Figure S2. Generation of Cardiac-specific ATRAP Transgenic Mice

(A) Transgenic mice expressing ATRAP specifically in cardiomyocytes were
generated on a C57BL/6J background with standard techniques. Briefly, a
5.5-kb fragment of the mouse a-myosin heavy chain (MHC) promoter (a kind gift
from Dr. Jeffrey Robbins, University of Cincinnati, Cincinnati, OH) " and a mouse
ATRAP cDNA 2° were subcloned into a pBsKs(-) plasmid. The resultant
recombinant plasmid, pMHC-ATRAP, was digested with Kpnl and Notl to
generate a ~6.3 kb of DNA fragment consisting of the ? -MHC promoter, mouse
ATRAP cDNA, and the bovine growth hormone polyadenylation sequence (BGH
polyA). This construct was microinjected into the pronucleus of fertilized mouse
embryos. The resulting pups were screened for the presence of the transgene
by PCR, using forward (TGCTTGGGGCAACTTCACTATC) and reverse
(ACGGTGCATGTGGTAGACGAG) primers. F and R indicate the locations of
the forward and reverse primers used for genotyping by PCR, respectively. (B)
Quantitative analysis of ATRAP expression at the protein level revealed the
highest and moderate expression levels of ATRAP in lines 52 and 46 (Tg52 and
Tg46), respectively, among the 10 obtained lines of transgenic mice and these
two lines of transgenic mice were further characterized. (C) To examine the
transgene copy number in the transgenic mice, Tg46 and Tg52, genomic DNA
was isolated from kidneys of littermate control mice and these transgenic mice,
digested by Dral, and subjected to Southern blot analysis. The results of
Southern blot analysis showed that Tg46 had one copy and Tg52 had nine
copies of the transgene. (D) The results of real-time quantitative RT-PCR
analysis showed 59-and 244-fold increases in cardiac ATRAP mRNA
expression over littermate control mice in Tg46 and Tg52, respectively. (E) The
results of Western biot analysis also showed unaltered extracardiac ATRAP
expression in Tg46 and Tg52 mice.
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Figure S3. Direct Mean BP and HR measurement by radiotelemetric
devices in L.C and Tg mice

(A) In LC mice, Ang Il infusion for 2 weeks tended to increase the mean BP
(MBP) in the light period (105.7+4.6 versus 116.0+3.5 mmHg, P=0.126) and in
the dark period (115.8+3.4 versus 126.9+3.8 mmHg, P=0.076), without statistical
significance. Similarly in Tg52 mice, Ang Il infusion tended to increase MBP in
the light period (102.4+3.3 versus 114.3+5.0 mmHg, P=0.071) and in the dark
period (115.9+2.8 versus 125.7+4.6 mmHg, P=0.126), also without statistical
significance. (B) Regarding the radiotelemetric heart rate (HR), Ang Il in fusion
did not affect HR in LC and Tg mice in either the light period or the dark period.
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ATRAP [ANG 1l type | receptor (ATIR)-associated protein] is a
molecule which directly interacts with ATIR and inhibits ATIR
signaling. The aim of this study was to examine the effects of
continuous ANG 1I infusion on the intrarenal expression and distri-
bution of ATRAP and to determine the role of ATIR signaling in
mediating these effects. C57BL/6 male mice were subjected to vehicle
or ANG 1 infusions at doses of 200, 1,000, or 2,500 ng-kg™"'-min™"'
for 14 days. ANG Il infusion caused significant suppression of
ATRAP expression in the kidney but did not affect ATRAP expres-
sion in the testis or liver. Although only the highest ANG II dose
(2,500 ng-kg™"-min~") provoked renal pathological responses, such
as an increase in the mRNA expression of angiotensinogen and the a-subu-
nit of the epithelial sodium channel, ANG Il-induced decreases in ATRAP
were observed even at the lowest dose (200 ng-kg™'-min~"), particularly
in the outer medulla of the kidney, based on immunohistochemical
staining and Western blot analysis. The decrease in renal ATRAP
expression by ANG 1I infusion was prevented by treatment with the
AT1R-specific blocker olmesartan. In addition, the ANG Il-mediated
decrease in renal ATRAP expression through ATIR signaling oc-
curred without an ANG Il-induced decrease in plasma membrane
ATIR expression in the kidney. On the other hand, a transgenic model
increase in renal ATRAP expression beyond baseline was accompa-
nied by a constitutive reduction of renal plasma membrane ATIR
expression and by the promotion of renal ATIR internalization as well
as the decreased induction of angiotensinogen gene expression in
response to ANG II. These results suggest that the plasma membrane
ATIR level in the kidney is modulated by intrarenal ATRAP expres-
sion under physiological and pathophysiological conditions in vivo.

gene expression; renin-angiotensin system; angiotensin; receptor; hy-
pertension

EVIDENCE SUGGESTS THAT THE activation of angiotensin II (ANG
II) type 1 receptor (AT1R) through the tissue renin-angiotensin
system plays a pivotal role in the pathogenesis and associated
end-organ injury of hypertension. The carboxyl-terminal por-
tion of AT1R is involved in the control of ATIR internalization
independent of G protein coupling and plays an important role

# H. Wakui and K. Tamura contributed equally to this work.

Address for reprint requests and other correspondence: K. Tamura, Dept. of
Medical Science and Cardiorenal Medicine, Yokohama City Univ. Graduate
School of Medicine, 3-9 Fukuura, Kanazawa-ku, Yokohama 236-0004, Japan
(e-mail: tamukou@med.yokohama-cu.ac.jp).

http://www.ajprenal.org

in linking receptor-mediated signal transduction to the specific
pathophysiological response to ANG II (16, 41). The AT1R-
associated protein (ATRAP), which is a molecule specifically
interacting with the carboxyl-terminal domain of the ATIR,
was cloned using a yeast-two-hybrid screening system (8, 21).
The results of previous in vitro studies and ATRAP transgenic
mice studies showed that ATRAP suppresses ANG II-mediated
pathological responses in cardiovascular cells and tissues by
promoting the constitutive internalization of ATIR (1, 7, 11,
30, 40, 44), thereby suggesting ATRAP to be an endogenous
inhibitor of ATIR signaling (22, 37).

With respect to the tissue distribution and regulation of ATRAP
expression in vivo, ATRAP and ATIR are broadly expressed in
many tissues, including the kidney, and there is a tissue-specific
regulatory balancing of the expression of ATRAP and ATIR
during the development of hypertension in spontaneously hyper-
tensive rats (35). Chronic infusion of ANG II is one of the
representative models of hypertension and end-organ damage and
is associated with the activation of the intrarenal renin-angiotensin
system, including upregulation of renal angiotensinogen through
the ATIR pathway (10, 20, 49). Furthermore, previous studies
using a series of kidney cross-transplant experiments also showed
that the activation of intrarenal ATIR is required for the devel-
opment of ANG TI-dependent hypertension and the related end-
organ damage (5, 6). Thus we hypothesized that the intrarenal
distribution and regulation of endogenous ATRAP expression
may also be involved in the pathophysiological responses to ANG
II. Accordingly, studies were performed to examine the changes
in intrarenal ATRAP expression during ANG II infusion in mice
and to determine the role of ATIR in mediating these responses.
Furthermore, we examined whether the plasma membrane AT1R
level was influenced by the ANG II-mediated decrease in the renal
ATRAP level and/or by an increase in the renal ATRAP level in
a transgenic model, to analyze the relationship between ATRAP
and AT1R expression in the kidney.

METHODS

Materials. ANG I was purchased from Sigma. The AT1R-specific
blocker olmesartan (RNH6270) was kindly supplied by Daiichi-
Sankyo Pharmaceuticals (Tokyo, Japan).

Animals and ANG 1I infusion. Adult male C57BL/6 mice (10-12
wk of age, Oriental Yeast Kogyo) were divided into three groups (n =
6-8 mice/group) for the subcutaneous infusion of vehicle or ANG I
(either 200, 1,000, or 2,500 ng-kg~'-min™") via an osmotic
minipump (ALZA) for 14 days. The percentage of body weight
increase (% BW increase) was calculated as follows: % BW increase =
[(BW at day 14) — (BW at baseline) X 100)/(BW at baseline). In seve-
ral of the experiments, vehicle or olmesartan (10 mg-kg™' -day™") in the
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drinking water was administrated for the same period. The ANG II
and olmesartan dosages were determined from previous reports (10,
18, 48). Following experimental treatment, the mice were anesthetized
and the tissues were removed into liquid nitrogen or fixative. The
Animal Studies Committee of Yokohama City University approved
all the animal experimental protocols.

Blood pressure measurements. Systolic blood pressure and heart
rate were measured by the tail-cuff method (BP monitor MK-2000;
Muromachi Kikai), as described previously (34, 42). BP monitor
MK-2000 made it possible to measure blood pressure without pre-
heating the animals, thus allowing the avoidance of stressful condi-
tions (17).

Analysis of total ATRAP and ATIR protein expression. The char-
acterization and specificity of the anti-mouse ATRAP antibody and
the anti-ATIR antibody (sc-1173, Santa Cruz Biotechnology) were
described previously (42). Western blot analysis was performed to
examine the total protein expression of ATRAP and ATIR as de-
scribed (40, 42). Briefly, whole tissue extracts were used for SDS-
PAGE, and transferred membranes (Millipore) were incubated with
either /) an anti-ATRAP antibody or 2) an anti-ATIR antibody and
subjected to enhanced chemiluminescence (Amersham Biosciences).
The images were analyzed quantitatively using a Fuji LAS3000 Image
Analyzer (Fujifilm) for determination of the total ATRAP and ATIR
protein levels. To measure the tissue expression ratio of ATRAP to
ATIR, each ATRAP protein level was divided by the corresponding
total ATIR protein Jevel obtained by reprobing, and thus was derived
from the same extract.

Real-time quantitative RT-PCR analysis. Total RNA was extracted
from the kidney with ISOGEN (Nippon Gene, Tokyo, Japan), and
cDNA was synthesized using the SuperScript 111 First-Strand System
(Invitrogen). Real-time quantitative RT-PCR was performed by incu-
bating the RT product with TagMan Universal PCR Master Mix and
a designed TagMan probe (Applied Biosystems), essentially as de-
scribed previously (34). RNA quantity was expressed relative to the
18S rRNA endogenous control.

Immunohistochemistry for ATRAP and ATIR expression. Immuno-
histochemistry was performed as described previously (14, 42). The
kidneys were perfusion-fixed with 4% paraformaldehyde, subse-
quently embedded in paraffin, and cut into sections of 4-jm thickness.
The sections were dewaxed and rehydrated. Antigen retrieval was
performed by microwave heating. The sections were treated for 60
min with 10% normal goat serum in phosphate-buffered saline and
blocked for endogenous biotin activity using an Avidin/Biotin Block-
ing kit (Vector Laboratories). For the study of ATRAP and ATIR, the
sections were incubated at 4°C overnight with either /) an anti-
ATRAP antibody diluted at 1:100 or 2) anti-ATIR antibody diluted at
1:100, as described previously (42). The sections were incubated for
60 min with (a) biotinylated goat anti-rabbit IgG (Nichirei), blocked
for endogenous peroxidase activity by incubation with 0.3% H,0, for
20 min, treated for 30 min with streptavidin and biotinylated perox-
idase (DAKO), and then exposed to diaminobenzidine. The sections
were counterstained with hematoxylin, dehydrated, and mounted.
Immunoreactivity was semiquantitatively evaluated in a blinded man-
ner. Briefly, 20 microscopic fields/slide were selected at random for
evaluation. Examination was performed using a microscope with
X200 magnification (Olympus) and an integrated digital camera
system (Olympus). Image Pro-plus computer image analysis software
(Media Cybernetics, Bethesda, MD) was used to analyze the brown
stain pixel density and to quantify the protein levels, as described
previously (10, 15, 32, 47).

Analysis of plasma membrane ATIR expression. The plasma mem-
brane was specifically extracted from tissues using a Plasma Mem-
brane Extraction Kit (K268-50, Biovision) according to the manu-
facturer’s protocol and then used for SDS-PAGE (43). Membranes
(Millipore) were incubated with either /) anti-ATIR antibody or
2) anti-flotillin-2 monoclonal antibody (no. 3436, Cell Signaling
Technology) and subjected to enhanced chemiluminescence (Amer-

ANG II-INDUCED SUPPRESSION OF RENAL ATRAP EXPRESSION

sham Biosciences). Flotillin-2 is constitutively localized to the plasma
membrane and was used as an internal control protein on the plasma
membrane (36). The images were analyzed quantitatively using a Fuji
LAS3000 Image Analyzer (Fujifilm) for determination of the plasma
membrane ATIR protein levels.

Generation of ATRAP transgenic mice. To produce ATRAP trans-
genic mice, hemagglutinin (HA)-tagged mouse ATRAP cDNA was
subcloned into pCAGGS expression vector, which contained a cyto-
megalovirus enhancer and chicken B-actin (CAG) promoter (28), and
the resultant transgene construct was microinjected into the pronuclei
of fertilized mouse embryos at the single-cell stage to generate
transgenic mice (C57BL/6 strain). The ATRAP transgene positive (+)
mice were mated with C57BL/6 wild-type mice to obtain ATRAP
transgene positive (+) mice and littermate control mice for the
experiments. Animal genotyping was performed as previously de-
scribed. Transgenic mice were identified by PCR using 5'-TGCTT-
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Fig. 1. Effects of continuous ANG II infusion on body weight (4) and systolic
blood pressure (B) during the treatment period. Adult male C57BL/6 mice
were divided into 3 groups (n = 6-8 mice/group) for the subcutaneous
infusion of vehicle or ANG 1II (either 200 or 1,000 ng-kg™' -min~") via an
osmotic minipump for 14 days. The values of the percent body weight increase
and systolic blood pressure are expressed as means = SE (n = 6-8/group).
#P < 0.05 vs. vehicle. TP < 0.05 vs. day 0.
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GGGGCAACTTCACTATC-3" as the forward primer and 5'-ACG-
GTGCATGTGGTAGACGAG-3' as the reverse primer.

Statistical analysis. Values are expressed as means = SE in the text
and figures. The data were analyzed using ANOVA. If a statistically
significant effect was found, a post hoc analysis with Scheffé’s test
was performed to detect differences between the groups. Values of
P <2 0.05 were considered statistically significant.

RESULTS

Effects of ANG II on body weight and systolic blood
pressure. Vehicle-infused mice gained BW during the study
period (%BW increase, 17.2 = 2.2%, n = 8) (Fig. 1A). Mice
infused at a low dose of ANG II (200 ng-kg~' min™") dis-
played a similar gain in BW (%BW increase, 199 = 1.4%,n =
6). In contrast, mice subjected to a high dose of ANG II (1 ,000
ng-kg™'-min~") exhibited a significant inhibition of BW gain
(%BW increase, 8.7 = 2.1%, n = 7, P < 0.05 vs. vehicle and
P < 0.01 vs. ANG II 200 ng-kg™'-min™"). All groups dis-
played the same range of systolic blood pressure, as deter-
mined by tail-cuff plethysmography (105-110 mmHg) at base-
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line (Fig. 1B). Systolic blood pressure remained stable in the
vehicle-infused mice during the study period, with systolic
blood pressure averaging 113 = 6 and 112 * 6 mmHg by days
7 and 14, respectively (n = 8). Similarly, systolic blood
pressure did not exhibit any evident change in the low-dose
ANG 1II (200 ng-kg™'-min~")-infused mice (110 * 5 and
120 = 5 mmHg by days 7 and 14, respectively, n = 6). In
contrast, systolic blood pressure was significantly elevated, to
137 = 6 and 140 + 7 mmHg on days 7 and /4 of ANG II
infusion, respectively, in the high-dose ANG II (1,000
ng-kg™'-min™")-infused mice. Thus, in this study, the low dose of
ANG 1T (200 ng-kg™'-min™") corresponds to a subpressor
dose, and the high dose of ANG II (1,000 ng-kg~!-min™")
corresponds to a pressor dose.

Suppression of ATRAP expression by ANG Il in the kidney.
We previously showed that ATRAP and ATIR are expressed
in various mouse tissues, including the kidney, testis, and liver
(42). Thus we examined whether continuous ANG II infusion
would regulate ATRAP expression in a tissue-specific manner,
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Fig. 2. Western blot showing the signal specificity of the ANG II type 1 receptor (AT1R)-associated protein (ATRAP) protein detected by the polyclonal
anti-ATRAP antibody through visualization of the entire size range (A) and representative Western blots showing the effects of continuous ANG II infusion on
the total protein expression of ATRAP and ATIR in the tissues of mice infused with vehicle or ANG 1I (200 or 1,000 ng-kg™'-min™") for 14 days [liver (B);
testis (C); kidney (D)]. Measurement of the ATRAP-to-ATIR ratio was performed as described in METHODS. The values were calculated relative to those obtained
with extracts from mice infused with vehicle and are expressed as means = SE (n = 6/group). *P < 0.05 vs. vehicle.
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using Western blot analysis with an ATRAP-specific antibody
(40, 42). Since the antibody developed against ATRAP is
relatively new (42), we initially examined the signal specificity
through visualization of the entire size range on Western blot
analysis. Western blot analysis of tissue extracts from the testis
and kidney of adult male C57BL/6 mice revealed that the
polyclonal antibody for mouse ATRAP recognized a promi-
nent band of 18 kDa, which was consistent with the predicted
molecular mass of mouse ATRAP (= 18 kDa) (Fig. 24).

Subsequently, we examined whether ANG II stimulation
affected the expression of total ATRAP and ATIR expression
using whole tissue extracts. The results of Western blot anal-
ysis showed that the hepatic and testicular protein levels of
both ATRAP and ATIR were similar in the vehicle- and ANG
II-infused mice, resulting in no apparent change in the relative
expression ratio of ATRAP to ATIR in the liver and testis (Fig.
2, B and C). On the other hand, with respect to the renal
expression of ATRAP and ATIR, although the total ATIR
protein levels did not exhibit any evident change in either the
vehicle-infused or ANG II-infused mice, the ATRAP protein
levels at the subpressor and pressor dose in the ANG I-infused
mice were significantly lower than in vehicle-infused mice
after 14 days of treatment (Fig. 2D). As a result, the relative
expression ratio of ATRAP to AT1R in the kidney was signif-
icantly suppressed at the subpressor and pressor dose in the
ANG IlI-infused mice compared with the vehicle-infused mice
(Fig. 2D; tissue ATRAP/ATIR expression ratio, P < 0.05,
subpressor or pressor dose of ANG II-infused mice vs. vehicle-
infused mice).

Effects of ANG II on mRNA expression of ATRAP, angio-
tensinogen, NADPH oxidase 4, and a-subunit of the epithelial
sodium channel. We next examined the pathophysiological
consequence of the observed ANG TIl-induced decreases in
renal ATRAP expression by analyzing the mRNA expression
of angiotensinogen, NADPH oxidase 4 (Nox4), and the a-sub-
unit of the epithelial sodium channel (a-ENaC) in the kidney of

ANG TI-INDUCED SUPPRESSION OF RENAL ATRAP EXPRESSION

the vehicle- and ANG TI-infused mice. For this experiment, we also
employed a higher dose of ANG I (2,500 ng-kg™—'-min™") for 2 wk
of treatment. Systolic blood pressure was progressively ele-
vated to 132 * 5 and 157 = 6 mmHg on days 7 and 14 of ANG
II infusion, respectively, from 107 * 5 mmHg at baseline, in
the higher dose ANG II (2,500 ng-kg™'-min~")-infused mice.

The results of real-time quantitative RT-PCR analysis showed that
ANG 11 infusion (200, 1,000, or 2,500 ng-kg™!-min~') for 14
days led to similarly significant decreases in the renal expres-
sion of the ATRAP mRNA compared with vehicle infusion
(Fig. 3A). With respect to the renal pathological effects of
ANG 1I stimulation, there were significant elevations of renal
angiotensinogen and o-ENaC mRNA expression by ANG II
infusion (2,500 ng-kg™'-min™"), while the renal Nox4 mRNA
expression was not affected (Fig. 3, B-D).

Suppression of ATRAP immunostaining by ANG II in outer
medulla of the kidney. We also examined the effect of ANG II
infusion on the intrarenal distribution and expression levels of
ATRAP by immunohistochemical analysis. The ATRAP im-
munohistochemical signal was detected throughout the kidney.
A relatively high level of ATRAP immunoreactivity was ob-
served in the outer medulla, and moderate ATRAP immuno-
staining was also observed in the renal cortex and inner
medulla in vehicle-infused mice after 14 days of treatment
(Fig. 4). However, there was a significant decrease in ATRAP
immunoreactivity in the outer medulla of the kidney in ANG
II-infused mice. This suppression of ATRAP expression was
likely to be region specific in the outer medulla, since no
apparent suppression of ATRAP expression was observed in
the inner medulla or cortex (Fig. 4). ANG 1I infusion did not
affect the intrarenal distribution or the relative levels of ATIR
immunoreactivity (Fig. 5).

The semiquantitative evaluation with immunohistochemical
analysis revealed a region-specific reduction of ATRAP im-
munostaining in the outer medulla with both the subpressor
(200 ng-kg™'-min~") and pressor (1,000 ng-kg~'-min~")
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dose in the ANG Il-infused mice, without any significant
change in the pattern of intrarenal distribution or levels of
ATIR immunostaining (Fig. 6). Furthermore, the results of
Western blot analysis using tissue extracts from the respective
kidney regions confirmed the region-specific decrease in
ATRAP protein expression in the outer medulla by chronic
ANG II infusion (Fig. 7).

Effects of ATIR-specific blocker olmesartan on ANG II-
mediated suppression of ATRAP expression in the kidney. We
further examined whether the ATIR was responsible for the ANG
1T infusion-mediated intrarenal suppression of ATRAP expression
using the ATIR-specific blocker olmesartan. Olmesartan treat-
ment did not affect the BW gain in mice infused with the
subpressor dose (200 ng-kg™'-min~', % BW increase, 20.7 =
1.7%, n = 8), but restored normal BW gain in the mice infused
with the pressor dose (1,000 ng-kg™'-min~") of ANG T (% BW
increase, 18.1 = 1.6%, n = 8, P < 0.05, ANG II 1,000
ng-kg~'-min~'+olmesartan vs. ANG II 1,000 ng-kg ™" -min™").
Olmesartan treatment also inhibited the development of hypertension
in the mice treated with the pressor dose (1,000 ng-kg™"-min™") of
ANG 1I (systolic blood pressure 104 += 6 mmHg, n = 6, P <
0.05, ANG I 1,000 ng-kg~!-min~'+olmesartan vs. ANG II
1,000 ng-kg™'-min™"), while olmesartan did not affect sys-
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ANG Il
(1000 ng/kg/min)

ANG Il

(1000 ng/kg/min) ) ) )
R Fig. 4. Representative kidney sections showing
%& . the expression of total ATRAP protein in the
i kidney of mice infused with vehicle or ANG II
(200 or 1,000 ng-kg™!'-min~") for 14 days (A).
Positive areas for ATRAP are evident as the
brown dots in the sections. Higher magnifica-
tion of the kidney sections show effects of
continuous ANG Il infusion on the immunohis-
tochemical localization of ATRAP expression in
the renal cortex, outer medulla, and inner medulla
in mice treated with vehicle or ANG 11 (B).
Original magnification: X20 (4); X200 (B).

tolic blood pressure in the mice infused with the subpressor
dose (200 ng-kg~!-min~!, 101 = 7 mmHg, n = 6). Further-
more, olmesartan treatment completely prevented the suppres-
sive effects of either the presser or subpressor dose of ANG II
on ATRAP protein expression in the kidney (Fig. 8). No
significant changes were observed in AT IR protein expression
in the kidney by olmesartan treatment.

Lack of any decrease in plasma membrane ATIR expression
in the kidney by chronic ANG II infusion. The results in Fig. 2
show that ANG 11 stimulation led to a decrease in the levels of
total ATRAP protein expression in the kidney, but not other
tissues, including the testis. On the other hand, the total ATIR
protein expression in all of the tissues examined was un-
changed by ANG II treatment (Fig. 2). Thus, to examine
whether ANG II-mediated suppression of intrarenal ATRAP
expression affects cell surface ATIR expression in the kidney
in response to ANG II stimulation, the plasma membrane
fraction was specifically extracted from the kidney and testis,
and the plasma membrane ATIR protein expression was ana-
lyzed.

In the testis, the ANG II infusion at the subpressor dose (200
ng-kg™!-min~!) tended to decrease the expression of the
plasma membrane ATIR protein, and the pressor dose (1,000
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A

AT1R

Fig. 5. Representative kidney sections show-
ing the expression of the total ATIR protein =
in the kidney of mice infused with vehicle or
ANG II (200 or 1,000 ng-kg™!-min~") for 14
days (A). Positive areas for the ATIR appear
as the brown dots in the sections. Higher
magnification of kidney sections showing the
effects of continuous ANG II infusion on
immunohistochemical localization of ATIR
expression in the renal cortex, outer medulla,
and inner medulla in mice treated with vehicle
or ANG II (B). Original magnification: X20
(A); X200 (B).

Cortex

Inner
medulla

ng-kg™'-min~") significantly reduced the plasma membrane
ATIR protein levels (Fig. 94). Since olmesartan treatment
completely prevented the ANG II-induced suppressive effects
on the plasma membrane ATIR protein levels in the testis (Fig.
9A), these results indicated that ANG II stimulation promoted
ATIR internalization. In the kidney, the plasma membrane
ATIR protein levels for the subpressor and pressor doses in the
ANG II-infused mice were comparable to those in the vehicle-
infused mice and were not affected by olmesartan treatment
(Fig. 9B).

Decrease in plasma membrane ATIR expression in the
kidney of ATRAP transgenic mice. In terms of ATIR inter-
nalization in the kidney, although ANG II stimulation de-
creased the ATRAP protein level and olmesartan treatment
recovered it to the baseline value (Fig. 8), the plasma
membrane ATIR protein level was still unaltered (Fig. 9).
We hypothesized that olmesartan-mediated recovery of the
downregulated ATRAP expression back to the baseline
level would be insufficient to promote ATIR internalization
in the kidney and that an increased expression of renal
ATRAP beyond the baseline level would promote ATIR
internalization and decrease plasma membrane ATIR ex-
pression. Thus, to upregulate renal ATRAP expression, we

Vehicle

Vehicle

ANG T-INDUCED SUPPRESSION OF RENAL ATRAP EXPRESSION

ANG Hl
(200 ng/kg/min)

ANG I
(1000 ng/kg/min)
R

ANG Il ANG Il
(200 ng/kg/min) (1000 ng/kg/min)
L¥S X 23 R S

newly generated ATRAP transgenic mice using HA-tagged
mouse ATRAP cDNA subcloned into the pCAGGS expres-
sion vector to test these hypotheses (Fig. 10A4) (28).

We used these ATRAP transgenic mice for the first time to
analyze a putative function of ATRAP in vivo. Western blot
analysis of ATRAP expression at the protein level revealed the
highest renal expression level (= 3-fold) of ATRAP (HA-
ATRAP) in line 19 (Tgl9), among the three lines of ATRAP
transgene positive (+) mice (Fig. 10B), and Tgl9 was there-
fore used for further analysis. The results of real-time quanti-
tative RT-PCR analysis also showed a 3.7-fold increase in the
baseline renal ATRAP mRNA expression over littermate con-
trol mice (Wt) in the Tg19 mice (Fig. 10C). While the ATRAP
(HA-ATRAP) protein expression in the kidney of Tgl9 mice
increased compared with W, the total kidney ATIR protein
expression in Tgl9 did not differ from that in Wt (Fig. 10D).
On the other hand, the plasma membrane ATIR protein ex-
pression in the kidney of Tgl9 was significantly decreased
compared with Wt at baseline (Fig. 10E).

Promotion of ATIR internalization and inhibition of induced
expression of angiotensinogen gene in response to ANG II in
the kidney of ATRAP transgenic mice. With respect to the
inhibitory effect of ANG II treatment on the renal ATRAP-to-
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- Fig. 6. Semiquantitative evaluation of the
immunohistochemical analysis of ANG II-
mediated effects on total ATRAP (A) and
ATIR (B) protein expression in the renal
cortex, outer medulla, and inner medulla in
mice treated with vehicle or ANG II. The
values were calculated relative to those ob-
tained with extracts from mice infused with

vehicle and are expressed as means = SE.
#P < 0.05 vs. vehicle.
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ATIR ratio, while chronic ANG 1I infusion significantly de-
creased the ratio through a suppression of renal ATRAP
expression in C57BL/6 wild-type mice (Fig. 2), ANG II ueat-
ment did not affect the ratio at all in Tgl9 mice (Fig. 114).
Regarding ATIR internalization in the kidney, while the
plasma membrane ATIR protein level was not affected by
either chronic ANG II stimulation or olmesartan treatment in
C57BL/6 wild-type mice (Figs. 8 and 9), it was significantly
decreased by ANG II infusion in Tgl9 (Fig. 11B), thereby
indicating that enhancement of renal ATRAP expression be-
yond baseline promotes ATIR internalization.

Since the body size and BW of Tg19 mice were not different
from the Wt at baseline (data not shown), we finally examined
the physiological effects of overexpression of ATRAP in Tg19
with respect to blood pressure, response to ANG II, and target
organ effects. The systolic blood pressure of Tgl9 mice was
comparable with that of Wt at baseline, and chronic ANG 1T
infusion significantly and similarly increased systolic blood
pressure in Tgl9 and Wt (Fig. 11C). However, while ANG II
infusion in Wt increased the angiotensinogen mRNA expres-
sion level in the kidney by 2.25-fold, the mRNA upregulation
in response to ANG II infusion was significantly inhibited in
Tgl9 (Fig. 11D). These results indicate that the renal enhance-
ment of ATRAP expression inhibits the ANG II-mediated
activation of renal angiotensinogen gene expression, most
likely through a promotion of ATIR internalization in response
to ANG IL

DISCUSSION

The present data show that either a subpressor or pressor
infusion of ANG II in mice causes a significant suppression of
intrarenal ATRAP expression and that this response is depen-
dent on the activation of ATIR. The decrease in intrarenal
ATRAP expression during continuous ANG II infusion was

demonstrated at the mRNA level by quantitative real-time
RT-PCR, and at the protein level by Western blotting, and was
supported by immunohistochemistry. In addition, the ANG
[I-mediated decrease in renal ATRAP expression through
ATIR signaling occurred concomitantly with the lack of ANG
[-induced decrease in plasma membrane ATIR expression in
the kidney. Furthermore, a transgenic model increase in renal
ATRAP expression beyond baseline expression was accompa-
nied by a reduction in plasma membrane ATIR expression in
the kidney, and by the promotion of renal ATIR internalization
and the inhibition of an increase in renal angiotensinogen gene
expression in response to ANG IL

Several previous studies have reported that activation of the
intrarenal renin-angiotensin system and the ATIR pathway
plays an important role in the pathogenesis of hypertension and
renal injury (19, 25, 33). With respect to the mechanisms
involved in ANG Il-induced hypertension, the AT1R-mediated
enhancement of renal angiotensinogen, collecting duct renin,
intrarenal ANG 1I levels, medullary oxidative stress, and the
failure to downregulate renal ATIR expression levels are all
reported to be involved in the sustained effects of continuous
ANG 11 elevation on eliciting hypertension (12, 13, 20, 23, 31,
50). Because the biological actions of ANG 1II are influenced
by the ATIR expression levels, and ANG II infusion in mice
specifically lacking ATIR in the kidney failed to develop
hypertension (6), investigation of the renal activity of ATIR
signaling in ANG II-induced hypertension is important to
elucidate the mechanisms responsible for the cardiovascular
and renal functional changes observed in this hypertension
model.

We previously cloned ATRAP as a novel molecule which
interacts with ATIR and showed that ATRAP suppressed
ANG II-induced hypertrophic and proliferative responses of
cardiovascular cells by inducing a constitutive internalization
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Fig. 7. Representative Western blots showing the effects of 2 > 50
continuous ANG II infusion on the total protein expression R
of ATRAP and ATIR in the renal cortex, outer medulla, 2 % 60
and inner medulla in mice infused with vehicle or ANG 11 % 3 40
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of ATIR (22, 37). Thus a tissue-specific regulatory balancing
of ATRAP and ATIR expression may be involved in the
modulation of AT1R signaling in each tissue. We previously
showed that ATRAP is expressed in a variety of mouse tissues,
as is the ATIR, and that dietary salt intake modulates renal
ATRAP expression (42). In this study, the expression of the
hepatic and testicular ATRAP protein was not affected by
continuous ANG II infusion. Although activation of the tissue
renin-angiotensin system is important for the pathogenesis of
hypertension and is associated with organ injury, the liver and
testis are not target organs of hypertensive tissue injury. Our
previous studies showed that the progression of hypertension
did not affect hepatic angiotensinogen gene expression in
genetically hypertensive rats, which is consistent with the
results in the present study (38, 39).

In terms of the regulation of the intrarenal renin-angiotensin
system by ANG II stimulation, previous studies by Navar and
others (9, 20, 25, 27) established that ANG II is accumulated in
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the kidney of rats upon infusion, a response that is prevented by
ATIR-specific blockers. Further evidence from experiments using
rats suggests that ATIR-specific blockers decrease intrarenal
ANG 1I levels by preventing AT1R-mediated uptake, as well as
ATI1R-mediated induction of intrarenal angiotensinogen, which is
a substrate of ANG II (26). We previously showed that ATRAP
is abundantly expressed and widely distributed along the renal
tubules from Bowman’s capsule to the inner medullary collecting
ducts in mice (42). In this study, while continuous ANG II
infusion did not have any apparent effects on renal total ATIR
protein expression in C57BL/6 wild-type mice, which is consis-
tent with previous reports using rats (12, 13), there was a signif-
icant decrease in renal ATRAP expression in ANG II-infused
mice, and thereby a marked suppression of the renal expression
ratio of ATRAP to ATIR at a subpressor dose of ANG I, even
without an increase in blood pressure. This suppression of the
renal ATRAP expression by ANG II is AT1R dependent, as it is
prevented by treatment with olmesartan.
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Fig. 8. Representative Western blots showing the effects of continuous ANG
11 infusion on the total protein expression of ATRAP and ATIR in the kidney
of mice infused with vehicle or ANG II (200 or 1,000 ng-kg™"-min™!) with
or without olmesartan treatment (10 mg-kg™'-day ™! in the drinking water) for
14 days. Measurement of the ATRAP-to-ATIR ratio was performed as
described in METHODS. The values were calculated relative to those obtained
with extracts from mice infused with vehicle without olmesartan and are
expressed as means * SE (n = 6/group). *P < 0.05 vs. vehicle without
olmesartan.

Previous studies also showed that chronic ANG 1II stimula-
tion in rats leads to the activation of the intrarenal renin-
angiotensin system, with an augmentation of renal angio-
tensinogen expression (20), enhancement of oxidative stress
through increases in NADPH oxidase activity (3, 4), and
increases in sodium retention through an upregulation of
a-ENaC expression (2). On the other hand, a previous study
reported that the mouse kidney is relatively resistant to ANG
11, including oxidative stress, compared with the rat kidney
(45). In the present study, intrarenal angiotensinogen, NADPH
oxidase, and a-ENaC mRNA expression was not significantly
affected by ANG II infusion of either the subpressor (200
ng-kg™'-min~") or pressor dose (1,000 ng-kg™"'-min~") for 2
wk, despite a decrease in renal ATRAP expression.

F999

Thus we next employed a higher dose of ANG II (2,500
ng-kg~!-min~!) for 2 wk of treatment, which was recently
shown to cause hypertension and renal injury even in mice
(46), and showed that it did provoke progressive blood pres-
sure increases and pathological renal responses, including
elevated expression levels of renal angiotensinogen and
a-ENaC genes, along with a concomitant decrease in renal
ATRAP expression (Fig. 3). These observations suggest that a
decrease in renal ATRAP expression might be a preceding
renal marker of pathological responses to ANG II stimulation
in vivo. Nevertheless, because ANG IT infusion of the subpres-
sor dose already exerted a down-regulatory effect on renal
ATRAP expression without increases in the renal mRNA level
of angiotensinogen and «-ENaC, there was a lack of any direct
relationship between ATRAP and the expression of angio-
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Fig. 9. Representative Western blots showing the effects of continuous ANG
Il infusion on the plasma membrane ATIR protein level in the tissues of mice
infused with vehicle or ANG II (200 or 1,000 ng-kg™"-min™") with or without
olmesartan treatment (10 mg-kg™!-day™' in the drinking water) for 14 days
[testis (A); kidney (B)]. Flotillin-2 is constitutively localized to the plasma
membrane and is an internal control protein. The values were calculated
relative to those using plasma membrane fractions from mice infused with
vehicle without olmesartan and are expressed as means = SE (n = 6/group).
#P < 0.05 vs. vehicle without olmesartan.
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Fig. 10. Generation of ATRAP transgenic mice
and decrease in the plasma membrane ATIR
expression in the kidney. A: transgenic mice
expressing ATRAP were generated on a
C57BL/6] background with standard tech-
niques. Briefly, the hemagglutinin (HA)-tagged
mouse ATRAP cDNA was subcloned into the
pCAGGS expression vector, which contained
the cytomegalovirus (CMV) enhancer and
chicken B-actin (CAG) promoter, and the re-
sultant transgene construct was microinjected
into the pronuclei of fertilized mouse embryos
at the single-cell stage to generate transgenic
mice (C57BL/6 strain). B: Western blot analy-
sis of ATRAP expression at the protein level
revealed the highest renal expression level (=
3-fold) of ATRAP (HA-ATRAP) in line 19
(Tgl9), among the 3 lines of ATRAP transgene
positive (+) mice obtained. Tg19 was used for
further analysis in the present study. C: results

(@)

of real-time quantitative RT-PCR analysis 5
showed a 3.7-fold increase in the baseline renal
ATRAP mRNA expression over littermate 4+

control mice (Wt) in ATRAP transgenic mice
(Tgl9). The values were calculated relative to
those in kidneys from Wt and are expressed as
means * SE (n = 7/group). *P < 0.05 vs. Wt.
D: results of Western blot analysis showed that
the total kidney ATIR protein expression of
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tensinogen and a-ENaC genes in the kidney. Thus the results
did not establish any causality or effect with respect to changes
in renal ATRAP at this stage. Therefore, further investigation
is needed to elucidate the exact molecular causal relationship
between them.

The results of immunohistochemistry, including semi-
quantitative evaluation and Western blot analysis using the
respective kidney regions, revealed a reduction of ATRAP
expression in the outer medulla resulting from ANG II
stimulation. Since previous studies showed that the outer
medulla plays an important role in ANG II-mediated renal
injury (23, 24), the suppression of renal ATRAP, particu-
larly in the outer medullary region, may play a role in the
renal pathological responses elicited by ANG II stimulation.
While the intrarenal colocalization of ATRAP with ATIR
suggests a functional role for ATRAP, it does not necessar-

Wt Tg19

ily implicate ATRAP in electrolyte transport, renal injury,
or hypertension, and the precise tubular function of ATRAP
remains to be determined. The detailed molecular mecha-
nism responsible for the tissue-specific AT1R-mediated sup-
pression of ATRAP expression is still unclear. Further
studies are necessary to determine the regulatory machinery
of ATRAP gene transcription, including the transcription
factors interacting with the promoter region of ATRAP gene
and the functional effects of ATRAP on ANG Il-mediated
pathological responses using cultured renal tubular cells,
and such studies are now underway.

Previous in vitro results suggested that ATRAP promotes
ATIR internalization so as to inhibit AT1R signaling (37). In
the present study, chronic ANG II infusion with either the a
low or high dose caused significant suppression of endogenous
ATRAP expression in the kidney, but not in the testis (Fig. 2).
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Fig. 11. Promotion of ATIR internalization
and inhibition of induced expression of angio-
tensinogen gene in response to ANG IT in the
kidney of ATRAP transgenic mice. A: repre-
sentative Western blots showing the effects of
continuous ANG 1I infusion on the total pro-
tein expression of HA-ATRAP and ATIR in
the kidney of ATRAP transgenic mice (Tg19)
infused with vehicle or ANG II (1,000
ng-kg~'-min™!) for 14 days. Measurement
of the ATRAP-to-ATIR ratio was performed
as described in METHODS, and the values were
calculated relative to those in extracts from
Tg19 infused with vehicle and are expressed
as means = SE (n = 6/group). B: represen-
tative Western blots showing the effects of
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On the other hand, ANG II infusion did not alter plasma
membrane ATIR expression in the kidney but significantly
decreased it in the testis (Fig. 8), while total ATIR expression
was not altered by ANG 11 in either of these tissues (Fig. 2). As
a result, it is probable that testicular ATRAP promoted sub-
stantial ANG II-induced ATIR internalization, which was
estimated by comparing the plasma membrane ATIR level
with the total ATIR level.

In terms of ATIR internalization in the kidney, although
ANG II downregulated ATRAP expression and olmesartan
treatment recovered it to the baseline level (Fig. 8), the plasma
membrane AT1R expression itself was not affected at all (Fig.

ANG I infusion on the plasma membrane
ATIR protein level in the kidney of Tgl9
infused with vehicle or ANG II (1,000
ng-kg~!-min~") for 14 days. The values
were calculated relative to those obtained
with extracts from Tgl9 infused with vehicle
and are expressed as means = SE (n =
6/group). C: effects of ANG II infusion on
systolic blood pressure during the treatment
period. Tg19 and littermate control mice (Wt)
were infused with either vehicle or ANG 11
(2,500 ng-kg™"-min~") for 14 days. The val-
ues of systolic blood pressure are expressed as
means = SE (n = 6/group). *P < 0.05 vs.
vehicle. P < 0.05 vs. day 0. D: effects of
ANG II infusion on renal Agt mRNA expres-
T sion in Wt and Tgl9. Values are calculated as
vy the fold-induction of those from extracts in
the vehicle-infused mice and are expressed as
means = SE (n = 6/group). *P < 0.05
vs. Wt.

Wt Tg19

9), thereby still indicating the possibility that renal ATRAP
exerts no effect on ATIR internalization in the kidney. We
hypothesized that upregulation of renal ATRAP expression
beyond baseline promotes ATIR internalization such that it is
detected as a decrease in plasma membrane ATIR expression
in the kidney without a change in the total AT1R protein level.

Thus, to examine the ATRAP-mediated effect on renal
ATIR internalization by a different strategy in vivo, we pro-
duced ATRAP transgenic mice. The results demonstrated that
enhancement of renal ATRAP expression in transgenic mice
caused a decrease in the plasma membrane ATIR level, even
at baseline without ANG II stimulation, irrespective of there
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being no change in the total ATIR level in the kidney (Fig. 10).
Furthermore, the results of ANG II infusion experiments
showed that the plasma membrane ATIR level was further
decreased by ANG II stimulation in the kidney of ATRAP
transgenic mice (Fig. 11), which was accompanied by a de-
creased response of renal angiotensinogen mRNA expression
to ANG II. This is in contrast to there being no change in the
plasma membrane ATIR level by ANG II in the kidney of
wild-type mice (Fig. 9). These results collectively suggest that
enhancement of renal ATRAP expression beyond baseline
promotes ATIR internalization in response to ANG II. A
recent study by Oppermann et al. (29) also showed that a
genetic deficiency of ATRAP in mice caused an enhanced
surface expression of ATIR in the kidney, which is consistent
with the results in this study.

The results of the present study show that continuous ANG
I infusion decreased intrarenal ATRAP expression through
ANG II-mediated ATIR signaling, particularly in the outer
medulla, with the lack of any decrease in plasma membrane
ATIR expression in the kidney in C57BL/6 wild-type mice.
On the other hand, transgenic overexpression of ATRAP re-
duced the plasma membrane ATIR level in the kidney at
baseline and further decreased the plasma membrane ATIR
expression in response to ANG II stimulation, concomitant
with the decreased ANG II-induced response of the angio-
tensinogen gene, despite there being no change in the total
ATIR level.

Nevertheless, a limitation of the present study is that our
findings strongly suggest that ATRAP at supraphysiological
levels can alter the plasma membrane levels of ATIR at
baseline and in response to ANG II stimulation, but with no
detectable physiological effect on blood pressure. Target organ
effects such as proteinuria and degree of renal damage by
histological examination were not analyzed in this study. The
only detectable consequence was a difference in angiotensino-
gen mRNA expression in response to ANG II stimulation, but
it remains unclear whether this would translate to a difference
in angiotensinogen protein levels.

In conclusion, these results suggest that ATIR and ATRAP
modulate each other, at least in the kidney, and that activation
of ATIR signaling has a dominant effect over endogenous
renal ATRAP under chronic ANG II infusion, but that renal
ATRAP activation by a transgenic model that increases
ATRAP expression beyond baseline may cause a constitutive
reduction of plasma membrane ATIR expression and a pro-
motion of AT1R internalization in response to ANG II. Further
studies to analyze downstream signaling events mediated by
activation of ATIR under the condition of ATRAP overex-
pression are warranted to elucidate the detailed molecular
mechanisms and pathophysiological significance of ATRAP-
mediated inhibition of ATIR signaling in vivo.
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Multipotent Isl1™* heart progenitors give rise to three major cardiovascular cell types: cardiac, smooth muscle,
and endothelial cells, and play a pivotal role in lineage diversification during cardiogenesis. A critical question
is pinpointing when this cardiac-vascular lineage decision is made, and how this plasticity serves to
coordinate cardiac chamber and vessel growth. The posterior domain of the Isl1-positive second heart field
contributes to the SLN-positive atrial myocardium and myocardial sleeves in the cardiac inflow tract, where
myocardial and vascular smooth muscle layers form anatomical and functional continuity. Herein, using a
new atrial specific SLN-Cre knockin mouse line, we report that bipotent Isl1*/SLN* transient cell population
contributes to cardiac as well as smooth muscle cells at the heart-vessel junction in cardiac inflow tract. The
Isl1/SLN™ cells are capable of giving rise to cardiac and smooth muscle cells until late gestational stages.
These data suggest that the cardiac and smooth muscle cells in the cardiac inflow tract share a common
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developmental origin. This article is part of a special issue entitled, "Cardiovascular Stem Cells Revisited".
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1. Introduction

The cardiac, smooth muscle and endothelial cells arise from
single, common multipotent precursor cells during embryogenesis
[1-3]. Whereas three major cardiovascular lineages can arise from
Flk1*/Bry* mesodermal progenitors [1,4] and Flk1"/Is11t/Nkx2.5™
cardiogenic colonies derived from mouse embryos around E8.0-8.5
[2], smooth muscle cell lineages can also arise from c-kit*/Nkx2.5"
cardiac progenitor cells isolated from a later stage [3]. These
progenitor populations may represent discrete lineages that consti-
tute the heart [5]. Alternatively, they may represent cells in the same
lineage at different developmental stages. The comparison of these
analyses suggests that the endothelial lineage separates from the
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myogenic lineage at an early stage, whereas cardiac and smooth
muscle lineages are closely related until later stages of cardiogenesis
[6,7]. Given that the plasticity of progenitors becomes progressively
restricted as embryogenesis proceeds, intriguing questions are which
population displays cardiac-smooth muscle bipotency, how long the
progenitors maintain their plasticity during cardiogenesis and what is
the biological implication of smooth muscle differentiation capability
of the cardiac progenitors.

The second heart field (SHF) is delineated by the expression of Isl1,
a member of the LIM-homeodomain transcription factor family. This
extra-crescent cardiac population is specified in the anterior lateral
plate mesoderm adjacent to the first heart field (FHF) in the cardiac
crescent [7-9]. After the FHF forms a single straight primitive heart
tube, the SHF progenitors migrate from the splanchnic mesoderm
towards the primitive heart tube and trigger its right-ward looping.
These SHF progenitors continue to migrate and add additional
myocardium to the primitive heart tube until midgestational stages.
The SHF progenitors downregulate 1s11 expression immediately after
completing their migration, which makes Isi1 a suitable marker of an
immature state for cardiac progenitors. During this step, the Isl1*
cardiac progenitors in the anterior region of the SHF (aSHF, also
known as anterior heart field; AHF) migrate to the arterial pole of the
heart tube and form the outflow tract and right ventricle [10-12]. This
anterior subpopulation is distinguishable from other subpopulations
of Isl1-positive SHF progenitors by several molecular markers
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including specific enhancers of Mef2c [13] and FGF10 [10], suggesting
that Isl1-positive cells are already heterogeneous at this stage. The
Isl1* progenitors in the aSHF eventually acquire a ventricular
phenotype and contribute to the myocardium of the outflow tract
and the right ventricle. Interestingly, this population also develop-
mentally gives rise to smooth muscle cells in the root of the aorta
[14]. On the other hand, Isl1-positive progenitors in posterior part of
the SHF (pSHF) populate the venous pole of the primary heart tube
slightly later, maintain high proliferative and migratory activity, and
express Isl1 until midgestational stages [15,16]. This posterior
subpopulation of late Isl1-positive progenitors eventually acquires
an atrial phenotype and contributes to the myocardium in atrial
chambers and myocardial sleeves in the inflow tract. Thus, at the
linear heart tube stage, the Isl1™ cardiac progenitor population
seems to be a pool of several different subsets of cardiac progenitors
including aSHF and pSHF populations. Whereas Isl1-positive
progenitors in the outflow tract/arterial pole/aSHF are known to
give rise to both cardiac and smooth muscle cells, it is not clear if
myocardium and smooth muscle in the inflow tract share a common
cellular origin in the venous pole/pSHF. This is in part because of the
lack of a specific lineage marker and in part because of the lack of
single cell analysis.

Sarcolipin (SLN) is an inhibitor of sarco(endo)plasmic reticulum
Ca?*-ATPase (SERCA) that is specifically expressed in atrial myocar-
dium and skeletal muscle, and implicated in atrial specific contractile
function [17-19]. SLN expression is gradually upregulated as the atrial
myocytes maturate, and is a useful marker for the atrial muscle
lineage.

Here, we report the generation of atrial specific SLN-Cre knockin
mouse line, and the identification of Isl1*/SLN* cells in the atrial
lineage which contribute to atrial cardiomyocytes and smooth muscle
cells in the cardiac inflow tract. To investigate the differentiation
capability of IsI1/SLN* cells, we generated an atrial specific deleter
mouse line by introducing Cre recombinase into the SLN locus. SLN-
labeled atrial cells distribute in working and SA nodal atrial myocytes,
as well as the smooth muscle cells in the cardiac inflow tract. In vitro
assays indicate that IsI1"/SLN™ cells are capable of clonally
differentiating into cardiomyocytes and smooth muscle cells from
single progenitors. Interestingly, Isl1*/SLN* cells retain smooth
muscle competency until late gestational stages. These observations
provide an insight into the origin of cardiac and smooth muscle cells at
the boundary of the atrial chamber and inflow tract, and the
mechanism underlying the formation of heart-vessel junctions.

2. Materials and methods
2.1. Generation of SLN-Cre mice

Exon 2 of the SLN locus including the 1st ATG was replaced with
Cre cDNA. A correctly targeted R1 ES clone was screened by Southern
blotting and genomic PCR. The recombination efficiency was 1/300
clones.

2.2. Preparation of cardiac mesenchymal feeder layer

Neonatal hearts were predigested with 0.5 mg/mi trypsin in HBSS
at 4 °C overnight followed by strong digestion with collagenase at
37°C for 1 h (0.5 mg/ml in HBSS). Cardiac mesenchymal fibroblasts
were separated from myocytes by differential plating for 1 h twice.
Fibroblasts from the first and the second differential plating were
combined, grown until confluent and treated with 10 pg/ml mitomy-
cin C for 2h on the day before progenitors were seeded. The
contamination of myocytes in the fibroblast fraction was less than
0.07% by cTnT staining.

2.3. Histology and immunostaining

Whole mount and section Xgal stainings were performed accord-
ing to standard protocols. Double staining for Xgal and specific
antibodies were performed as follows: 8 um frozen sections or cells
were stained with Xgal followed by postfixation for 5 min, 0.3%
hydrogen peroxide treatment for 15 min, blocking with 10% normal
goat serum for 1 h and antibody reaction in 3% normal goat serum at
4°C overnight. Secondary antibody reaction was performed with
Vectastain ABC kit (Vector lab) according to the manufacturer’s
protocol. Section Xgal/lsl1 staining was performed as previously
described [20]. The concentrations of the primary antibodies are as
follows: ¢TnT (1:200, Lab Vision Corp., Fremont, CA), smMHC (1:500,
Biomedical Technologies Inc., Stoughton, MA), 1s11 (1:200, DSHB, lowa
City, IA), and DsRed (1:500, Clontech, Mountain View, CA).

2.4, RT-PCR and qPCR

RNA was extracted with Trizol (Invitrogen, Carlsbad, CA) or
Absolute nanoprep kit (Stratagene, Ceder Creek, TX) according to the
manufacturer's protocol, and cDNAs were synthesized with iScript kit
(BioRad, Hercules, CA). Colony PCR was run for 35 cycles. Quantitative
PCR was performed with the SYBR Green system and i-Cycler (BioRad,
Hercules, CA).

2.5. Electron microscopic analysis

The SLN"¢"*: R26R hearts were dissected and fixed in 1% PFA and
2.5% glutaraldehyde in PBS for 3 h, and stained for 4 h in Bluo-gal
staining solution; 1 mg/ml Bluo-gal (Sigma), 10 mM ferro/ferri
cyanide, 2 mM MgCl2, 0.02% NP40 and 0.01% NaDOC. Stained tissues
were post-fixed for 30 min in a mixture of 1% osmium tetroxide and
2% glutaraldehyde in 0.15M cacodylate buffer (on ice), washed
several times in PBS, and dehydrated in graded ethanol and acetone
(all steps on ice). Preparations were left overnight in a 1:1 mixture of
Epon and acetone and then for 5-10 h in unpolymerized Epon. They
were transferred to molds, oriented and placed at 60 °C for 24 h to
permit polymerization of the Epon. Sections were mounted on net
grids (Ted Pella) and treated with uranyl acetate and lead citrate.

3. Results

3.1. SLN-Cre knockin strain is a sensitive and specific deleter line for the
atrial lineage

To generate an atrial specific Cre line driven by an internal
promoter, we introduced Cre recombinase by homologous recombi-
nation into exon 2 of the SLN locus (Figs. 1A, B, C). SLN“¢*
heterozygotes displayed no morphological or fertility defects. While
SLN mRNA is expressed at E10.0 (Fig. 2A), the pgal activity in SLN/*;
R26R embryos was first detected in the atria at around E10.5, when
Isl1 is still positive in the atrial lineage (Fig. 2B). After E12.5, the atrial
myocardium was broadly and strongly labeled by R26R and CAG-
DsRed reporter lines [21,22] (Figs. 2C-H", and S1A, B). Section Xgal
staining of the neonatal hearts revealed that the vast majority of the
atrial myocytes were labeled (Figs. 2E, F), whereas none of the
endocardial or epicardial cells were stained (Fig. 2F, arrowheads;
Supplemental Table 1). Interestingly, HCN4-positive SA nodal cells
were also labeled by SLN-Cre (Fig. S2). These data suggest that the
SLN-Cre line is a sensitive and specific deleter line for the atrial
lineage. To our knowledge, this mouse is the first deleter line in which
Cre recombinase is driven by an internal atrial specific promoter.

Xgal staining in the inflow region visualized the anatomical
distribution of the myocardial sleeves of the venae cavae and
pulmonary veins. The Xgal staining extended up to bifurcation of
the internal jugular and subclavian veins in the cranial region, and
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Fig. 1. Generation of SLN-Cre knockin mouse line. (A) Schematic of SLN genomic locus, targeting vector design and recombinant alleles. Exon 2 which includes the start codon was
replaced by Cre recombinase and neomycin resistant cassette by homologous recombination. FRT sites are indicated by filled triangles. DTA, diphtheria toxin A cassette. (B) Genomic
Southern blot analysis of targeted ES cells and heterozygous mouse after removal of neo cassette using 5 and 3’ probes shown in A. (C) Genomic PCR for mouse genotyping. Primer

designs are shown in A.

down to the diaphragm in the thoracic cavity (Figs. 21-K and 51C). The
boundary of the right atrium and the venae cavae is demarcated by
venous valves that also are derived from SLN-expressing cells (Fig. 3A,
arrowhead). Whereas the muscular layer of the atrial chamber
consists only of myocardial cells, the muscular wall of the venae
cavae distal to the venous valves consist of two muscular layers—the
outer myocardial layer derived from SLN-expressing cells and inner
smooth muscle layer positive for smMHC, a definitive marker for
vascular smooth muscle cells (Fig. 3A). The myocardial layer tapers off
towards the periphery and generates myocardial sleeves in the great
veins. Similar to the vena cavae, the proximal region of the pulmonary
veins also showed a two-layer structure with outer myocardial sleeve
and inner smooth muscle layer (Fig. S3).

3.2. SLN-positive cells give rise to smooth muscle cells in cardiac inflow
tract

Further analysis of this two-layer structure revealed the close
relationship between cardiac and smooth muscle lineages during
cardiovascular development. Double staining of serial sections
showed that about 5-10% of smMHC-positive cells in the inflow
region are co-stained with Xgal (Figs. 3C, D, black arrows; Supple-
mental Table 1). To confirm this, the inflow region of the atrium from
SLN"®/*; R26R adult mice was enzymatically dissociated and cultured
on a fibronectin-coated dish. Consistent with section stainings, a
fraction of Pgal-labeled cells were co-stained for smMHC
(Fig. 3B). Furthermore, electron microscopic analysis of Bluo-gal-
stained SLN“®"; R26R hearts revealed that the smooth muscle cells

with non-striated myofilaments are labeled with Bluo-gal deposits on
their membranes (Figs. 3E, E/, arrowheads). pGal-labeled smooth
muscle cells were also found in myocardial sleeves in the pulmonary
veins (Fig. S3). These data suggest the developmental contribution of
SLN-positive cells to the smooth muscle cells in the cardiac inflow
tract. It has been reported that SLN mRNA is expressed strongly in
atria and esophageal muscle and least abundantly in skeletal muscle
and bladder, but no expression has been detected in vascular smooth
muscle [18]. Consistently, our SLN-Cre lineage tracing experiments
fail to detect any Xgal-positive smooth muscle cells in aortic or other
major vasculature. Therefore, our findings raise the possibility that
these two different cell types in the cardiac inflow region share a
common cellular origin during cardiogenesis.

3.3, Isl1*/SLN™ cells represent a transient cell population in the
venous pole

To examine the cellular origin of cardiac and smooth muscle cells in
the inflow tract, we searched for Isl1-positive cells in the atrial lineage.
As in situ hybridization and lineage tracing experiments indicated that
SLN is expressed from E10.0 and on in the atria (Fig. 2A), and Isi1
expression continues until midgestation [15], we speculated that there
is a spatial and temporal overlap of these two markers in the forming
atria. Double staining for Xgal and Isl1 on SIN“®* xR26R embryos
revealed IsI1/SLN double positive cells in forming atria (Fig. 4). AtE10.5,
immature cardiac progenitors with strong Isl1 expression were found in
the splanchnic mesoderm (Fig. 4A, arrowheads). Cells in the primary
atrial septum are also positive for Isl1 (Fig. 4A, white arrow). A subset of



