mice. These
mice were born and grew normally into adulthood with
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no detectable abnormalities. qRT-PCR analysis showed
approximately 70% lower ATP2B1 mRNA levels in tissues
(brain, heart, lung, aorta, kidney, liver, spleen and skeletal
muscle) from ATP2B1+~ mice compared with control mice
(Fig. 12). The levels of ATP2B1 mRNA isolated from VSMCs
and endothelial cells of ATP2B1"~ mice were also reduced
by approximately 70% compared with control mice (Fig. 1b).
RT-PCR analysis demonstrated a deletion of exon 10 in
ATP2B1%/~ VSMCs (Fig. 1c and Supplementary Figure 1,
http://links.Iww.com/HJH/A354). The western blot analysis
showed that expression of PMCA1 protein in VSMCs,
kidney and liver from ATP2B1"™ mice was significantly
lower than that from control mice (Fig. 1d). Body weight
was measured at 6, 8, 10, and 12 weeks after birth. As seen
in Fig. le, there was no difference in changes in body
weight between ATP2B1"~ mice and control mice. Heart
weight/body weight ratios were increased in ATP2B17~
mice compared with that in control mice at 3 months of age
(4.98 £0.12 versus 4.46 + 0.12 mg/g body weight; P < 0.05;
Fig. 10).

ATP2B1*'~ mice showed higher blood

pressure

Figure 2 shows the results of SBP and heart rate measure-
ments from conscious, unrestrained ATP2B1"™ mice and
genetic control mice at 3 months of age by radiotelemetric
method (Supplementary Figure 2, http://links.Ilww.com/
HJH/A354). There was a consistent increase in SBP of
ATP2B1%~ mice compared with control mice during the
entire day (130 + 3 versus 121 = 2mmHg; P < 0.05) and the
dark phase (134 & 3 versus 123 £ 3 mmHg; P < 0.05) under
a normal-salt diet. On the contrary, there was no significant
difference in heart rate between the two groups (576 +11
versus 573+ 12b.p.m.). DBP, mean blood pressure, pulse
pressure and locomotor activity were not significantly
different from ATP2B1%/~ mice and control mice measured
by radiotelemetric method (Supplementary Figure 3, http://
links.Jww.com/HJH/A354).

Expression of calcium-regulated genes

mRNA expression of ATP2B4 and NCX1 was evaluated in
the aorta, VSMCs and endothelial cells. ATP2B1 "~ mice did
not show significant alteration of ATP2B4 and NCX1 mRNA
expression (Fig. 3a,b).

Calcium concentration in ATP2B1™/~ vascular
smooth muscle cells

To investigate whether intracellular calcium concentration
was altered in ATP2B17~ VSMCs, we performed fura-2/AM
fluorescence assay. As shown in Fig. 4, phenylephrine-
induced intracellular calcium concentration was higher in
ATP2B1%~ VSMCs than that in control VSMCs (F340/F380
ratio of ATP2B17/~ VSMCs at peak increase: 2.41 +0.16;
F340/F380 ratio of control VSMCs at peak increase:
1.47 +0.08; P<0.01).

Vasoconstriction and vasorelaxation in
ATP2B1"~ mice

The vasoconstrictor response of vascular rings to phenyl-
ephrine was examined. In response to 1, 10, and 100 nmol/l,
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FIGURE 1 ATP2B1 mRNA expression in tissues (a) and isolated cells (b) of 3-month-old mice as quantified by quantitative reverse transcription-PCR (qQRT-PCR) using exon
10 and 11 amplification (n=6 for each group). (c) RT-PCR analysis of mRNA. First-strand cDNA was prepared from total RNA of ATP2B1%/~ or control mice VSMCs using
oligo(dT) primers and reverse transcriptase. The cDNA was amplified by PCR using the forward primer 5'-AAGACCATGGCTTGCAGAGT-3' (located in the exon 9) and
reverse primer 5'-TCAGGCCTCACAGGATCTTC-3’ (located in the exon 12). The presence of wild-type ATP2B1 and recombined ATP2B1 was determined using the forward

primer and reverse primer, generating products of 864 kb for wild type and 621 bp for recombined ATP2B1. (d) Representative western blot of PMCA1, B-actin and
Flotillin-2 protein expression in VSMCs, kidney and liver from ATP2B1%/~ mice and control mice. (e) Growth curve of ATP2B1*/~ mice and control mice. All data were
collected from male mice (n=6 for each group). (f) Heart weight/body weight ratios in ATP2B1*/~ mice and control mice at 3 months of age (n =8 for each group).
*P<0.05 versus the control group. Ao, aorta; Br, brain; ECs, endothelial cells; H, heart; K, kidney; L, liver; Ln, lung; M, skeletal muscle; PMCA1, plasma membrane calcium
ATPase isoform 1; gRT-PCR, quantitative reverse transcription-PCR; Sp, spleen; VSMCs, vascular smooth muscle cells; WT, wild type.

and 1 wmol/l phenylephrine, vascular rings from ATP2B1"~
mice contracted more strongly than those from control mice
(10247 versus 55+ 11%; P<0.05; Fig. 5a). Moreover, to
clarify whether the phenylephrine-induced -contractile
response would be affected by nitric oxide production,
the effect of L-NAME was examined. In the presence of
1 mmol/l L-NAME, the contractile ability increased in control
mice, but not in ATP2B1"~ mice, resulting in a similar
contractile curve of control mice to that of ATP2B17~ mice
(85 £ 6 versus 91 4= 10%; Fig. Sb). During constriction to the
phenylephrine, vasorelaxation to acetylcholine in ATP2B1 +
~ vascular rings was significantly attenuated compared with
that of control mice (45412 versus 86+ 8%; P<0.05;
Fig. 5c), whereas the response to nitroprusside in
ATP2B1%~ vascular rings was equivalent to that of control
mice (78 & 6 versus 87 £ 4%; Fig. 5d).

1418

www.jhypertension.com

Associations between nitric oxide production
and blood pressure in ATP2B1+/— mice

In order to determine whether nitric oxide contributes to
the blood pressure phenotype, we studied the expression
and phosphorylation (Ser-1177) of eNOS in endothelial
cells from ATP2B1™~ mice and control mice. The phos-
phorylation (Ser-1177) level of eNOS protein in ATP2B1%~
endothelial cells was significantly lower than that in control
mice (Fig. 6a, b). In contrast, nNOS expression in VSMCs
was not significantly different between the two groups
(Fig. 6¢, d). We also examined nitric oxide production in
endothelial cells and aorta. NOx production in endothelial
cells from ATP2B17/~ mice tended to be low than that from
control mice (0.50+0.25 versus 1.5440.43; P=0.063;
Fig. 6e), and NOx production in aorta from ATP2B1"~
mice was significantly lower than that from control mice
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(3.324+0.16 versus 4.49+0.21; P<0.01; Fig. 60 in basal
conditions.

DISCUSSION

The study examined the relationships between ATP2B1 and
hypertension using systemic heterozygous deletion mice.
We demonstrated that ATP2B1%~ mice had higher blood
pressure than genetic control mice under resting con-
ditions, and found that the mechanisms of hypertension
were partially due to impaired nitric oxide production in
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vascular tissue. These results clarified that the ATP2B1 gene
plays a crucial role in the regulation of blood pressure in the
whole body. Recently, Shin ef al. [25] published that silenc-
ing of ATP2B1 using siRNA increases blood pressure
through vasoconstriction. These findings support our
results that systemic heterozygous ATP2B1 null mice might
cause blood pressure elevation.

Alterations of calcium-related genes in
ATP2B1"~ mice

Although phenylephrine-induced intracellular calcium con-
centration was higher in ATP2B1™~ VSMCs than that in
control VSMCs, gene expression of ATP2B4 and NCX1
was not altered. These results are congruent with those
reported by Liu ef al. [26], who demonstrated that
ATP2B1"~ mice show no difference in basal intracellular
calcium concentration in bladder smooth muscle compared
with wild-type mice. On the contrary, after KCI stimulation,
the bladder from ATP2B1™"~ mice exhibited higher calcium
concentration and force responses than the wild-type
bladder [27]. We have already identified that mice with
knockout of ATP2B1 in VSMCs showed blood pres-
sure elevation due to increased intracellular calcium
concentration and augmented vascular contractility [13].
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We considered that the reason for unchanged NCX1 and
ATP2B4 expression is due to the partial knockout of ATP2B],
and the rise in calcium concentration may be mild and
influence blood pressure slightly in ATP2B1™™ mice.

Association between ATP2B1 and
vasoconstriction

To clarify the mechanisms of hypertension in ATP2B
mice, we measured isometric tension of vascular rings.
Then we confirmed an increased contractile response to
phenylephrine in vascular rings from ATP2B1*~ mice.
Since phenylephrine activates mosuol 1,4,5-triphosphate-
induced intracellular calcium release and also stimulates
voltage-independent calcium-permeable channels [28], the
increased contractile response may be caused by alteration
of intracellular calcium homeostasis; that is, ATP2B17/~
mice may have increased intracellular calcium concen-
tration in VSMCs. On the contrary, we examined the effects
of L-NAME (a NOS inhibitor) on vasoconstriction. In the
presence of L-NAME, phenylephrine increased contractile
ability in control mice, but not in ATP2B1*~ mice, and the
contractile curve of control mice became similar to that of
ATP2B1%~ mice. Furthermore, we confirmed the vaso-
relaxation to acetylchohne but not to nitroprusside, was
impaired in ATP2B1™~ mice. This finding supports that
reduced ATP2B1 gene expression in the whole body
may be associated with not only intracellular calcium
concentration but also impaired eNOS activity and nitric
oxide production.

1+~
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Mechanisms of hypertension in ATP2B1+/~ mice
We hypothesized two mechanisms of elevated blood pres-
sure in this study. First, alteration of intracellular calcium
homeostasis is a possible reason for hypertension. We
reported previously that mice with ATP2B1 knockout in
VSMCs showed increased blood pressure and intracellular
calcium concentration [13]. Similarly, ATP2B1"/~ mice also
exhibited increased intracellular calcium concentration in
VSMCs. However, vasoconstrictions in ATP2B1"~ mice
were similar to that in control mice in the presence of
L-NAME. In other words, if increased intracellular calcium
concentration in AT P2B1+ ~ VSMCs is directly associated
with the difference in contractile response, it is expected
that phenylephrine-induced contraction in ATP2B17/~ vas-
cular rings would remain augmented in the presence of
L-NAME. Therefore, we concluded that the increases of
contractile response are not mainly due to increased intra-
cellular calcium concentration in VSMCs. Secondly, alter-
ation of nitric oxide production is a possible reason
for hypertens1on Phenylephrine-induced contraction of
ATP2B1"~ vascular rings did not differ in the absence
or presence of L-NAME. This finding suggests that nitric
oxide production is reduced in ATP2B17/~ endothelial
cells. In order to determine whether eNOS contributes to
nitric oxide production in ATP2B17~ mice, we examined
its expression and phosphorylatlon (Ser-1177) in endo-
thelial cells from ATP2B17~ and control mice. Phosphoryl-
ation of eNOS at Ser-1177 has been shown to increase its
activity, whereas phosphorylation at Thr-495 is inhibitory,
which seems to be particularly important in regulating
eNOS activity [29-31]. The phosphorylatxon (Ser-1177)
level of eNOS protein in ATP2B1"~ endothelial cells
was significantly lower than that in control mice. On the
contrary, nNOS expression in the aorta and VSMCs was not
significantly different between the two groups. We also
evaluated nitric oxide production in endothelial cells and
aorta. Nitric oxide productions in endothelial cells and aorta
from ATP2B1™~ mice were lower than that from control
mice. Thus, the decreased nitric oxide productions in
ATP2B1™~ endothelial cells were caused by impairment
of the eNOS system, but not the nNOS system i vivo and
in vitro. Several reports are available on animal models of
hypertension induced by impaired nitric oxide production
in endothelial cells, such as fructose-fed hypertensive rats
[32], deoxycorticosterone acetate-salt hypertensive rats
[33,34] and eNOS knockout mice [35,36]. In this way,
impaired nitric oxide production in endothelial cells is
commonly recognized as a cause of hypertension, and
these experimental findings lead us to conclude that a
partial mechanism of hypeﬂensmn in ATP2B1"™ mice is
associated with nitric oxide production.

Holton et al. [15] reported that eNOS activity is negatively
regulated via interaction with PMCA2 and PMCA4, and
expression of PMCA2 and PMCA4 in human umbilical vein
endothelial cells (HUVEC) leads to decreased nitric oxide
production. Although they showed PMCAI interacts with
eNOS in HUVEC using immunoprecipitation techniques, it
has not been clarified whether PMCA1 modulates eNOS
activity and nitric oxide production. Our data suggest that
reduced expression of PMCAL is associated with decreased

nitric oxide production. As PMCA4 overexpression in VSMCs
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FIGURE 5 Vasoconstriction and vasorelaxation of vascular rings. Isolated vascular rings obtained from ATP2B1*~ mice and control mice were stimulated with phenyl-
ephrine. (a) Summary of phenylephrine concentration response curve. (b) Summary of phenylephrine concentration response curve in presence of 1 mmol/l L-NAME. Force is
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of mice has been reported to increase vascular reactivity
and blood pressure with reduction of nNOS activity in
VSMCs [16,17], the functions of PMCA1 and PMCA4 might
be the reverse of each other with regard to vascular tone. In
the present study, nNOS and PMCA4 expression did not
differ in ATP2B1™~ mice. Thus, it is likely that elevated
blood pressure is unrelated to the aNOS system in
ATP2B1%™ mice.

Limitations

Firstly, as systemically ATP2B1 knockout mice are reported
to be embryo-lethal, we adopted heterozygous ATP2B1
null mice to clarify the implication of ATP2B1 in blood
pressure regulation. Secondly, we demonstrated that alter-
ation of the eNOS system is associated with elevated blood
pressure in ATP2B1™~ mice. However, decreased ATP2B1
gene expression was not limited to endothelial cells in these
mice, so we cannot rule out the possibility of other mech-
anisms other than endothelium and VSMCs. It is obvious
that ATP2B1 gene expression is associated with intracellular
calcium concentration. If factors such as body fluid volume
or vascular tone are changed by intracellular calcium regu-
lation, they could affect blood pressure. Therefore, we need
further investigation using other types of tissue-specific
ATP2B1 knockout mice, and to elucidate the role of
ATP2B1 in cells other than endothelial cells and VSMCs.
Thirdly, molecular interactions between PMCA1 and the
nitric oxide production pathway have not been fully

Journal of Hypertension

understood. Further studies are needed to clarify the cause
of down-regulation of eNOS activity in ATP2B1™~ mice.
Fourthly, as the heart weight/body weight ratios were
increased in ATP2B1"~ mice, the eNOS activity and nitric
oxide production may be partially influenced by high blood
pressure in itself. It is a future problem to clarify the
functions and regulation mechanisms of PMCAL1 in endo-
thelium.

In conclusion, we generated ATP2B mice and con-
firmed the reduced ATP2B1 gene expression in the whole
body. These mice showed not only enhanced vasoconstric-
tion and elevated blood pressure but also impaired nitric
oxide production by vascular tissue. Elevated blood
pressure induced by decreased ATP2B1 gene expression
may be associated with impaired eNOS activity and nitric
oxide production.
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Referee 2

ATP2B1 gene, which codes the plasma membrane calcium
ATPase isoform 1 (PMCA1), is a candidate gene for high
blood pressure. However, evidences supporting such hypo-
thesis are scant, and the mechanisms by which ATP2B1 gene
could regulate blood pressure are unknown. Fujiwara and
coll., by using a model created in their lab, i.e. the hetero-
zygous ATP2B1 null (ATP2B1+4/—) mice, showed that
reduced ATP2B1 gene is associated with high blood pres-
sure, reduced NO production and blunted vasorelaxation to
acetylcholine. Hence, this study first identified NO pro-
duction as the mechanism underlying deficient ATP2B1-
induced hypertension.
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Deletion of the angiotensin Il type 1
receptor-associated protein enhances renal
sodium reabsorption and exacerbates
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Angiotensin Il type 1 receptor (AT1R)-associated protein
(ATRAP) promotes AT1R internalization along with
suppression of pathological activation of tissue AT1R
signaling. However, the functional significance of ATRAP in
renal sodium handling and blood pressure regulation under
pathological stimuli is not fully resolved. Here we show the
blood pressure of mice with a gene-targeted disruption of
ATRAP was comparable to that of wild-type mice at baseline.
However, in ATRAP-knockout mice, angiotensin Il-induced
hypertension was exacerbated and the extent of positive
sodium balance was increased by angiotensin Il. Renal
expression of the sodium-proton antiporter 3, a major
sodium transporter in the proximal tubules, urinary pH, renal
angiotensinogen production, and angiotensin Il content was
unaffected. Stimulation of the renal expression and activity of
the epithelial sodium channel (ENaC), a major sodium
transporter in the distal tubules, was significantly enhanced
by chronic angiotensin Il infusion. The circulating and urinary
aldosterone levels were comparable. The blood pressure
response and renal ENaC expression by aldosterone were not
affected. Thus, ATRAP deficiency exacerbated angiotensin
ll-mediated hypertension by pathological activation of renal
tubular AT1R by angiotensin Il. This directly stimulates ENaC
in the distal tubules and enhances sodium retention in

an aldosterone-independent manner.
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Hypertension is the most common chronic disease worldwide.
It has a complex etiology in which genetic and environmental
factors are intricately intertwined. Although the mechanisms
underlying hypertension are difficult to fully elucidate, the
renin-angiotensin system (RAS) has a pivotal role in it.
Among tissue RAS forms, activation of angiotensin II type 1
receptor (AT1R) signaling in the renal tubules is suggested to
have a key role in altered renal sodium handling that occurs in
hypertension. According to Guyton’s hypothesis, it is main-
tained that hypertension is caused by a disproportionate
suppression of sodium excretion from kidney due to arterial
pressure.! Therefore, pathological activation of renal tubule
ATIR signaling provokes defective renal sodium handling,
with a consequent dysregulation of body fluid volume that, in
turn, leads to development of hypertension.

The AT1R-associated protein (ATRAP/Agtrap) has been
identified as a specific ATIR-binding protein.>® Previous
studies have shown that ATRAP selectively suppresses angio-
tensin II (Ang IT)-mediated pathological activation of ATIR
in cardiovascular cells, and that cardiac ATRAP enhancement
ameliorates cardiac hypertrophy in Ang Il-infused mice
without any effect on baseline cardiovascular functions,
including blood pressure (BP).*® Based on these observa-
tions, we hypothesized that a downregulation of tissue
ATRAP enhances pathological activation of tissue ATIR in
response to certain stimuli without any evident effect on
baseline physiological ATIR signaling. ATRAP is abundantly
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distributed along the renal tubules.»® Therefore, we
investigated the effects of chronic Ang II infusion on BP
and renal sodium handling in the context of gene-specific
disruption of ATRAP (ATRAP-knockout (KO) mice).

RESULTS

ATRAP deficiency exerts no evident effect on renal
morphology and function or AT1R expression

The ATRAP mRNA was widely distributed in the tissues of
littermate wild-type control mice (WT mice) with the highest
expression in kidney (Figure la). In contrast, no ATRAP
expression was detected in any tissues, including the kidney,
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chemical analysis with consecutive sections using markers
specific to the tubular segments, such as megalin (proximal
convoluted tubules), calbindin-D (distal convoluted tubules
and connecting tubules), and aquaporin 2 (collecting ducts),
ATRAP immunostaining was broadly detected in nephron
segments from proximal convoluted tubules to collecting
ducts of WT mice (Figure 1c). In contrast, there was no
ATRAP immunostaining in nephron segments of ATRAP-KO
mice (Figure 1d). Although genetic inactivation of other RAS
components, such as angiotensinogen (AGT), renin, and
ATIR, has been reported to result in renal morphological
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Figure 1| Angiotensin Il type 1 receptor (AT1R)-associated protein (ATRAP) deficiency exerts no evident effect on renal morphology or
AT1R gene expression. (a) ATRAP mRNA is widely distributed in many different tissues and abundantly expressed in the kidney of
wild-type (WT) mice. Values are calculated relative to those achieved with extracts from the liver of WT mice and are expressed as mean * s.e.
(n=2 in each group). ND, not detected. (b) ATRAP protein is abundantly expressed in the kidney of WT mice on immunohistochemistry. The
positive areas for ATRAP immunostaining are evident as brown dots in the sections. Scale bar = 1.5 mm. Original magnification x40. (c) In WT
mice, the ATRAP protein is expressed along the nephron segments from the proximal to distal tubules in consecutive renal cortical sections, as
shown by immunohistochemistry. AQP2, aquaporin-2, a specific marker of the collecting ducts; Calbindin-D, a specific marker of distal
convoluted tubules (DCTs) and connecting tubules (CNTs); Megalin, a specific marker of the proximal tubules. Original magnification x200.
(d) In ATRAP-knockout (KO) mice, there is no ATRAP immunostaining in the renal tubules. Original magnification x200. (e) There is no
anatomical difference between the kidneys of the WT and ATRAP-KO mice on representative hematoxylin/eosin staining of kidney sections.
Scale bar = 1.5 mm. Original magnification x40. (f} ATRAP deficiency does not affect the creatinine clearance. Values are expressed as

mean X s.e. (n=4 in each group). (g) ATRAP deficiency does not affect the tissue distribution or expression levels of ATIR mRNA. The values
were calculated relative to those achieved with extracts from the muscles of WT mice and are expressed as mean * s.e. (n = 4-6 in each group).
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alteration even under baseline conditions,’*® ATRAP-KO
mice at baseline exhibited no apparent alterations in renal
morphology (Figure le) or creatinine clearance (Figure 1f,
260.8 +21.7 in WT vs. 277.6 £ 13.2 in ATRAP-KO, pl/min,
P=0.918; unpaired t-test). Furthermore, there was no
significant difference in ATIR mRNA expression between
WT and ATRAP-KO mice (Figure 1g).

ATRAP deficiency exerts no apparent effect on baseline BP or
urinary pH

Genetic deficiency of the RAS components (that is, AGT, renin,
and ATIR) has also been reported to result in significant
decreases in baseline BP.1'> However, baseline 24-h mean
systolic BP, diastolic BP, and heart rate, measured by radio-
telemetric method, were similar in WT and ATRAP-KO mice
(Figure 2a, systolic BP 120 £ 2 vs. 123 £ 4, mm Hg, P =0.545;
Figure 2b, diastolic BP 92 %5 vs. 95+ 4, mm Hg, P=0.793;
Figure 2¢, HR 541 £ 18 vs. 547 £ 10 beat/min, P=0.598;
unpaired t-test). Urinary pH, which reflects the activity of
sodium-proton antiporter 3 (NHE3), was also similar in WT
and ATRAP-KO mice (Figure 2d).

ATRAP deficiency exacerbates Ang li-induced hypertension

As ATRAP-KO mice did not display any alternation in
baseline BP, we next examined the effects of ATRAP defi-
ciency on BP response to chronic Ang II infusion {500 or
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Figure 2| Angiotensin 1l type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency exerts no apparent effect on baseline
blood pressure (BP) or urinary pH. (a) Systolic BP, (b) diastolic BP,
and (c) heart rate measured by a radiotelemetric method were similar
in the wild-type (WT) and ATRAP-knockout (KO) mice. (d) Urinary pH
was also comparable in the WT and ATRAP-KO mice. Values are
expressed as mean t s.e. (n=>5-6 in each group).
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2000 ng/kg/min). Whereas systolic BP was increased during
the period of chronic Ang II infusion in WT mice, Ang
II-induced elevation of systolic BP was significantly exacer-
bated in ATRAP-KO mice compared with WT mice, irrespec-
tive of dose (Figure 3a; Ang II, 500 ng/kg/min, F=6.117,
P=0.048; Figure 3b, Ang II, 2000 ng/kg/min, F=86.758,
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Figure 3| Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency exacerbates angiotensin Il (Ang
}-mediated hypertension. The Ang ll-induced elevation of systolic
blood pressure (BP) was significantly exacerbated in ATRAP-knockout
(KO) mice as compared with wild-type (WT) mice irrespective of the
Ang Il dose (a, 500 ng/kg/min; b, 2000 ng/kg/min). Values are
expressed as mean * s.e. (n=4 in each group). 'P<0.05 versus WT
mice, TTP<0.01 versus WT mice. () ATRAP-KO mice exhibited a
significantly increased ratio of heart weight/body weight compared
with WT mice after Ang Il (2000 ng/kg/min) infusion. Values are
expressed as mean £ s.e. (n=7-9 in each group). **P<0.01 versus
vehicle, TP<0.05 versus WT mice. (d) Urinary albumin excretion was
further elevated in ATRAP-KO mice compared with WT mice after Ang
Il (2000 ng/kg/min) infusion. Values are expressed as mean * s.e.

(n = 6-8 in each group). **P < 0.01 versus vehicle, ""P<0.01 versus WT
mice.
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P<0.001, two-way repeated measures analysis of variance
(ANOVA)). We employed a higher dose of Ang II (2000 ng/
kg/min) for further experiments to characterize ATRAP-KO
mice in comparison with WT mice.

The ATRAP-KO mice also exhibited a significantly
increased ratio of heart weight/body weight compared with
WT mice by Ang II (Figure 3¢, P = 0.040; analysis of variance
(ANOVA). Similarly, urinary albumin excretion was elevated
in ATRAP-KO mice compared with WT mice (Figure 3d;
P<0.001. ANOVA). The mortality rate was comparable in
WT and ATRAP-KO mice during Ang II infusion (2000 ng/
kg/min) for 14 days (5.7 vs. 7.3%, P = 0.576, y’-test).

ATRAP deficiency inhibits urinary sodium excretion during
Ang Il infusion

As the highest ATRAP expression was observed in renal
tubules among analyzed tissues, we hypothesized that ATRAP
deficiency might enhance Ang Il-mediated hypertension
by affecting renal sodium handling. To examine this, we
performed metabolic cage analysis (Figure 4a-d). Day-by-day
sodium intake was similar in WT and ATRAP-KO mice
(Figure 4a, F=0.559, P=0.469, two-way repeated measures
ANOVA), and urinary sodium excretion was comparable in
WT and ATRAP-KO mice (Figure 4b, F=1.690, P=0.218,
two-way repeated measures ANOVA). However, day-by-day
sodium balance was significantly increased in ATRAP-KO
mice compared with WT mice over the entire Ang II infusion
period (Figure 4c, F=4.892, P=0.047, two-way repeated
measures ANOVA). Furthermore, the extent of cumulative
sodium balance during 14 days of Ang II infusion was
significantly increased in ATRAP-KO mice as compared with
WT mice (Figure 4d, P=10.047, unpaired t-test), consistent
with blunted natriuresis as a mechanism for the exacerbation
of Ang II-induced hypertension.

ATRAP deficiency enhances renal expression of ¢-subunit of
the epithelial sodium channel («<ENaC) by chronic Ang Ii
infusion '

To investigate the mechanisms involved in the suppression of
urinary sodium excretion in response to Ang II in ATRAP-
KO mice, we compared renal expression of major sodium
transporters (NHE3, sodium-potassium-two chloride co-
transporter (NKCC2), Na*-Cl~ cotransporter (NCC), and
ENaC subunits). Age-matched WT and ATRAP-KO mice
were divided into four groups: (1) vehicle-infused WT mice,
(2) Ang Il-infused WT mice, (3) vehicle-infused ATRAP-KO
mice, and (4) Ang II-nfused ATRAP-KO mice. There were no
differences in the expression levels of NHE3 or NKCC mRNA
and protein between WT and ATRAP-KO mice with or
without Ang II infusion for 14 days (Figures 5a and b and 6a
and b). On the other hand, although Ang Il-mediated
increase in NCC mRNA was significant only in ATRAP-KO
mice (Figure 5c), renal expression of phosphorylated NCC,
which is the activated NCC protein, was similarly increased
by Ang II infusion in both groups (Figure 6c).
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Figure 4| Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency exacerbates sodium retention during
angiotensin Il {Ang ll} infusion. (a) Day-by-day sodium intake was
comparable in the wild-type (WT) and ATRAP-knockout (KO) mice
during the entire period of Ang Il (2000 ng/kg/min) infusion
(F=0.559, P=0.469, two-way repeated measures analysis of variance
(ANOVA)). (b) Day-by-day urinary sodium excretion was comparable
in the WT and ATRAP-KO mice during the entire period of Ang Il
infusion (F=1.690, P=0.218, two-way repeated measures ANOVA).
(c) Day-by-day sodium balance was significantly increased in the
ATRAP-KO mice compared with the WT mice for the whole period of
Ang Il infusion (F =4.892, P=0.047, two-way repeated measures
ANOVA). (d) The extent of the cumulative positive sodium balance
during the Ang Il (2000 ng/kg/min) infusion period was significantly
increased in the ATRAP-KO mice compared with the WT mice on
metabolic cage analysis. Values are expressed as mean ts.e. (n=7-8
in each group). "P<0.05 versus WT mice.

However, Ang Il-mediated upregulation of oENaC, but
not of BENaC or YENaC mRNA, was significantly enhanced
in ATRAP-KO mice compared with WT mice (Figure 5d-f).
Furthermore, although oENaC protein expression did not
differ between WT and ATRAP-KO mice with vehicle, there
was a significant Ang II-mediated increase in renal oENaC
protein expression in ATRAP-KO mice (P =0.007 relative to
vehicle-infused ATRAP-KO mice, P=0.042 relative to Ang
Tl-infused WT mice, ANOVA; Figure 6d). Protein levels of
BENaC and YENaC were similar in WT and ATRAP-KO mice
(Figure 6e and f).

573



- basic research

M Ohsawa et al.: ATRAP deletion exacerbates Ang-dependent hypertension

a ,, owr b ,, owr c L, Owr
] ® ATRAP-KO 1M ATRAP-KO 1R ATRAP-KO
@ & N
%50'5' 080'5‘ 080.5~— *x
@ % Z2°%
Z 5 Z 0 -9
3 e 58 g 2
§g10- S g1.0 © 1.0
< o< <
-F 5E 5%
o B © . @ -
ggo.s gEQS g EOS
0- 0 - 0 -
Ang Il - o+ - o+ Ang Il - o+ - 4+ Ang il -+ - 4
d 000 WT e ,,.0wr 203 WT
1M ATRAP-KO T | | ATRAP-KO *|m ATRAP-KO
&) % [&] @]
2505- 25054 * %5054 L 0%
23 =8 =2
-9 = 2 =5 2
§§10- 55101 5 8 1.0
SE 05+ SE o5 ST o5
o o o
0- 0 - 0 -
Ang Il - o+ - 4+ Ang li - o+ - 4+ Ang ll -+ - o+

Figure 5] Angiotensin Ii type 1 receptor (AT1R)-associated protein (ATRAP) deficiency enhances the upregulation of renal a-subunit
of the epithelial sodium channel (¢ENaC) mRNA expression by chronic angiotensin Il (Ang ll) infusion. Effects of Ang Il

(2000 ng/kg/min) infusion for 14 days on the mRNA expression of the major sodium transporters (a, sodium-proton antiporter 3 (NHE3);

b, sodium-potassium-two chloride cotransporter (NKCC2); ¢, Na™-Cl~ cotransporter (NCC); d, oENaC; e, BENaC; and f, YENaC) in the kidneys of
wild-type (WT) and ATRAP-knockout (KO) mice. Values are expressed as mean + s.e. (n=6-8 in each group). *P<0.05 versus vehicle,

*p <001 versus vehicle, TP <0.05 versus WT mice.

ATRAP deficiency-mediated enhancement of renal aENaC
expression by chronic Ang Il infusion is aldosterone
independent

The promoting effect of Ang II infusion on expression of
renal RAS components including AGT in proximal tubules
has been reported.!®!” Thus, to investigate the mechanisms
involved in Ang Il-induced renal oENaC expression in
ATRAP-KO mice, renal AGT mRNA expression, urinary AGT
excretion, and renal Ang II levels were analyzed. However,
renal AGT mRNA expression and urinary AGT excretion were
similar in WT and ATRAP-KO mice with vehicle, and
exhibited no apparent changes by Ang II (Figure 7a and b). In
addition, renal Ang II level was comparable in WT and
ATRAP-KO mice with vehicle, and was significantly and
similarly increased by Ang II in both WT and ATRAP-KO
mice (Figure 7c). These results indicate that ATRAP defi-
ciency exerts no apparent effect on proximal tubule AGT
production or the renal Ang II levels.

We next examined the plasma aldosterone concentration
and urinary aldosterone excretion to investigate a possible
role of aldosterone in the enhanced oENaC expression in
response to Ang II. Under vehicle infusion, plasma aldo-
sterone concentration (Figure 8a, 208.7 £ 38.1 vs. 1975
29.3pg/ml, P=1.000, ANOVA) and urinary aldosterone
excretion (Figure 8b, 5.2£0.6 vs. 4.6 + 0.8 ng/day, P=0.974,
ANOVA) were comparable in WT and ATRAP-KO mice.
Furthermore, Ang II infusion significantly and similarly
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increased plasma aldosterone concentration (Figure 8a,
1154.0 £ 170.5 vs. 1464.5+ 267.9 pg/ml, P=0.401, ANOVA)
and urinary aldosterone excretion (Figure 8b, 19.2+ 0.5 vs.
159 £2.1 ng/day, P=0126, ANOVA) in both WT and
ATRAP-KO mice.

We also administered exogenous aldosterone subcuta-
neously to WT and ATRAP-KO mice. Systolic BP measured
by the tail-cuff method was similar in WT and ATRAP-KO
mice by vehicle administration, and was similarly increased
by chronic aldosterone infusion in both groups (Figure 9a).
Furthermore, renal «ENaC protein levels did not exhibit any
significant difference between WT and ATRAP-KO mice with
or without aldosterone (Figure 9b). These results would
support the notion that ATRAP deficiency enhances renal
oENaC expression in an aldosterone-independent manner.

ENaC is functionally activated in response to chronic Ang Il
simulation and promotes renal sodium retention in ATRAP

deficiency

To examine whether ENaC activity was affected by the
enhancement of renal ®ENaC expression in ATRAP-KO mice,
diuretic test using a potent and specific ENaC inhibitor
amiloride was performed, and the effects of ATRAP
deficiency on the functional transport activity of ENaC were
examined. Urinary sodium excretion and urinary volume
after intraperitoneal injection of amiloride were significantly
increased in the Ang Il-infused ATRAP-KO as mice

Kidney International (2014) 86, 570-581
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Figure 6 | Angiotensin Il type 1 receptor (AT1R)-associated protein (ATRAP) deficiency enhances upregulation of renal o-subunit of the
epithelial sodium channel (¢ENaC) protein expression by chronic angiotensin I (Ang 1) infusion. Effects of Ang Il (2000 ng/kg/min)
infusion for 14 days on protein expression of the major sodium transporters (a, sodium-proton antiporter 3 (NHE3); b, phosphorylated
sodium-potassium-two chloride cotransporter (NKCC2) on Thr96; ¢, phosphorylated Na*-Cl~ cotransporter (NCC) on Ser71; d, oENaC;

e, BENaC; and f, yENaC) in the kidneys of wild-type (WT) and ATRAP-knockout (KO) mice. Values are expressed as mean £ s.e. (n=6-8 in each
group). *P<0.05 versus vehicle, ¥**P<0.01 versus vehicle, 'P<0.05 versus WT mice.

compared with the Ang Il-infused WT mice (Figure 10a and
b). This finding indicated that the ENaC is functionally
activated in response to chronic Ang II simulation so as to
increase renal sodium retention in ATRAP-KO mice.

ATRAP deficiency enhances Ang ll-induced vasoconstriction
Although the renal oENaC protein expression in ATRAP-KO
mice was significantly increased as compared with WT mice
by chronic Ang II infusion for 14 days (Figure 6d), the
aENaC protein expression levels just after the start of Ang II
infusion (on day 1) did not differ significantly between
WT and ATRAP-KO mice (Figure 11). On the other hand,
telemetric BP showed a trend toward enhanced Ang
II<induced BP elevation in ATRAP-KO mice, concomitant
with a tendency of increase in day-by-day sodium balance in
ATRAP-KO mice as compared with WT mice already during
the early period of Ang II infusion (Figures 3 and 4).

Based on the above observations, we examined the
vasoconstrictor response of artery rings to Ang II to

Kidney international (2014) 86, 570-581

investigate whether there would be an enhancement of
vascular response to Ang II as one of the contributing factors
to the exaggerated BP elevation in the initial phase of Ang IT
infusion in ATRAP-KO mice. Histological analysis of aortic
sections revealed a normal vascular structure in ATRAP-KO
mice, in spite of no vascular ATRAP immunostaining, without
any alteration in aortic medial thickness in ATRAP-KO mice
(Figure 12a and b). However, Ang II provoked an exaggerated
vasoconstrictor response of vascular rings of ATRAP-KO
mice compared with WT mice upon vessel wire myograph
analysis (Figure 12¢, F=28.583, P=10.015, two-way repeated
measures ANOVA). This suggests a possible involvement
of increased vasoconstriction in the initial stage of the
exacerbation of Ang IT-mediated hypertension in ATRAP-KO
mice. '

DISCUSSION
In this study it was demonstrated that systemic ATRAP

deficiency does not exert any evident influence on baseline
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Figure 7 | Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency exerts no apparent effects on renal
angiotensinogen (AGT) production or renal angiotensin Il (Ang II)
levels. (a) Quantitative analysis of the mRNA expression of renal AGT
in the wild-type (WT) and ATRAP-knockout (KO) mice. Values are
expressed as mean ts.e. (n=7-9 in each group). (b) Urinary AGT
excretion in WT and ATRAP-KO mice after administration of vehicle or
Ang Il (2000 ng/kg/min) for 14 days. Values are expressed as

mean * s.e. (0 =6-7 in each group). (c) Renal Ang Il levels in WT and
ATRAP-KO mice after administration of vehicle or Ang 1 for 14 days.
Values are expressed as mean £ s.e. (n=7-9 in each group).
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Figure 8] Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency did not affect plasma aldosterone
concentration or urinary aldosterone excretion. (a) Plasma
aldosterone concentration in wild-type (WT) and ATRAP-knockout
(KO) mice after the administration of vehicle or Ang 1 (2000 ng/kg/
min) for 14 days. Values are expressed as mean ts.e. (1 =6 in each
group). **P<0.01 versus vehicle. (b) Urinary aldosterone excretion in
the WT and ATRAP-KO mice after administration of vehicle or Ang I
for 14 days. Values are expressed as mean ts.e. (n=5-6 in each
group). **P<0.01 versus vehicle.
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Figure 9| Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency exerts no significant influence on the
aldosterone (Ald}-induced changes in blood pressure (BP) and
renal o-subunit of the epithelial sodium channel (¢ENaC)
expression. (a) Systolic BP was similarly increased by aldosterone
(50 ng/kg/day) infusion for 14 days in wild-type (WT) and ATRAP-
knockout (KO) mice that were fed a normal (0.3%) sodium diet, and
maintained on 1% NaCl in the drinking water. Values are expressed as
mean = s.e. (n =5 in each group). **P<0.01 versus vehicle. (b) Effects
of aldosterone infusion on the protein expression of the aENaC in the
kidneys of WT and ATRAP-KO mice. Values are expressed as

mean £ s.e. (h=5 in each group).
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Figure 10| Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency causes reinforcement of the urinary
sodium excretory effects of amiloride administered after chronic
angiotensin 1l (Ang ) infusion. (a) Urinary sodium excretion after
amiloride (3 mg/kg) infusion was significantly increased in the Ang I
(2000 ng/kg/min)-infused ATRAP-knockout (KO) mice compared with
the Ang ll-Hinfused wild-type (WT) mice. (b) Urine volume after
amiloride (3 mg/kg) infusion was further elevated in the Ang
li-infused ATRAP-KO mice compared with the Ang ll-infused WT
mice. Values are expressed as mean * s.e. {n=>5-7 in each group).
TP<0.05 versus WT mice, TP <0.01 versus WT mice.

BP upon radiotelemetry or on renal structure and function.
This is in sharp contrast to the reported phenotypic
changes in the genetic deletion of other RAS components
(that is, AGT, renin, and AT1R). These RAS-inactivated mice
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Figure 11| The renal a-subunit of the epithelial sodium channel
(«ENaC) protein expression levels just after the start of
angiotensin Il (Ang) Il infusion did not differ significantly
between the wild-type (WT) and angiotensin Il type 1 receptor
(AT1R)-associated protein (ATRAP)-knockout (KO) mice. Effects of
Ang Il (2000 ng/kg/min) infusion for 1 day on protein expression of
the «ENaC in the kidneys of WT and ATRAP-KO mice. Values are
expressed as mean * s.e. (n=7-8 in each group).

displayed significant decreases in baseline BP as well as
pathological alterations in renal structure and function
compared with the control mice.l! 13

With respect to a possible effect of genetic alteration in
ATRAP on BP regulation, a previous study examined pheno-
typic changes in systemic ATRAP gene-trap mice.!® These
mice have a gene-trap cassette with splicing acceptor in
ATRAP intron 4 and exhibit fusion of ATRAP exons 1 to 4
with B-galactosidase/neomycin resistance gene, with an
elevated baseline BP concomitant with an increased plasma
volume and lowered urinary pH.!® This previous study
suggested an augmented baseline NHE3-dependent sodium
reabsorption in proximal tubules of these mice, and the
authors proposed a regulatory role for proximal tubule ATRAP
in modulation of renal sodium handling and baseline BP.!8
However, the phenotypic difference in these ATRAP gene-trap
mice might be because of aberrant ATRAP-gal/neo protein
production. In addition, the strain of ATRAP gene-trap and
control mice used for comparison were not reported,' thereby
making it difficult to properly interpret their BP data.
Furthermore, the previously reported systemic ATRAP trans-
genic mice (TGM) produced separately in both our laboratory
and a distinct laboratory exhibited no baseline BP changes.!*?
These findings support the results of the present study, show-
ing an absence of BP change at baseline in ATRAP-KO mice.

In contrast to the lack of any evident change in baseline BP
in ATRAP-KO mice, Ang II-mediated hypertension was
significantly exacerbated in ATRAP-KO mice concomitant
with an increased sodium balance compared with WT mice.
With respect to the mechanisms involved in Ang II-induced
hypertension, previous studies using a series of kidney
cross-transplant experiments showed that activation of the
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Figure 12| Angiotensin Il type 1 receptor (AT1R)-associated
protein (ATRAP) deficiency enhances angiotensin Il (Ang
}-induced vasoconstriction. (a) Immunohistochemistry for ATRAP
in aorta sections from wild-type (WT) and ATRAP-knockout (KO) mice.
The positive areas for ATRAP are evident as brown dots in the
sections. Scale bar=>50 um. Original magnification x400. (b) Elastica
van Gieson staining of representative aorta sections from WT and
ATRAP KO mice. Scale bar =50 um. Original magnification x400.

(¢) Ang ll-induced vasoconstriction was significantly increased in the
vascular ring of ATRAP-KO mice compared with that of WT mice. The
concentration of Ang Il was increased from 10~ "2 to 10~ 7 mol/l.
Vasoconstriction responses to Ang |l are expressed as the percentage
of contraction induced by potassium-enriched solutions (22 mmol/I
NaCl, 120 mmol/l KCl, 1.5 mmol/l CaCl2, 6 mmol/l glucose, 1 mmol/I
MgCl,, and 5 mmol/l HEPES, pH 7.4). Values are expressed as

mean * s.e. (1=6 in each group). P<0.05 versus WT mice.

intrarenal Ang II-ATIR axis is critically important for both
Ang II-dependent hypertension and end-organ damage.?!?
Sodium reabsorption through renal proximal and distal
tubules is reportedly regulated by the activity of the intrarenal
Ang TI-ATIR axis.* The proximal tubule ATIR directly
affects BP regulation because a major portion of the
glomerular filtrate is reabsorbed in proximal tubules, and
proximal tubule sodium transport is considered a major
determinant of the pressure natriuresis response.?® The
proximal tubule-specific AT1R-deficient mice exhibited a
partial suppression of Ang II-induced BP elevation as well as
a decrease in baseline BP compared with control mice,
concomitant with Ang Il-induced reduction in NHE3
expression.’® On the other hand, another type of proximal
tubule-specific AT1R-deficient mouse exhibited a significant
reduction in baseline BP, but without any evident inhibition
of Ang II-induced hypertension in comparison with control
mice.”” These results indicate that activation of ATIR
signaling in renal proximal tubules is unable to fully
account for the positive effect of Ang II on BP increase.
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Regarding the role of distal tubules in renal sodium
handling by the Ang II-ATIR axis, previous studies showed
that distal nephron segments also have a crucial role in the
regulation of sodium reabsorption via intrarenal RAS.2%%
The modulation of sodium reabsorption in response to Ang
11 is mediated by NCC and ENaC in the distal nephron.30-3>
These findings support the notion that the renal distal
tubules also have a role in sodium reabsorption that takes
place in response to Ang IL. Recently, we generated renal
distal tubule-dominant ATRAP TGM (renal distal convoluted
tubule-ATRAP TGM).? The renal distal convoluted tubule-
ATRAP TGM exhibited a significant amelioration of Ang
II-induced hypertension, in spite of no change in baseline BP,
at least partly via a suppression of the upregulation of renal
aENaC expression by Ang II stimulation,? thereby suggesting
a regulatory role of distal tubule ATRAP in the regulation of
renal sodium handling. With respect to the intrarenal
distribution of ATRAP, its protein was found to be widely
and abundantly expressed along both the proximal and distal
tubules. Thus, it is important to determine which of the func-
tional effects of renal tubule ATRAP (that is, proximal tubule
ATRAP or distal tubule ATRAP) is more relevant to the
regulation of renal sodium handling that modulates BP resp-
onse under pathological conditions such as Ang II infusion.

In this study, the renal expression of NHE3, a major
sodium transporter in proximal tubules, as well as of urinary
pH, which reflects proximal tubule NHE3 activity, and renal
AGT production (both mRNA expression and urinary
excretion) were similar in WT and ATRAP-KO mice. These
results suggest that sodium reabsorption by NHE3 in
proximal tubules was not affected by ATRAP deficiency and
an increase in sodium reabsorption in proximal tubules by
Ang II-ATIR axis is not likely to play a major role in the
exacerbation of Ang Il-induced hypertension that occurs in
ATRAP-KO mice. In addition, renal AGT production and
renal Ang II content were similar with or without Ang II. The
positive feedback loop of Ang II to its substrate AGT has been
demonstrated in various tissues, including liver,3%%”
heart,’®* and adipose tissue.*>*! However, in the kidney,
the feedback loop of Ang II to AGT is regulated in a dose-
dependent manner.!®17424% Although a low dose of Ang II
infusion reportedly increases AGT levels in the kidney,!6 a
high dose did not change them.!” Accordingly, these results
suggest that systemic ATRAP deficiency did not affect renal
AGT production, resulting in an unaltered renal Ang II level.

On the other hand, the Ang Il-induced stimulation of
renal expression and activity of ENaC, a major sodium
transporter in distal tubules, was significantly enhanced in
ATRAP-KO mice compared with WT mice. Although
aldosterone is one of the major positive regulators of ENaC,
both the circulating and urinary aldosterone levels were
comparable in the two groups, and the BP response and
renal ENaC expression by chronic aldosterone infusion
were not affected in ATRAP-KO mice, thereby excluding
aldosterone as a major contributor to the enhancement of the
Ang Il-induced activation of ENaC.
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ENaC is formed by three homologous subunits (a, 8, and 7v)
and coexpression of all three subunits is needed to induce
maximal channel activity, and «ENaC has a critical role in the
formation of a functional ion channel***> With respect to
the possible direct effects of Ang II on ENaC, Ang II
reportedly stimulates distal sodium transport activity via an
upregulation of oENaC expression and an enhancement of
ENaC activity by modulation of the probability of the
channel being open.>>#649 A recent study has also shown that
Ang II directly promotes translocation of «ENaC to the
apical plasma membrane and increases the number of
functionally active channels in vivo.’® Considering these
reports, posttranslational modifications that alter trafficking
or function of the channel, as well as an increase in «ENaC
expression, may contribute to the enhanced ENaC function
that occurs in ATRAP-KO mice. Further studies are needed to
investigate these possible mechanisms.

Finally, with respect to the mechanisms of the initiation
process of exacerbation of Ang Il-mediated hypertension in
ATRAP-KO mice, although Ang II-nduced sodium retention
and BP elevation tended to be different between ATRAP-KO
and WT mice even during the early phase of Ang II infusion,
the renal «ENaC protein expression level was comparable on
day 1 of Ang II infusion. These findings suggest that changes
in glomerular hemodynamics, glomerular filtration rate, and
vasoconstriction may be involved in the differences in
sodium balance and BP elevation that occur during the early
phase of Ang II infusion. Indeed, Ang II induced greater
vasoconstrictor responses in the vascular ring of ATRAP-KO
mice than WT mice. Enhancement of Ang Il-induced
vasoconstriction because of ATRAP deficiency may be one
of the mechanisms underlying the exacerbation of Ang
II-mediated hypertension, particularly in the early initiation
period.

In summary, these results indicate that the pathological
activation of renal tubular AT1R in response to chronic Ang
II infusion, which is enhanced by ATRAP deficiency, directly
provokes ENaC activation in distal tubules, so as to promote
sodium retention in an aldosterone-independent manner and
to contribute to the exacerbation of Ang Il-mediated
hypertension. As we employed systemic ATRAP-KO mice in
this study, it is not practical to examine the nephron
segment-specific effect of ATRAP. Further investigation is
needed to elucidate the in vivo functional roles of ATRAP in a
nephron segment-specific manner, including its possible
interaction with sodium transporters other than ENaC. Such
investigation, including the use of conditional gene KO mice,
will be taken up in due course.

MATERIALS AND METHODS

Targeted disruption of the gene encoding ATRAP/Agtrap in
C57BL/6 mice

We employed a targeted gene disruption strategy to produce ATRAP-
KO mice (C57BL/6) as described previously.’! All experiments were
performed with ATRAP-KO mice and their WT littermates. This
study was performed in accordance with the National Institutes of
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Health guidelines for the use of experimental animals. All animal
studies were reviewed and approved by the Animal Studies
Committee of Yokohama City University.

Quantitative real-time reverse transcriptase-PCR analysis
Quantitative real-time reverse transcriptase-PCR was performed
using designed TagMan probes (Agtrap, Mm00507771_m]1; ATIR,
Mm01957722_s1; NHE3, Mm01352473_m1; NKCC2, Mm01275821_m];
NCC, Mm00490213_ml; oENaC, Mm00803386_ml; BENaC,
Mm00441215_m1; yENaC, Mm00441228_ml; and AGT,
Mm00599662_m1; Applied Biosystems, Carlsbad, CA), as described
previously.? The mRNA levels were normalized to those of the 185
rRNA control.

Histological and immunohistochemical analysis
Immunohistochemistry was performed as described previously.
The sections were incubated with one of the following: (1) anti-
ATRAP antibody diluted to 1:100, (2) anti-aquaporin 2 antibody
(1:200; 254-271, CALBIOCHEM, Darmstadt, Germany), (3) anti-
calbindin D-28K antibody (1:3000; C9848, Sigma-Aldrich, St Louis,
MO), or (4) anti-megalin antibody (1:1000; NB110-96417, Novus
Biologicals, Littleton, CO).

10,20,52,53

Ang Il infusion and BP measurement by radiotelemetric
method

Direct BP measurement was performed by radiotelemetric method
using a BP transducer (Model TA11PA-C10; Data Science Inter-
national, New Brighton, MN) as described previously.%%** Ang II
(500 or 2000 ng/kg/min) was infused subcutaneously into the mice
via an osmotic minipump (Model 2002, ALZET, Palo Alto, CA) and
hemodynamic measurements were recorded every 5min using the
software Dataquest A.R.T. 4.1 (Data Science International). Baseline
BP values were the average of three consecutive days.

Metabolic cage analysis

All mice (male, 11 weeks of age) were fed a normal diet (0.3% NaCl)
throughout this. Mice were acclimated for a week to metabolic cages
(Techniplast, Buguggiate, Italy) before Ang II (2000 ng/kg/min)
infusion. Body weight, food intake, and water intake were measured
daily, and urine was collected.

Diuretic test

The diuretic test using a 0.3mg/ml amiloride solution in 10%
dimethyl sulfoxide was performed essentially as described pre-
viously.>® After Ang II infusion (2000 ng/kg/min) for 14 days, mice
were subsequently injected intraperitoneally with 40pl/g saline
to facilitate spontaneous voiding. At 1h after saline injection,
amiloride (3 mg/kg) was intraperitoneally injected. The dose of
amiloride was determined based on a previous study.’® Urine was
collected every hour by spontaneous voiding or bladder massage,
and urine volume and sodium excretion were measured.

Aldosterone infusion and BP measurement by tail-cuff
method

Mice (male, 11 weeks of age), fed a normal diet (0.3% NaCl) with
1% NaCl in the drinking water, were subcutaneously infused with
aldosterone (50 pg/kg/day) via an osmotic minipump for 14 days.”’8
Measurement of systolic BP by the tail-cuff method (BP monitor
MK-2000; Muromachi Kikai, Tokyo, Japan) was performed.2%->
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Membranous protein extraction and immunoblot analysis for
epithelial sodium transporters

Membranous proteins were extracted from kidneys using the
Plasma Membrane Extraction Kit (K268-50; Biovision, Milpitas,
CA), and immunoblot analysis was performed as described
previously.581020  Antibodies against NHE3 (NHE31-A, Alpha
Diagnostic International, San Antonio, TX), phospho-NKCC2 on
Thr96 (kindly provided by Dr Shih-Hua Lin, Tri-Service General
Hospital, Taipei, Taiwan),® phospho-NCC on Ser71,6! «ENaC
(PA1-920A, Affinity Bioreagents, Golden, CO), BENaC (ENACb21-A,
Alpha Diagnostic), and YENaC (ab3468, Abcam, Cambridge, UK)
were used.

Biochemical assay

Plasma and urinary aldosterone concentrations were determined
using the radioimmunoassay (RIA) kit (SPAC-S Aldosterone Kit; TFB,
Tokyo, Japan). Urinary AGT level was determined using the sandwich
enzyme-linked immunosorbent assay, as described previously.5?
Urinary creatinine, sodium, albumin, and serum creatinine were
assessed using an autoanalyzer (Hitachi 7180; Hitachi, Tokyo,
Japan). Urinary pH was determined with a pH glass electrode
(TwinPH B-212; Horiba, Kyoto, Japan). Renal Ang II level was
measured by RIA as described previously.5?

Vessel wire myograph study

Isometric tension of aortic vascular rings from ATRAP-KO and WT
mice was measured using a two-channel myograph (Dual Wire
myograph system 410A; Unique Medical, Tokyo, Japan), as
described previously.®#%5 The vascular rings were treated with Ang
I (10" to 107" mol/l) and potassium-enriched solutions to
stimulate vasoconstriction.

Statistical analysis

All data are shown as mean ts.e. Differences were analyzed by
Student’s unpaired t-test or ANOVA for multiple comparisons.
Differences between groups for categorical variables were analyzed
using the y-test. The P-values of <0.05 were considered statistically
significant.
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