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Abstract

Cardiac hypertrophy is formed in response to hemodynamic overload. Although a variety of factors such as catecholamines,
angiotensin IT (Angll), and endothelin-1 (ET-1) have been reported to induce cardiac hypertrophy, little is known regarding the
factors that inhibit the development of cardiac hypertrophy. Production of atrial natriuretic peptide (ANP) is increased in the hyper-
trophied heart and ANP has recently been reported to inhibit the growth of various cell types. We therefore examined whether ANP
inhibits the development of cardiac hypertrophy. Pretreatment of cultured cardiomyocytes with ANP inhibited the AnglI- or ET-1-
induced increase in the cell size and the protein synthesis. ANP also inhibited the Angll- or ET-1-induced hypertrophic responses
such as activation of mitogen-activated protein kinase (MAPK) and induction of immediate early response genes and fetal type
genes. To determine how ANP inhibits cardiomyocyte hypertrophy, we examined the mechanism of ANP-induced suppression
of the MAPK activation. ANP strongly induced expression of MAPK phosphatase-1 (MKP-1) and overexpression of MKP-I inhib-
ited Angll- or ET-1-induced hypertrophic responses. These growth-inhibitory actions of ANP were mimicked by a cyclic GMP ana-
log 8-bromo-cyclic GMP. Taken together, ANP directly inhibits the growth factor-induced cardiomyocyte hypertrophy at least
partly via induction of MKP-1. Our present study suggests that the formation of cardiac hypertrophy is regulated not only by posi-
tive but by negative factors in response to hemodynamic load.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Angiotensin II; Atrial natriuretic peptide; Cardiac hypertrophy; Cardiomyocyte; Cyclic GMP; Endothelin-1; Growth factor; MAPK
phosphatase-1; Mitogen-activated protein kinase; Vasoactive peptide

Since cardiac myocytes virtually lose their prolifera-
tive ability soon after birth, they respond to external
stimuli not by increasing the cell number but by increas-
ing the individual cell volume, called hypertrophy.
Although cardiac hypertrophy has been considered to
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be a beneficial adaptive response of the heart to the in-
creased workload, the hypertrophic heart often leads
to dilated cardiomyopathy and eventually causes con-
gestive heart failure after sustained overload [1]. Recent
clinical studies have demonstrated that the increased
ventricular mass is an independent risk factor for car-
diac morbidity and mortality [2]. Therefore, it has be-
come even more important to elucidate the molecular
mechanism of how cardiac hypertrophy is formed.
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A variety of factors have been implicated in the path-
ogenesis of cardiac hypertrophy [3]. Vasoactive peptides
such as angiotensin II (Angll) [3-7] and endothelin-1
(ET-1) [8,9] have been reported to induce cardiomyocyte
hypertrophy by autocrine or paracrine mechanisms.
These factors are produced and secreted in the heart in
response to the increased overload and induce cardio-
myocyte hypertrophy. Antagonists of these factors
effectively inhibit the load-induced cardiomyocyte
hypertrophy [6-9]. The intracellular signaling pathways
initiated by these growth factors and the resultant
hypertrophic responses in cardiomyocytes have also
been intensively investigated. Angll and ET-1 activate
various protein kinases including protein kinase C and
the mitogen-activated protein kinase (MAPK) family.
Activation of these protein kinases induces expression
of many specific genes [10~12] and an increase in protein
synthesis [12].

Among the genes that are upregulated in the hyper-
trophied heart, atrial natriuretic peptide (ANP) has un-
ique features. ANP reduces the hemodynamic load as a
potent vasorelaxing and diuretic-natriuretic peptide,
which indirectly inhibits the development of cardiac
hypertrophy [13]. In addition to the indirect effects of
ANP via hemodynamics, ANP has recently been
reported to have direct growth-inhibitory effects in
various cell types such as vascular smooth muscle cells,
glomerular mesangial cells, endothelial cells, cardiac
fibroblasts, and astrocytes [14-19]. In these cells,
8-bromo-cyclic GMP (8-Br-cGMP), a cell permeable
analog of cyclic GMP (¢cGMP), mimicked the effects of
ANP, indicating that the growth-inhibitory effects of
ANP are dependent on ¢cGMP. Furthermore, it has re-
cently been reported that ANP induces expression of
MAPK phosphatase-1 (MKP-1) [20]. MKP-1 is a dual
serine/threonine and tyrosine phosphatase and specifi-
cally inactivates MAPK family members [21]. Overex-
pression of MKP-1 blocks the MAPK-dependent gene
expression and inhibits cell proliferation [22-24]. These
observations suggest that ANP may exert its inhibitory
effects on cell growth through inactivation of MAPK
family members by induction of MKP-1. Three
members of the MAPK family, the extracellular signal-
regulated kinases (ERKs), the c-Jun NH,-terminal
kinases/stress-activated protein kinases (JNKs/SAPKs),
and p38MAPKSs, have been shown to be activated by
hypertrophic stimuli in cardiac myocytes and have been
implicated in the development of cardiac hypertrophy
[25-30].

In the present study, we examined whether ANP has
direct inhibitory effects on growth factor-induced car-
diomyocyte hypertrophy. Pretreatment with ANP sup-
pressed the growth factor-induced increase in the cell
volume and the protein synthesis of cardiomyocytes.
ANP also inhibited hypertrophic responses such as
activation of MAPK and induction of immediate early

response genes and fetal type genes. In addition, ANP
strongly induced expression of MKP-1 in cardiac myo-
cytes and overexpression of MKP-1 suppressed Angll-
induced gene expressions. These results suggest that
anti-hypertrophic effects of ANP are, at least in part,
mediated by inactivation of MAPK via induction of
MKP-1. These inhibitory actions of ANP were mim-
icked by a cGMP analog, 8-Br-cGMP.

Materials and methods
Reagents. [y->*PJATP and [*H]phenylalanine were purchased from
Du Point-New England Nuclear. Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were from Gibco-BRL.
Polyclonal antibodies against MKP-1 were purchased from Santa Cruz
Biotechnology. A rat ANP [1-28}, Angll, myelin basic protein (MBP),
and other reagents were purchased from Sigma.

Cell culture. Primary cultures of cardiomyocytes were prepared
from ventricles of 1-day-old Wistar rats as described previously [6].
Except for the reporter gene assay, cells were plated at a field density of
1 x 10°cells/mm?® on 35-mm culture dishes and cultured in DMEM
with 10% FBS for the first 24h, and then the culture medium was
changed to DMEM containing 0.1% FBS. After 48h of serum star-
vation, cardiomyocytes were stimulated by various agents. For trans-
fection and reporter gene assay, cells were plated at the same density,
and subjected to transfection after 24 h of culture in DMEM with 10%
FBS.

Inmumofluorescence. Immunostaining of cardiomyocytes with
MF20, a monoclonal antibody against sarcomeric myosin heavy chain
(MHC), was performed as described previously [7]. An anti-mouse
immunoglobulin G conjugated with tetramethyl rhodamine isothio-
cyanate was used as the secondary antibody. The cell size of cardio-
myocytes was measured by directly tracing the stained areas on a
photograph.

[PH]Phenylulanine incorporation. Protein synthesis was assessed by
measuring the [*H]phenylalanine incorporation as previously described
{7]. Cardiac myocytes were cultured for 2 days without serum and then
incubated for 24h with Angil, ET-1 or vehicle. [*H]Phenylalanine
(1.0pCi/ml) was added 3h before the harvest. Cells were washed three
times with ice-cold phosphate-buffered saline (PBS), incubated 30min
with 1ml of 10% trichloroacetic acid, and washed twice with PBS.
Precipitates were solubilized for 30min in 800ul of 1N NaOH, and
radioactivity was measured by liquid scintillation spectroscopy.

Northern blot analysis. Total cellular RNA was extracted from
cardiac myocytes by acid-guanidine phenol-chloroform method. Ten
micrograms of total RNA was size-fractionated by 1.2% agarose gels
and transferred to nylon membranes. Northern blot analyses were
performed using the c-fos and ANP ¢cDNA as probes as described
previously [26,31]. The cDNA of rat MKP-1 was isolated by the
polymerase chain reaction method with a pair of primers corre-
sponding to the amino acids 174181 and 342-349.

Transfection and reporter gene assay. The luciferase reporter plas-
mids (3pg/dish) containing ~1800bp 5 flanking region of the brain
natriuretic peptide (BNP) gene (a kind gift from Dr. Y. Saito, Kyoto)
were transiently transfected into cultured cardiac myocytes using
standard calcium phosphate method. Cells were washed with PBS at
12h after transfection and culture medium was changed to the medium
containing 0.1% FBS. After 24h of serum starvation, cells were treated
with various reagents. Cells were harvested at 484 after stimulation in
150l of extraction buffer (100mM ftricine, 10mM MgSO,, 2mM
EDTA, pH 7.8, and 1 mM dithiothreitol) and luciferase activities were
measured by Berthold Lumat 1.B9501 luminometer. Next, Tug of
luciferase reporter plasmids containing the human c-fos promoter
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(pFC2) [32] or rat B myosin heavy chain (BMHC) promoter (—354 to
+33) [33] and 3pg of MKP-I expression plasmid DNA were co-
transfected into cultured cardiac myocytes using lipofectin, Tfx-50
(Promega, W1, USA), according to the manufacturer’s instructions. At
4h after the transfection, the culture medium was changed to 0.1%
FCS-containing DMEM and 24 h later, cardiac myocytes were exposed
to 107°M Ang 11 for 4h. Differences in transfection efficiency were
corrected by B-galactosidase activities of co-transfected SV40-fgal
plasmids (0.5 pg/dish).

TImmumoprecipitation and Western blot analysis. Cardiomyocytes
were lysed with lysis buffer (1% Triton X-100, 50mM Tris-HCl, pH
7.6, 150mM NaCl, 100uM sodium orthovanadate, 1mM EDTA,
1 mM phenylmethylsulfonyl fluoride PMSF, and 1mM aprotinin) and
protein extract was immunoprecipitated with a polyclonal anti-MKP-1
antibody. Immunoprecipitates were subjected to SDS-PAGE and
immunoblotted with the same anti-MKP-1 antibody. The anti-rabbit
IgG conjugated with horseradish peroxidase was used as the secondary
antibody and immune complexes were visualized using the ECL
detection kit according to the manufacturer’s directions.

Assay of ERK activity. The activity of ERKs was examined by “in
gel assay” using MBP-containing gel as described previously [7]. In
brief, cells were Iysed with 100ml Buffer A (25mM Tris-HCI, pH 7.4,
25mM NaCl, 1mM sodium orthovanadate, 10mM NaF, 10mM
sodium pyrophosphate, 10nM okadaic acid, 0.5mM EGTA, and
ImM PMSF) and 25l of cell lysates was applied to an SDS-poly-
acrylamide gel containing 0.5mg/ml MBP. ERKs in the gel were
denatured in 6 M guanidine-HCl and renatured in 50mM Tris-HCI,
pH 8.0, containing 0.04% Triton X-100, and 5mM of 2-mercap-
toethanol. The activity of ERKs was assayed by incubating the gel
with [y-*PJATP. After incubation, the gel was washed, dried, and
subjected to autoradiography.

Statistical analysis. All results are expressed as means + SEM. One-
way ANOVA and Fisher's exact test for post hoc analyses carried out
multiple comparisons among three or more groups. A value of
P <0.05 was considered statistically significant.

Results

ANP inhibited Angll- or ET-l-induced cardiomyocyte
hypertrophy

To examine whether ANP directly inhibits the devel-
opment of cardiomyocyte hypertrophy, cultured cardio-
myocyies were pretreated with ANP and then stimulated
by AnglI or ET-1. Angll or ET-1 enhanced the cell size
of cardiomyocytes by approximately 2.6- or 3.2-fold,
respectively (Figs. 1A and B). Pretreatment of cardio-
myocytes with ANP (1077 M) for 2h significantly inhib-
ited the AnglI- or ET-1-induced increase in the cell size
(Figs. 1A and B). A cGMP analog 8-Br-cGMP (1073 M)
also significantly blocked the vasoactive peptide-induced
increase in the cell size (Fig. 1B). We also examined the
protein synthesis in cardiomyocytes which were pre-
treated with ANP and subsequently stimulated by the
vasoactive peptides. Angll or ET-1 stimulation in-
creased the phenylalanine incorporation in cardiomyo-
cytes by approximately 1.5- or 1.8-fold, respectively
(Fig. 1C), which is consistent with previous results
[5,7,9]. Pretreatment with ANP significantly reduced
the Angll- or ET-l-induced increase in phenylalanine

incorporation (Fig. 1C). 8-Br-cGMP also significantly
inhibited the vasoactive peptide-induced phenylalanine
incorporation (Fig. 1C). To confirm the relationship be-
tween ANP and cGMP in cardiomyocytes, we examined
the concentrations of cGMP in the culture media after
treatment of cardiomyocytes with ANP. The ANP treat-
ment increased the cGMP concentrations in a dose-
dependent manner, suggesting that ANP induces the
cGMP generation, and secretion from cardiomyo-
cytes (Fig. 1D). Furthermore, we investigated whether
changes in the cGMP activity influence the inhibitory
actions of ANP on vasoactive peptide-induced hypertro-
phic responses. Pretreatment with a selective inhibitor of
the cGMP-specific phosphodiesterase (ZAPRINAST),
which increases the ¢cGMP concentration by blocking
its metabolism, enhanced the inhibitory effect of ANP
on Angll- or ET-1- induced increase in phenylalanine
incorporation (Fig. 1E). On the other hand, pretreat-
ment with a cGMP-dependent protein kinase inhibitor
(KT5823), which blocks signals from cGMP, suppressed
it (Fig. 1E). These effects of ZAPRINAST or KT5823
on actions of ANP were statistically significant in case
of ET-1, though not of Ang II (Fig. 1E). These results
suggest that ANP has a direct inhibitory effect on vaso-
active peptide-induced cardiomyocyte hypertrophy in a
cGMP-dependent manner.

ANP inhibited Angll- or ET-1-induced hypertrophic
responses in cardiomyocytes

We next examined the effects of ANP on Angll- or
ET-1-induced hypertrophic responses such as specific
gene expressions. Angll induced expression of the
c-fos gene in cardiac myocytes and the induction was
inhibited by the pretreatment with 107’ M ANP (Fig.
2A). The inhibitory effect of ANP on the c-fos gene
induction was mimicked by the pretreatment with
107°M 8-Br-cGMP (Fig. 2A). We also examined the
effects of ANP on the induction of fetal cardiac genes
by Angll or ET-1. Both Angll and ET-1 increased
the expression levels of the ANP gene, and pretreat-
ment with ANP or 8-Br-cGMP inhibited Angll- or
ET-1-induced increase in the ANP mRNA levels (Fig.
2B). To elucidate whether ANP inhibits the induction
of fetal genes at the transcriptional level, we examined
the effects of ANP on the BNP promoter activity. An-
gll or ET-1 activated the BNP promoter by approxi-
mately 2.5- or 3.5-fold, respectively (Fig. 2C). This
transcriptional activation was significantly inhibited
by the pretreatment of cardiomyocytes with ANP
(107"M) or 8-Br-cGMP (10_3M), although ANP or
8-Br-cGMP had no effects on the basal promoter activ-
ity of BNP (Fig. 2C). These results suggest that ANP
inhibits the vasoactive peptide-induced reprogramming
of gene expression in cardiomyocytes in a cGMP-
dependent manner.
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Fig. 1. ANP inhibited Angll- or ET-1-induced increase in the cell size and the protein synthesis of cardiomyocytes. (A,B) After pretreatment with ANP (1077 M)
or 8-Br-cGMP (16~*M) for 2h, cultured cardiomyocytes were stimulated with 10-°M Angll or 107"M ET-1 for 24h and then the cells were immunostained
with MF20, an anti-sarcomeric MHC antibody, 241 later. The cell size of cardiomyocytes was measured by directly tracing the stained areas on a photograph.
Data represent the average percentages against the contro! (=100%, vehicle) from three independent experiments (mean * SE). Statistical differences (P < 0.05)
between the non-treated control and the Ang IT or ET-1 treatment are denoted by *, and those between no pretreatment and ANP or 8-Br-cGMP pretreatment
are shown by *#. (C) After pretreatment with ANP (1077 M) or 8-Br-cGMP (10~*M) for 2h and subsequent stimulation with Angll (107°M) or ET-1 (107'M)
for 24h, [*Hlphenylalanine (1 uCi/ml) was added 3h before harvest. The effects of ANP or 8-Br-cGMP on the protein synthesis were evaluated by measuring the
[*H]phenylalanine incorporation. The total radioactivity of incorporated [*H]phenylalanine was determined by liquid scintillation counting. Data represent the
average percentages against the control (=100%, vehicle) from three independent experiments (means + SE). Statistical differences (P < 0.05) between the non-
treated control and the AngIl or ET-1 treatment are denoted by #, and those between no pretreatment and ANP or 8-Br-cGMP pretreatment are shown by #*,
(D) After serum starvation of cultured cardiomyocytes with 0.1% FBS for 48h and subsequent treatment with ANP at indicated concentrations for 24h, the
concentrations of ¢cGMP in the culture media were examined. Statistical differences (P < 0,05) from the non-treated control are denoted by *. (E) After
pretreatment with ANP (1077 M) along with ZAPRINAST (ZAP) and KT5823 (107*M each) for 2h and subsequent stimulation with Angll (107°M) or ET-1
(1077M) for 24h, [*H]phenylalanine (1 pCi/ml) was added 3h before harvest. The evaluation of the [*H]phenylalanine incorporation is similar to that in (C).
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Fig. 2. ANP inhibited Angll- or ET-1-induced hypertrophic responses
in cardiomyocytes. (A) Expression of the ¢-fos gene was examined by
Northern blot analysis. Cardiomyocyles were pretreated for 2h with
ANP (10"7M) or 8-Br-cGMP (10"3M) and stimulated with Angll
(107°M) for 30min. A representative autoradiogram is shown. (B) The
ANP gene expression was examined by Northern blot analysis.
Cardiomyocytes were pretreated for 24h with ANP (107"M) or 8-
Br-cGMP (107>M) and stimulated with Angll (10‘(‘M) or ET-1
(]0’"7M) for 2h. A representative autoradiogram is shown. (C) The
BNP promoter activity was examined by transient transfection assay.
The results are indicated as means X SEM of three independent
experiments (7 =9) compared with unstimulated controls (100%).
Statistical differences (P <0.05) between the non-treated control
and the Angll or ET-1 treatment are denoted by *, and those between
no pretreatment and the ANP or 8-Br-cGMP pretreatment are
shown by #*,

ANP decreased basal activities of ERKs in cardiomyo-
cytes in a cGMP-dependent manner

We next examined the effects of ANP on MAPK,
which has been reported to be important for the induc-
tion of cardiac hypertrophy [10,11]. The in-gel assay
revealed that basal activities of both 44kDa (ERKI)
and 42kDa (ERK2) ERKs were reduced by the treat-

A Control 10 10
ERK1
ERK2
L 13
O] ANP
B Control 5 10 30 60 120 (min)
ERK1 o
ERK2
1 ]
O] ANP
C
O] 8-Bromo-cGMP
D Control 10 30 60 120 (min)
ERK1
ERK2

) 8-Bromo-cGMP

Fig. 3. ANP suppressed basal activities of ERKs in cardiomyocytes.
(A) Cultured cardiomyocytes were treated with various concentrations
of ANP (107!°-1076M) for 2h and the activities of ERKs were
measured by the in-gel kinase assay described in “Materials and
methods.” (B) Cultured cardiomyocytes were treated with 1077 M
ANP and ERK activities were examined for indicated periods of time,
(C) Cultured cardiomyocytes were treated with various concentrations
of 8-Br-cGMP (107>-107*M) for 2h and the activities of ERKs were
measured. (D) Cultured cardiomyocytes were treated with 8-Br-cGMP
(107*M) and ERK activities were examined for indicated periods of
time. Representative autoradiograms are shown.

ment with ANP in a dose-dependent manner (Fig. 3A)
and a significant decrease in ERK activities was ob-
served at 60min and reached the minimum level at
120min after the 107'M ANP treatment (Fig. 3B).
8-Br-cGMP decreased basal activities of ERKs in a
dose-dependent manner (Fig. 3C) with the same time
course as ANP (Fig. 3D). These results suggest that
ANP represses the basal ERK activity in a ¢cGMP-de-
pendent manner in cardiac myocytes.

ANP inhibited vasoactive peptide-induced activation of
MAPKs in a cGMP-dependent manner

We next examined whether ANP represses the vaso-
active peptide-induced activation of MAPK. Treat-
ment of cardiomyocytes with 107°M Angll or
107"M ET-1 for 10min markedly increased the ERK
activity as reported before [7,9]. This vasoactive pep-
tide-induced increase in the ERK activity was signifi-
cantly inhibited by the pretreatment with 107'M
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Fig. 4. ANP inhibited Angll- or ET-1-induced activation of MAPK in
cardiomyocytes. (A) Cultured cardiomyocytes were pretreated with
ANP (1077 M) for 2h and stimulated with Angll or ET-1 for 10min.
ERK activities were measured by the in-gel kinase assay. (B) Cultured
cardiomyocytes were stimulated with Angll or ET-1 for 10min and the
effects of 8-Br-cGMP (10> M) pretreatment for 2h on ERK activities
were examined by the in-gel kinase assay. Representative autoradio-
grams are shown.

ANP for 2h (Fig. 4A). The effects of 8-Br-cGMP on
vasoactive peptide-induced ERK activation were also
examined. Pretreatment of cardiomyocytes with
1073M 8-Br-cGMP decreased the Angll- or ET-1-in-
duced ERK activation by approximately 70% and
60%, respectively (Fig. 4B).

ANP induced MKP-1 expression in cardiomyocytes

MAPK is inactivated by a dual phosphatase, MKP-1
[21], and the induction of MKP-1 has been implicated in
the growth-inhibitory effects of ANP in mesangial cells
[20]. To elucidate the mechanism by which ANP inhibits
the development of cardiomyocyte hypertrophy, we
examined whether MKP-1 is induced in cardiomyocyles
by ANP. ANP significantly increased expression levels
of the MKP-1 gene and the mRNA levels of MKP-1
peaked at 30min and returned to the basal level at
120min after the treatment with ANP (107’ M) (Fig.
5A). 8-Br-cGMP (1073M) also induced MKP-1 by the
same time course (Fig. 5A). The protein content of
MKP-1 was also examined by Western blot analysis.
The MKP-1 protein was dramatically induced by ANP
or 8-Br-cGMP with its peak at 120min after the treat-
ment (Fig. 5B). These results clearly indicate that ANP
induces expression of MKP-1 in cardiomyocytes in a
c¢GMP-dependent manner.

MEKP-1 blocked vasoactive peptide-induced hypertrophic
responses

To elucidate the significance of the increase in the
MKP-1 gene expression, we examined the effects of

A Control 10 30 60 120 180 (min)

© ANP

288

Control 10 30 60 120 180 (min)

MKP-1

€ 3-Bromo-cGMP

288
B 30 60 120 180 240 (min)
MKP-1
1 i
ANP
Control 30 60 120 240 (min)
MKP-1

8-Bromo-cGMP(10 M)

Fig. 5. ANP induced expression of MKP-lin cardiomyocytes. (A)
Cultured cardiomyocytes were treated with ANP or 8-Br-cGMP for
indicated periods of time and expression of the MKP-I mRNA was
examined by Northern blot analysis. (B) Cultured cardiomyocytes
were treated with ANP or 8-Br-cGMP for the indicated periods of time
and the protein content of MKP-1 was examined by immunoblot
analysis, Representative autoradiograms are shown.

overexpression of the MKP-I gene on hypertrophic re-
sponses such as induction of the c-fos and fMHC genes.
We co-transfected ¢-fos or fMHC promoter-containing
lhuciferase reporter plasmids and MKP-1 expression plas-
mids into the cultured cardiomyocytes, and examined
the luciferase activity after stimulation with Angll. An-
glIl activated the ¢-fos gene transcription in cardiomyo-
cytes (Fig. 6A). Overexpression of the MKP-I mRNA
significantly suppressed the Angll-induced increase in
the c-fos gene transcription as well as the non-treated,
basal transcription (Fig. 6A). Angll also increased the
luciferase activity of the SMHC reporter gene and over-
expression of MKP-] significantly suppressed the Angll-
induced increase in the SMHC gene transcription (Fig.
6B). Furthermore, overexpression of MKP-I signifi-
cantly suppressed Angll- or ET-1-induced increase in
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Fig. 6. MKP-1 blocked Angll- or ET-1-induced hypertrophic responses in cardiomyocytes. (A,B) One microgram of MK P-1 plasmid DNA was co-
transfected with 1ug of ¢-fos (A) or MHC (B) luciferase reporter plasmids into cultured cardiomyocytes using lipofectin, Tfx-50. At 4h after the
transfection, the culture medium was changed to 0.1% FBS-containing DMEM. After this serum starvation for 24 h, cardiomyocytes were incubated
with Ang 11 (107°M) for 4. Luciferase activities were measured using a luminometer and the data are shown as means * SEM of three independent
assays (n = 18) ("P < 0.05). (C) After the transfection and the starvation same as those in (A,B), cardiomyocytes were incubated with Ang 11 (107°M)
and ET-1 (107" M) for 24h. [*H}Phenylalanine (1 uCi/ml) was added 3h before harvest. The evaluation of the [*H]phenylalanine incorporation is
similar to that in Fig. [C. Statistical differences (P < 0.05) from the non-transfected control are denoted by *.

phenylalanine incorporation (Fig. 6C). These findings
suggest that an increase in the MKP-I mRNA
levels inhibits vasoactive peptide-induced hypertrophic
responses such as an increase in protein synthesis and
specific gene expressions.

Discussion

In the present study, we have obtained several results
as follows. (i) ANP directly inhibits the vasoactive pep-
tide-induced increase in the cell size and the protein syn-
thesis of cardiomyocytes through the cGMP-dependent
pathway. (ii) ANP also inhibits the vasoactive peptide-
induced hypertrophic responses such as reprogramming
of gene expressions and activation of MAPK. (iii) ANP

upregulates expression of MKP-1 in cardiomyocytes.
(iv) Overexpression of MKP-1 inhibits the vasoactive
peptide-induced hypertrophic responses.

ANP was originally identified as a natriuretic and
diuretic peptide predominantly produced and secreted
from atrial cells. Many studies demonstrated that
ANP regulates sodium and water homeostasis via
changes in the glomerular filtration rate and inhibition
of the renin and aldosterone secretion [13]. In addition
to these effects on the circulatory sysiem, ANP has been
shown to have a direct vasorelaxing effect which coun-
teracts the vasoconstrictive factors such as Angll and
ET-1 {13]. Moreover, it has recently been demonstrated
that ANP acts as a growth-inhibitory factor that antag-
onizes the growth-promoting effects of Angll or ET-1
in various cell types including vascular smooth muscle
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cells, glomerular mesangial cells, astrocytes, endothelial
cells, and cardiac fibloblasts [14-19]. These findings
suggest that ANP antagonizes various effects of vasoac-
tive and/or growth-promoting factors. We therefore
hypothesized that ANP might antagonize cardiomyo-
cyte hypertrophy-promoting effects of vasoactive pep-
tides. In the present study, in fact, ANP inhibited the
Angll- or ET-l-induced increase in protein synthesis
and hypertrophic responses such as expression of
c-fos and fetal type genes and activation of MAPK in
cardiomyocytes.

ANP and the other natriuretic peptides function
through a family of membrane receptors called natri-
uretic peptide receptors, NPR-A, NPR-B, and NPR-C
[13]). NPR-A and NPR-B have three domains, an extra-
cellular ligand-binding domain, a single transmembrane
domain, and an intracellular domain. An intracellular
domain is consisting of a kinase domain and a guanylyl
cyclase domain, which generates cGMP upon ligand
binding [13]. On the other hand, NPR-C or clearance
receptor contains the extracellular and transmembrane
domains but lacks the intracellular domain, and is
thought to be mainly responsible for the internalization
and degradation of ligands [13]. Our present data
strongly suggest that the anti-hypertrophic actions of
ANP are mediated by guanylyl cyclase-linked NPR-A
because a cGMP analog 8-Br-cGMP showed the effects
similar to ANP and also because ANP exhibits relatively
higher binding affinity for NPR-A than for NPR-B.
Another recent report demonstrated that the inhibitory
action of ANP on hypertrophic response was not sup-
pressed by a cGMP-dependent protein kinase inhibitor
KT5823, implying the involvement of additional
cGMP-independent pathways [34]. This result and our
present results are controversial, which may be at least
partially due to differences in cardiomyocytes used in as-
says (adult vs. neonatal) and the ways how to stimulate
them (concentration, duration, etc.). Nevertheless, we
consider our data clearly and for the first time demon-
strated a series of evidence that the cGMP analog mim-
icked the effects of ANP on vasoactive peptide-induced
cardiomyocyte hypertrophy, indicating the importance
of the cGMP-dependent pathway for this anti-hypertro-
phic action of ANP. The growth-inhibitory effects of
ANP on glomerular mesangial cells [20] and vascular
smooth muscle cells [18] are also thought to be mediated
by cGMP-dependent pathways, although the anti-prolif-
erative actions of ANP on astrocytes [19] are reported to
be mediated by clearance receptors, suggesting that
modes of inhibitory actions of ANP may depend on cell
types nonetheless.

Although the mechanism by which Angll or ET-1 in-
duces cardiomyocyte hypertrophy is not fully under-
stood, protein kinases especially the MAPK family
have been reported to play a pivotal role in the develop-
ment of cardiac hypertrophy [10,11,27-30]. Three sub-

families of MAPKs such as ERKs, JNK, and
p38MAPK have been reported to be involved in cardiac
hypertrophy as follows. (i) Hypertrophic stimuli such as
Angll and ET-1 activate all three members of MAPKs
[5-7.9,26,29]. (ii) Anti-sense oligonucleotides against
ERKSs inhibit the phenylephrine-induced increase in

“cell size [12]. (iii) Selective activation of JNK by a

constitutively active form of MKK7/JNKK2 leads to
cardiomyocyte hypertrophy [30]. (iv) Activation of
p38MAPK induces cardiomyocyte hypertrophy while
that of JNK exhibits inhibitory effects [27]. (v)
p38MAPK is necessary for the maintenance of hyper-
trophic response in a longer period but not for the
immediate morphological responses [29]. Taken to-
gether, although precise roles of individual MAPKs
are still controversial at present, these results suggest
that activation of the MAPK pathways plays a critical
role in the development of cardiomyocyte hypertrophy.
In this respect, MKP-1, the recently identified dual pro-
tein phosphatase with selectivity for MAPKSs, is of quile
interest as a negative regulator of the MAPK pathways
[21]. MKP-1 has been shown to be widely expressed in
various cell types and to be capable of dephosphoryl-
ating phosphothreonine and phosphotyrosine residues
of ERKs, JNK, and p38MAPK [21,24,32]. Because
expression of MKP-1 is rapidly induced by many
growth factors and cytokines that also induce activation
of ERKs, INK, and p38MAPK, MKP-1 has been impli-
cated for the feedback loop serving to downregulate the
MAPK activities in response to external stimuli
[21,24,32]. Recently, MKP-1 has been reported to be in-
duced by ANP in glomerular mesangial cells [20]. MKP-
1 was also induced by ANP in cardiomyocytes in this
study, although ANP did not activate ERKs in cardio-
myocytes (data not shown). ANP also reduced the basal
MAPK activity and inhibited vasoactive peptide-in-
duced activation of MAPK in cardiomyocytes through
the ¢cGMP-dependent pathways. Taken together, our
present study suggests that ANP inhibits the vasoactive
peptide-induced cardiomyocyte hypertrophy at least in
part by inhibiting activation of MAPK through upregu-
lation of MKP-1.

In addition to the induction of MKP-1, there are pos-
sible mechanisms by which ANP inhibits the growth-
promoting processes in various cell types. In astrocytes,
ANP has been shown to inhibit ERKs by attenuating
the MEK activity, although the precise signaling path-
way leading to the inactivation of MEK remains to be
identified [19]. In mesangial cells, ANP inhibits the
ET-1-induced JNK activation possibly by attenuating
the ET-1-induced increase in intracellular Ca®* concen-
tration [33]. It has been reported that ANP inhibits the
norepinephrine-induced growth of cardiac myocytes by
a cGMP-mediated inhibition of norepinephrine-stimu-
lated Ca®* influx [35]. Although MKP-1 was strongly in-
duced in cardiomyocytes by ANP, we cannot rule out
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the possibilities that some other mechanisms are also in-
volved in the growth-inhibitory effects of ANP in
cardiomyocytes.

Although a variety of molecules that promote the
development of cardiac hypertrophy have been well
examined [3-8], little is known about the molecules
that inhibit cardiac hypertrophy. ANP is quite unique
in that it exhibits growth-inhibitory effects on cardio-
myocytes. Simultaneous induction of both growth-
promoting and growth-inhibiting factors in the
myocardium suggests that cardiac growth in response
to hemodynamic overload is controlled by complex
regulatory mechanisms. Although the precise mecha-
nism by which ANP inhibits the development of car-
diac hypertrophy remains to be further clarified,
understanding the physiological and pathological ac-
tions of ANP on cardiac cells may allow the develop-
ment of novel therapeutic strategies for modulating
the hypertrophy of cardiomyocytes and the overall
remodeling of the myocardium.
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Abstract

We used Na*-Ca?* exchanger (NCX) knockout mice to evaluate the effects of NCX in cardiac function and the infarct size after
ischemia/reperfusion injury. The contractile function in NCX KO mice hearts was significantly better than that in wild type (WT)
mice hearts after ischemia/reperfusion and the infarct size was significantly small in NCX KO mice hearts compared with that in WT
mice hearts. NCX is critically involved in the development of ischemia/reperfusion-induced myocardial injury and therefore the
inhibition of NCX function may contribute to cardioprotection against ischemia/reperfusion injury.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Sodium-calcium exchanger; Knockout mouse; Heart; Ischemia/reperfusion injury

The Na*-Ca®* exchanger (NCX) is an important
electrogenic transporter in maintaining calcium ho-
meostasis in a variety of mammalian organs [1]. NCX
catalyzes electrogenic exchange of Na* and Ca’* across
the plasma membrane in either the Ca**-efflux (the
forward mode) or Ca? -influx (the reverse mode), de-
pending on the electrochemical gradients of the sub-
strate ions. In the heart, NCX plays an important role in
excitation—contraction coupling as the dominant myo-
cardial Ca**-efflux system [2]. On the other hand, the
reverse mode of NCX is associated with in cytoplasmic
Ca?* levels in cardiomyocytes during digitalis treatment
or ischemia/reperfusion [3]. It has been reported that
NCX inhibitors and NCX antisense oligonucleotides
protect the heart from ischemia/reperfusion injury [4,5].
However, two putative NCX inhibitors, KB-R7943 and
SEA0400, have been reported to be not specific for NCX
[6]. Therefore, it remains unclear whether NCX indeed

" Corresponding author. Fax: +81-43-226-2557.
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plays a crucial role in mediating Ca®* influx that leads to
Ca®* overload and cellular injury after myocardial is-
chemia, reperfusion injury. Using heterozygous NCX
KO mice, we examined the role of NCX in myocardial
ischemia/reperfusion injury.

Materials and methods

NCX KO mice. NCX knockout (KO) mice were generated as de-
scribed previously [7]. Male heterozygous KO mice and wild type (WT)
littermates 12 weeks old were used. All animal experiments were per-
formed according to the Guide for the Care and Use of Laboratory
Animals (NTH Publication No. 85-23, revised 1996).

Electrophysiology. Ventricular cells were prepared from adult mice
hearts by standard. enzymatic digestion [8]. Whole-cell membrane
currents were recorded by the patch-clamp method and the current—
voltage relationship was obtained by voltage clamp ramp pulses as
described previously [9]. Under these conditions, the Ni**-sensitive
current represents NCX current [10]. All data were acquired and
analyzed by the pCLAMP (version 5.5; Axon Instrument) software.

Western blot analysis. Expression levels of dihydropyridine (DHP)
receptor (L-type Ca®* channel) and SR Ca**-ATPase 2 (SERCA2)

-431-
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were analyzed by Western blot as described previously [11]. Briefly,
tissue was homogenized in lysis buffer containing 25 mM Tris-HCI (pH
7.4),.25mM NaCl, 0.5mM EGTA, 10mM sodium pyrophosphate,
1 mM sodium orthovanadate, 10 mM NaF, 10 nM okadaic acid, 1 mM
PMSF, 20 pg/ml aprotinin, and 20 pg/ml leupeptin. Protein concen-
tration was determined using a protein assay kit (Bio-Rad) and equal
amounts of total protein (40 ng/lane) were separated on 8% SDS-
polyacrylamide gel. Separated proteins were transferred to nitrocellu-
lose membrane (Amersham Life Science). Membranes were incubated
with anti-mouse dihydropyridine L-type Ca* channel o-2 subunit
monoclonal antibody (Affinity Bioreagents) or anti-mouse SERCA2
monoclonal antibody (Affinity Bioreagents) at 4°C overnight. After
washing, the membranes were incubated with horseradish peroxidase-
conjugated goat anti-mouse antibody for | h. Immunoreactive protein
was visualized using an enhanced chemiluminescence detection kit
(ECL, Amersham).

Ischemialreperfusion. Hearts were excised from mice and connected
to the perfusion cannula via the aorta as described previously [8].
Retrograde perfusion was maintained with Krebs—Henseleit solution,
To evaluate the contractile function, a polyethylene film balloon was
inserted into the cavity of the left ventricle through the left atrium. The
balloon was filled with saline to adjust the baseline end-diastolic
pressure to 5-10mmHg. Hearts were subjected to no-flow, global is-
chemia by clamping the perfusion line. After 30 min of ischemia, the
clamp was released and the hearts were reperfused for 120 min. Left
ventricular developed pressure (LVDP) was designated as difference
between systolic and diastolic pressures of the left ventricle. After
120 min, the heart was incubated for 5min at 37°C in a 1% solution of
triphenyltetrazolium chioride (TTC). The sizes of infarcted area (pale)
and viable ischemic—reperfused area (red) were measured by computed
planimetry (Scion Image 1.62). Infarct size was calculated as described
previously [12].

Statistics analysis. All data are presented as means £ SEM. Statis-
tical analyses of the data were performed using Student’s ¢ test.
Probability values less than 0.05 were considered to be significant.

Results
NCX current density and Western blot analysis

We previously reported that the protein content of
NCX in NCX KO mice hearts was ~50% of that in WT
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Fig. 1. NCX current densities. The densities of the reverse mode of
NCX at 40mV in ventricular myocytes isolated from WT (n = 9) and
NCX KO mice hearts (7 = 6). Values are expressed as means = SEM.
*p < 0.05 vs. WT mice.
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mice hearts [13]. To elucidate the functional activity, we
examined NCX current densities from —40 to 40 mV in
WT (n=9) and NCX KO ventricular cells (# = 6)
(Fig. 1). The densities of the reverse mode of NCX at
40mV in ventricular cells of KO mice (0.57+0.07 pA/
pF) were approximately half (55.4%) compared with
those of WT mice (1.04 £0.14 pA/pF). These results
suggest that the functional activity as well as the protein
content of NCX in the myocardium of NCX KO mice is
approximately half of those of WT mice.

Western blot analysis revealed that there was no
difference in the protein levels of L-type Ca®** channel
and SERCA2 between the two groups (data not shown).

Mechanical function of hearts before and after ischemial
reperfusion

There were no significant differences in the basal he-
modynamic parameters including heart rate, left ven-
tricular pressure, end-diastolic pressure, and positive
and negative dP/dt, between WT and KO mice
(Table 1). After ischemia, there was no significant dif-
ference between the two groups in several parameters
such as time to no beating, time to contracture, and left
ventricular end-diastolic pressure (Fig. 2). After reper-
fusion, however, hearts of KO mice started to beat
earlier than those of WT mice (Fig. 2). At 120 min after
reperfusion, contractile function (left ventricular devel-
oped pressure) of KO mice hearts was significantly
better (51.7 £ 12.7% of pre-ischemic value) than that of
WT mice hearts (26.3 + 6.9%, p < 0.05) (Fig. 3).

Myocardial infarction after ischemialreperfusion

After ischemia/reperfusion, there was much viable
myocardium in KO hearts than WT hearts (red lesion in
Fig. 4A). The infarct size was significantly smaller in KO
hearts (32 4+ 9%]) than in WT hearts (68 + 10%, p < 0.05)
(white lesion in Figs. 4A and B).

Table 1
Hemodynamic parameters of NCX KO mice
WT (n = 6) NCX KO (n=7)

HR(bpm) 356+ 40 378 £ 77
LVP (mmHg) 142.8 + 40 146.34+ 34.5
EDP (mmHg) 44415 43+1.3
dP/dr (mmHg/s) 7368 630 7845 42582
—~dP/d¢ (immHg/s) 5204 + 782 553941157
Time to no beating (min) 22+£09 22416
Time to contracture {min) 62417 63120
EDP at 25min (mmHg) 67.3+9.2 63.8+10.8

HR, heart rate; LVP, left ventricular pressure; EDP, LV end-dia-
stolic pressure; dP/dr and —dP/dt, positive and negative first deriva-
tives for maximal rates of LV pressure development.
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Fig. 2. Ex vivo studies. Changes in LVP during ischemia/reperfusion. Representative LVP records of WT and NCX KO mice hearts are shown. Note
that KO mice hearts started to contract earlier than WT mice hearts after reperfusion.
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Fig. 3. LVDP of hearts of NCX KO mice (7 = 7) and WT mice (n = 6)

hearts after reperfusion. Values are expressed as means 4 SEM.
*p < 0.05 vs. WT mice.

Discussion

Myocardial cell injury is induced by a combination of
mechanical and chemical stresses during ischemia [14].
Reoxygenation after extended periods of ischemia rap-
idly induces hypercontracture of cardiomyocytes [15]
and aggravates the pre-existing injury [16]. The hyper-
contracture represents a major cause of acute lethal cell
injury in the reperfused myocardium [17,18]. It has been
hypothesized that an increase in intracellular Ca?* levels
of cardiomyocytes through NCX induces the hyper-
contracture state after reperfusion but not during is-
chemia by the mechanism described below [5]. During
myocardial ischemia, anaerobic metabolism induces
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Fig. 4. (A) Representative TTC staining photographs of WT and NCX
KO mice hearts after ischemia/reperfusion are shown. Infarcted area is
expressed as white lesion and viable myocardium is expressed as red
lesion. Bar=2mm. (B) Myocardial infarct size is expressed as per-
centage for total heart of WT mice (1 = 6) and NCX KO mice (n = 7).
Values are expressed as means £ SEM. *p < 0.05 vs. WT mice.

acidosis both inside and outside of cardiomyocytes. The
Na*—H* exchanger does not operate at this moment
because of no difference in H* concentration across
the plasma membrane of cardiomyocytes. Reperfusion
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restores extracellular acidosis, leading to a disparity in
H* concentration between inside and outside of
cardiomyocytes. The increase in intracellular H* con-
centration activates the Nat-H*' exchanger, and the
elevated intraceflular Na* concentration triggers a rise
in intracellular Ca’* by the reverse mode of NCX [5].
The excessive Ca’* overload induces the catastrophic
hypercontracture of cardiomyocytes. In fact, it has been
reported that reduction of Ca®* concentration protects
cardiomyocytes against hypercontracture evoked by
reoxygenation [19]. In contrast, overexpression of NCX
increased ischemia/reperfusion injury in mice [20].
Pharmacological inhibition of reverse mode of NCX
protected reperfusion injury in cardiomyocytes [19].
These results suggest that NCX is critically involved in
the myocardial ischemia/reperfusion injury, however,
NCX inhibitors have been recently reported to be not
specific to NCX [6]. Two putative NCX inhibitors, KB-
R7943 and SEA0400, depressed the Ca* transients even
in cardiomyocytes of NCX null mice [7]. Although these
NCX inhibitors have been reported to suppress the re-
verse mode but not the forward mode of NCX, the
administration of high dose of these inhibitors increased
infarct size possibly by inhibition of forward mode of
NCX [21]. We here demonstrated an important role of
NCX in myocardial ischemia/reperfusion injury by
using NCX KO mice. The reverse mode of NCX current
in KO mice was decreased to a half of WT mice. Loss of
function of NCX is assumed to result in alleviation of
Ca’* overload, hypercontracture, and cell death after
reperfusion. Our present study clearly indicates that the
inhibition of NCX contributes to cardioprotection
against myocardial ischemia/reperfusion injury and
suggests that specific inhibitors of reverse mode of NCX
may be useful to prevent the myocardial ischemia/rep-
erfusion injury.
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Abstract

Although abnormal sarcoplasmic reticulum (SR) Ca?* handling may cause heart failure, there has been no method to directly
measure Ca?* concentration in SR ([Ca®*]sr) of living cardiomyocyles. We have measured [{Ca®*]sg by expressing novel fluorescent
Ca?* indicators yellow cameleon (YC) 2.1, YC3er, and YC4er in cultured neonatal rat cardiomyocytes. The distribution of YC2.1
was uniform in the cytoplasm, while that of YC3er/YC4er, containing the signal sequence which recruits them to SR, showed
reticular pattern and was co-localized with SERCA2a. The treatment with caffeine reversibly decreased the emission ratio (R) in
YC3er/YCder-expressing myocytes, and the treatment with ryanodine and thapsigargin decreased R irreversibly. During the con-
traction-relaxation cycle, R was changed periodically in the YC2.1- and YC3er-expressing myocytes, but its direction of the change
was opposite. These results suggest that YC3er/Y Cder were specifically localized and lunctioned in SR as a [Ca®*]sp indicator. This
technique would be useful to understand the function of SR in failing myocardium.
© 2004 Elsevier Inc. All rights reserved.
Keywords. Sarcoplasmic reticulum; Fluorescent Ca’*
SERCA; Heart failure

indicators; Yellow cameleon; Real-time monitoring; Cardiomyocyte: Caffeine; Thapsigargin;

Ca’* is the primary regulator for the contraction— During relaxation, cytosolic Ca’* concentration

relaxation cycle in cardiac muscle, and the sarcoplasmic
reticulum (SR) is a key organelle for physiological Ca’*
regulation in mammalian cardiomyocyte [1]. The accu-
mulation of a small amount of Ca?* in the diad junc-
tions through the voltage dependent L-type Ca**
channels induces a release of large amount of Ca** from
SR through ryanodine receptors by the Ca’*-induced
Ca®* release (CICR) mechanism, leading to myocardial
contraction.
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([Ca?*]y) is decreased by sequestration into SR by the
SR Ca’-ATPase (SERCA) or efflux from the cytosol by
Na*/Ca¥ exchanger (NCX) [2]. Dysfunction of the
Ca®* handling proteins of SR has recently been focused
as one of the critical factors to cause heart failure [3-6].
Therefore, direct and precise measurement of the intra-
SR Ca** concentration ([Ca®*]gr) in living cardiomyo-
cyte is a prerequisite for understanding a molecular link
between SR functions and heart failure. Since the ki-
netics of [Ca®*]sg have been obtained from calculations
based on many complicated assumptions such as Ca**
buffering capacity of SR, SR volume, ionic strength, and
performance of SERCA, and ryanodine receptors
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[7-10], [Ca?*]sg transient during every contraction—re-
laxation cycle has been only speculated. Recently, we
have developed Ca** sensitive proteins yellow came-
leons (YC) [11]. Among YC, YC3er, and 4er have the
signal sequence which recruits them into the endoplas-
mic reticulum (ER), and reflect Ca?* concentration in
ER ([Ca*"]gr) in response to various stimulations in
living non-muscle cells. So we have examined the real-
time change of [Ca**]gz in living ventricular myocytes
using YC3er and 4er.

Methods

This investigation conformed to the Guide for the Care and Use of
Laboratory Animals (Washington, DC: Natl. Acad. Press, 1996).

Cell culture. Primary cultures of cardiac myocytes were prepared
from ventricles of 1-day-old neonatal Wistar rats {12]. In brief, cells
enzymatically dissociated from the ventricles were plated at a field
density of 1 x 10% cells’em® on 25 x 50 mm of collagen-coated cover-
slips in culture medium (Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum). Twelve hours after seeding, the culture me-
dium was changed to the medium with 0.5% fetal bovine serum.

Constructs of yellow cameleons. Plasmids containing YC2.1, YC3er,
and YCder were described previously [13]. YC3er and YCder have a
multation of E104Q and E31Q, respectively, which is important for
determination of the dissociation constant (Ky value). They also have
the calreticulin leading sequence in the N terminus and the retention
signa] (KDEL) in the C terminus to introduce and detain these
products in ER, respectively,

Transfection procedure of cameleon expression vectors. Twelve
hours after plating the cells on coverslips, plasmid DNA of each
cameleon was transfected using FuGENE6 (Roche, Basel, Switzer-
land). One microgram of DNA mixed with 3 pl of FuGENESG reagent
was added in the culture medium. The transfection efficiency of each
experiment was ~5%, as determined by counting the number of cells
which had significant emission of 530 nm-fluorescence excited by
420 1: 20 nm-light.

Staining of SR Ca™*-ATPuse (SERCA) 2a and actin filaments.
After the transfection procedure, the cells were fixed with 4% para-
formaldehyde-containing PBS and then permeated by 0.2% Triton X-
contained PBS. For the immunostaining of SERCA2a, the cells were
blocked with 5% fetal calf serum-contained PBS, incubated with
affinity-purified monoclonal anti-SERCA2a antibodies (Affinity
Bioreagents), and subsequently incubated with secondary fluorescein-
conjugated anti-mouse IgG antibodies (CHEMICON, Temecula,
USA). For the staining of the actin filaments, the permeated cells were
stained with TRITC-labeled phalloidin (Sigma-Aldrich, St. Louis,
USA).

Confocal images. Images were obtained using a confocal laser
scanning microscopy system equipped with argon-laser and an acou-
sto-optic tunable filter (Leica, Wetzlar, Germany). To obtain the
fluorescence images from the cameleons and fluo-3, cells were excited
at a wavelength of 488 nm and the emission light of 500-535nm was
acquired. The loading of fluo-3 was performed as described previously
[14]. For the images of SERCAZ2a and actin filaments, cells were
excited at 543nm and then the emission light at 555-700nm was
acquired.

Measurement of [ Ca** ],y and [Ca’ Jsg. The measurement of Ca*
concentration was carried out with a modification of the method used
for indo-1 [15]. In brief, cells were perfused with Hepes solution
(126 mM NaCl, 4.4mM KCI, 1.0mM MgCl,, 13mM NaOH, 1.08 mM
CaCl,, 11mM glucose, and 24mM Hepes, adjusting pH to 7.4 at
25°C) at a constant flow rate (= 2ml/min) in a heated chamber

(24-6°C) which was equipped on the stage of an inverted epifluores-
cence microscope (Nikon Diaphot). A myocyte expressing YC could
be selected by the image of emission fluorescence passing through the
dichroic mirror (DM455, Nikon), and non-myocytes having YCs
fluorescence could be screened out because they did not contract in
response to pacing stimulation. The myocyte within the field was then
excited with the light from a 100 W mercury-arc lamp (Nikon) passing
through a 420+20nm band pass filter (BV-2A, Nikon), and an
emission fluorescence was detected simultaneously at 480 (BA, Nikon)
and 530 nm (DF30, Omega) with a photomultiplier tube (PMT; model
1897 AH, Hamamatsu). The fluorescence of the optical field without
YCs positive cells was measured as zero.

Data analysis. The emission signals from the YCs were digitized
using a Digidatal200A analog-to-digital converter (Axon Instruments)
and stored in a personal computer (Gateway). The data were analyzed
with Axoscopel.0 (Axon Instruments) and Origind.0 (Microcal)
software.

Results
Expressing pattern of cameleons

YC2.1, YC3er, and YC4er were successfully expressed
in cultured neonatal rat ventricular myocytes (Fig. 1). The
protein of YC2.1 was localized in the cytosol in a homo-
geneous pattern except for the space probably occupied
by intra-cellular organelles (Fig. [ A). As compared with
the conventional Ca** sensitive dye fluo-3 (Fig. | B), ex-
pression of YC2.1 was spared in the nucleus, suggesting
that expression of YC2.] is localized in the cytoplasm of
cardiomyocytes. In contrast, YC3er showed fine reticular
expression pattern around the nucleus and a ladder-like
paitern in the peripheral region of cardiomyocytes
(Fig. 1C). Immunocytochemisty using TRITC-labeled
phalloidin revealed that the parallel lines of fine reticular
region corresponded to the middle of actin filaments (I
bands) (Figs. | D-F), where there are diad junctions. Since
these results suggest that YC3er is localized in SR, we
examined the co-localization of YC3er and the SR protein
SERCAZ2a. The expression pattern of YC3er was very
similar to that of SERCAZ2a (Figs. 1G-I). The distribu-
tion of YC4er was also similar to that of YC3er (data not
shown). Co-localization of YC3er and YC4er with
SERCAZ2a at T bands suggests that YC3er and YC4er
were located in SR membranes.

Ca*t transient measured by cameleons

To evaluate the dynamics of intra-cellular Ca®*
transient, the emitted fluorescences of 480 and 530 nm
from cameleons excited by 4204 20 nm-light were si-
multaneously recorded, and the ratio of 530- to 480 nm-
intensity (R) was calculated. In the YC2.1-expressing
myocyte, the end diastolic R was continuously raised by
pacing (0.5 Hz) (Fig. 2a), and beat-to-beat oscillated R
transient was seen during each contraction-relaxation
cycle (Fig. 2a-A), which was quite similar to the signal
monitored by use of conventional Ca®* sensitive dyes
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