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Figure 1. Determination of Gpy interacting domain of the AGS8. (A) Schematic diagram of rat AGS8 and the AGS8 domains synthesized as
GST-fusion proteins. Each GST protein fused with the following segment of rat AGS8 (ABB82299) respectively. AGS8-N: M'- P37°, AGS8-254: AZ54- R%53,
AGS8-534: $734- $8%3, AGS8-814: $81°- R'''3, AGS8-1094: H'0%- D320, AGS8-C: AT*°— W73, (B) GST-pulldown assay of AGS8 domains with GP;y».
AGS8 domains synthesized as GST-fusion proteins (300 nM) were incubated with recombinant human GB;v; (30 nM) in a total volume of 300 pl at
4°C. Proteins were then adsorbed to a glutathione matrix and retained G-protein subunits identified by immunoblotting following gel
electrophoresis. The representative of 5 independent experiments with similar results. (C) Bioactivity of AGS8 domains on G-protein activation in cell.
The yeast strain expressing human Gos was transformed with AGS8 domains described in (A) into the pYES2-containing GAL1 promoter. The yeast
strain was modified to grow without histidine on activation of G-protein. Induction(+): induction of translation of AGS8 domains by galactose. The
representative of 4 independent experiments with similar results. (D) GST-pull down assay of AGS8-C segments with recombinant GBy. (upper panel)
Schematic diagram of AGS8-C and the segments synthesized as GST-fusion proteins. Each GST protein fused with the following segment of rat AGS8
(ABB82299) respectively. AGS8-C1: AT3%~ H'¥%8 AGS8-C2: A%~ T8 (Jower panel) GST-pulldown assay of AGS8 segments with Gy, AGS8
domains synthesized as GST-fusion proteins (300 nM) were incubated with recombinant human Gy, (30 nM) in a total volume of 300 pl at 4°C.
Proteins were then adsorbed to a glutathione matrix and retained G-protein subunits identified by immunoblotting following gel electrophoresis.

The representative of 4 independent experiments with similar results.
doi:10.1371/journal.pone.0091980.g001

protein  CX43 under hypoxia, which results in decreased
membrane permeability in the cardiomyocytes [13]. The change
in localization and permeability of CX43 in the membrane is
associated with hypoxia-induced apoptosis of the cardiomyocytes
[14-16]. Therefore, we transferred the AGS8-peptide to cardio-
myocytes and examined its effect on the internalization of CX43
induced by repetitive hypoxia (Fig. 44).

The peptide was delivered to the cardiomyocytes by chemical
reagent as described in “experimental procedures”. Treatment of
the cells with the chemical reagent and FITC-conjugated AGS8-
peptide showed that the peptide was successfully delivered into the
cardiomyocytes (Fig. 4B). The effect of the AGS8-peptide on
internalization of CX43 was determined in the cardiomyocytes
after hypoxic stress. CX43 was observed on the surface of the
cardiomyocytes under normoxia (Fig. 4B), and its presence was
decreased after exposure of the cardiomyocytes to repetitive
hypoxia in the untransfected control cells and the cells exposed to
transfection reagent alone (Fig. 4B, 4C). However, the AGSS8-
peptide dramatically blocked the internalization and degradation
of CX43 induced by repetitive hypoxia (Fig. 48, 4C). When the
effect of FITC-conjugated AGS8-peptide was examined, FITC
was observed in the cardiomyocytes under normoxia as well as
hypoxia, and the hypoxia-induced internalization of CX43 was
inhibited in FITC-positive cells (Fig. 4B).
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The AGS8-peptide Inhibited the Decrease in Permeability
of Connexin 43 Under Hypoxia

Loss of CX43 from the cell surface decreases influx and efflux of
small molecules passing through CX43, and this effect is associated
with apoptosis of the cardiomyocytes under hypoxia [13-16]. We
next examined the ability of AGS8-peptide to block the change in
permeability of CX43 by analyzing by the flux of the fluorescent
dye, Lucifer Yellow (LY), which passes through CX43 as
previously demonstrated [13]. LY in the culture medium was
incorporated into cardiomyocytes under normoxia. The flux of
dye was decreased after exposure of the cells to repetitive hypoxia
in the control group as well as in the group exposed to transfection
reagent alone (31.1+4.4%, 26.9%13.0%, respectively) (Fig. 5).
However, the AGS8-peptide blocked the hypoxia-induced de-
crease in permeability in a dose-dependent manner. This
observation is consistent with the immunofluorescence studies, in
which CX43 was observed to remain at the cell surface after
repetitive hypoxia in the presence of AGS8-peptide (Fig. 4).

The AGS8-peptide Protected Cardiomyocytes from
Hypoxia-induced Apoptosis

To examine the effect of AGS8 peptide on apoptosis of the
cardiomyocytes, cultured cardiomyocytes were sequentially ex-
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Figure 2. Development of AGS8 peptide. (A) Schematic diagram of AGS8-C and the AGS8-peptides (CP1 and CP9) which inhibited AGS8-GBy
interaction. The AGS8-peptides were developed based on amino acid sequences of the GBy interaction domain of AGS8. CP1 and CP2 represented
AT V1522 and S1508_ 1537 of rat AGS8 (ABBB2299) respectively. (B) The example of GST-pulldown assay of GST-AGS8-C with GB,v,. GST-fusion
protein (100 nM) was incubated with recombinant human GBqy, (10 nM) in the presence of AGS8-peptides (CP1 or CP9). Proteins were then
adsorbed to a glutathione matrix and retained G-protein subunits identified by immunoblotting following gel electrophoresis. The representative of
6 independent experiments with similar results. (C) The densitometric analysis of GST-pulldown assay of GST-AGS8-C with GB,y, in the presence of

AGS8-peptides. n=6 with peptides of ~97% HPLC purity.
doi:10.1371/journal.pone.0091980.g002

posed to 1% oxygen for 6 h, then to 12 h of normoxia to induce
hypoxia-mediated cell death (Fig. 64) [13]. Hypoxia/reoxygena-
tion markedly increased the number of apoptotic cardiomyocytes,

as determined by TUNEL or immunostaining of cleaved caspase-
3, in the untransfected control cells and those exposed to
transfection reagent alone (Fig. 6B and 6C). However, AGS8-
peptide successfully inhibited hypoxia-induced apoptosis, indicat-
ing a protective effect in cardiomyocytes. Additionally, the data

deletion indicated that, under normoxia, the AGS8-peptide did not
(A1494 - R1538) influence apoptosis or the permeability of CX43 (Fig. 68 and 6C).
—
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Figure 3. Effect of deletion of 45 amino acids of fibronectin
type 3 domain. (A) Schematic diagram of C-terminal of AGS8 (AGS8-C)
and the deleted mutant of AGS8-C (delta AGS8-C) lacking the first 45
amino acids of fibronectin type 3 domain, that are A'*** to R'%*® of rat
AGS8 (ABB82299). (B) Bioactivity of AGS8C and delta AGS8C on G-
protein activation. The yeast strain expressing human Gos was
transformed with AGS8-C and delta AGS8-C in the pYES2-containing
GAL1 promoter, The yeast strain was modified to grow without
histidine on activation of G-protein. Induction (+): induction of
translation of AGS8 domains by galactose. The representative of 4
independent experiments with similar results.
doi:10.1371/journal.pone.0091980.g003
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downstream of AGS8-GPy. We next asked whether inhibition of
the GPy-mediated signal generally had a cardioprotective effect as
was observed with the AGS8-peptide. Gallein is an inhibitor of
GBy-mediated signaling that occupies a “‘common” interaction
surface of GPy and inhibits the interaction of Gpy-regulated
proteins with Gy [25]. Thus, gallein is expected to block a wide
range of GPy signals in cells, including CX43 regulation mediated
by AGS-GPy. We previously demonstrated that gallein completely
inhibits hypoxia-induced internalization of CX43 at 100 uM, as
observed in the knockdown of AGS8, but not at 1 pM [13].

Here, we first examined the influence of the AGS8-peptide and
gallein on the viability of cells. Cardiomyocytes were incubated
with gallein for 24 h, and their viability was determined by MTT
assay. Even the lowest concentration of gallein (I uM) caused
damage in the cardiomyocytes, indicating that broad inhibition of
GPy did not have a protective effect (Fig. 7). In contrast, the
AGS8-pepetide did not show cytotoxicity at 1 pM, the concen-
tration that completely blocked the AGS8-Gpy-mediated signal
event. This suggests that the AGSS8-peptide is a promising
candidate for protection of cardiomyocytes from hypoxia-mediat-
ed apoptosis.
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Figure 4. Effect of AGS8-peptide on localization of connexin 43 (CX43) of cultured cardiomyocytes. (A) Cardiomyocytes were exposed 3
times to 30 min of hypoxia (1% oxygen) intermittent with 30 min of reoxygenation 4 h after (without or with) transfection of AGS8-peptide (1 uM) or
FITC-conjugated AGS8-peptide (1 uM). (B) Localization of CX43 in the cardiomyocytes under normoxia and hypoxia. The figures demonstrated in the
triple color of CX43 (red, arrow), nuclei (DAP|, blue) and FITC-conjugated AGS8-peptide (green). The representative of 5 independent experiments with
similar resuits. (C) The number of cardiomyocytes expressing CX43 in the cell surface were counted. Please note that ~ 90% cells were detectable at
the point of fixation. Data are represent 170-260 cells from 5 of independent experiments. *, p<<0.05 vs normoxia group.

doi:10.1371/journal.pone.0091980.g004

Discussion

AGS8-peptide, the sequence of which was derived from the
amino-acid sequences of the GPy-binding domain of AGSS,
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Figure 5. Uptake of connexin selective fluorescence dye,
Lucifer Yellow (LY) to the cardiomyocytes. Cells were incubated
with 1 mM of LY for 45 min in normal culture medium. Excess LY was
removed and cells were rinsed with PBS. The fluorescence of LY was
evaluated by inverted fluorescence microscope. The fluorescence of LY
was quantified by the intensity of fluorescence of 10 randomly selected
fields. The non-selective binding and/or incorporation of LY was
determined fluorescence in the presence of a connexin hemichannel
blocker, 50 uM of Lanthanum which was added 30 min prior to LY. ¥,
p<<0.05 vs cells in normoxia; n.s., not statistically significant. N=4 from
4 independent experiments.

doi:10.1371/journal.pone.0091980.g005
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blocked the association of AGS8 with GBy and inhibited AGSS8-
mediated events under hypoxia. Notably, AGS8-peptide inhibited
the change in permeability of cell-surface CX43 and the apoptosis
of cardiomyocytes. AGS8-peptide did not show cytotoxicity under
normoxia, in contrast to the small molecule gallein, which
produced deleterious effects by general inhibition of GPy-
signaling. These data indicate that the AGS8-GBy complex plays
a pivotal role in triggering the hypoxia-induced apoptosis of
cardiomyocytes. Furthermore, they suggest an advantage of
targeted disruption of G-protein signaling by the AGS-based
peptide in protecting cardiomyocytes from hypoxia-induced
apoptosis.

Several peptides have been developed to manipulate the broad
signal initiated by accessory proteins for G-proteins. For example,
an inhibitor of accessory proteins for heterotrimeric G-protein has
been developed for RGS proteins. RGS proteins share 120-130
amino acids of an RGS-homology domain, which interact with the
Go. subunit and accelerate GTPase activity [26,27]. RGS-
peptides, which were designed on the basis of the X-ray structure
of the Goi switch I region of RGS4-Gai, successfully modulate
muscarinic receptor-regulated potassium currents in atrial myo-
cytes [28]. RGS-peptides were initially designed to mimic the
surface of G-protein to inhibit GAP activity, which produced the
potential to suppress many events mediated by a variety of RGS
proteins. As another example, a peptide, the sequence of which is
based on G-protein regulatory (GPR) or GoLOCO motifs, is a
cassette of 20-25 amino acids that stabilizes the GDP-bound
conformation of Go and clearly inhibits Gai activation in vitro,
suggesting its potential as an inhibitor of general Gai signaling in
cells [29].

Alternatively, the AGS8 peptide was designed on the basis of the
AGS-GPy interface, with the objective of suppressing the specific
signal evoked by AGS-GBy for all GBy signaling. It has been
demonstrated that Gy-interacting proteins share an overlapping
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Figure 6. Effect of AGS8 peptide on hypoxia-induced apoptosis
of cardiomyocytes. (A) Neonatal cardiomyocytes were exposed to
hypoxia (1% oxygen) or normoxia as indicated duration without or with
introduction of AGS8-peptide. Apoptosis was assessed by immunoflu-
orescent detection of the active form of caspase-3 (cleaved caspase-3)
(B) or TUNEL stain {C) as described in the experimental procedures. (C)
Upper panel indicates representative apoptotic (dark blue, arrow) and
non-apoptotic cells (red) after TUNEL staining. Scale bars indicate
100 um. Approximately 3000 cells of 10 independent fields were
counted for each experiments. A separate experiment indicated that
AGS8-peptide did not influence the level of AGS8 within the 4-h
treatment (1.0 uM peptide; 98.2+7.3% versus no reagent alone group,
not statistically significant, n=4). *, p<<0.05 vs cells in normoxia; n.s., not
statistically significant. N=5 from 5 independent experiments.
doi:10.1371/journal.pone.0091980.g006
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interface on the surface of GBy [30,31]. We previously demon-
strated that the GPy-interacting surface of AGS8 includes the
shared-site [32]. However, the entire GPy-interacting surface of
AGS8 may include an additional interface, which is required to
form an AGS8-specific signal complex. Our results indicated that
45 amino acids were required to evoke cell signaling by the AGS-
GPy complex. The amino acid sequence of this domain did not
have similarity to other known Gy interfaces [33-35], suggesting

. this sequence represents the AGS8-specifc interface that forms this

particular complex. In fact, the AGS8-peptide designed to
recognize this region successfully inhibited formation of the
AGS8-GPy complex and subsequent cell events mediated by
AGS8-GBy. However, currently, there is not enough mformation
to determine whether the AGS8-peptide covers the common Gy
interface or influences the interaction of Gy with other
molecules. These issues are to be investigated elsewhere.

AGS-Gpy-mediated signaling is required for hypoxia-induced
apoptosis of cardiomyocytes [13]. GBy is known to conduct pro-
apoptotic signaling via p38MAPK, JNK, or PLCB, whereas anti-
apoptotic signaling is also mediated by GPy via PI3K-Akt or ERK
depending on type of cell and stimulus [36-39]. Although the
involvement of these GBy-mediated pathways in the AGS-GBy
pathway or other players in the AGS-GPy protein complex are yet
to be determined, the current data indicate the presence of a
critical signaling pathway mediated by the AGS8-GBy complex
leading to apoptosis in cardiomyocytes.

The channel protein CX43 plays a role in the apoptotic process
by regulating the permeability of small molecules, including
adenosine 5'-triphosphate, adenosine diphosphate, adenosine,
cAMP, inositol-1,4,5-triphosphate, glutamate, and glutathione
[14,15,40-42]. In response to hypoxia, AGS8 organizes the
complex that includes GBy, CX43, and possibly kinases that
initiate phosphorylation of CX43 [13]. Multiple phosphorylation
sites on CX43 are regulated by specific kinases under ischemic
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Figure 7. Effect of AGS8-peptide or Gallein on the viability of
cardiomyocytes determined by MTT assay. Neonatal cardiomyo-
cytes were cultured for 24 h with AGS8-peptide or Gallein. Gallein
occupied a “common” interaction surface of GBy and inhibited its
interaction with GBy-regulated proteins. *, p<<0.05 vs cells in normoxia;
n.s., not statistically significant. N=5 from 5 independent experiments.
doi:10.1371/journal.pone.0091980.g007
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conditions, and each phosphorylation critically influences the
permeability and localization of CX43 in the sarcolemma [43,44].
The inhibition of internalization of CX43 by AGS8-peptide may
suggest that AGS8-peptide blocked the recruitment of components
into the complex and/or phosphorylation of CX43 within the
complex. AGS8 may play a role in separating the hypoxic/
ischemic cardiomyocytes from healthy tissue by disconnecting the
gap junction, which can contribute to arrhythmia and contraction
failure during ischemia. Although the validity of this hypothesis is
yet to be tested in confirmed or animal models, our observations
support this possibility.

Myocardial ischemia activates multiple cascades that initiate
intracellular ionic and chemical changes leading cell to death
(17,18]. Although great efforts have been made over many years,
therapeutic approaches to ischemic heart disease still need further
development [45,46]. We previously demonstrated that AGSS8-
GPy signaling was activated under hypoxia and did not
constitutively stimulate the apoptotic pathway, because the pro-
apoptotic effects of AGS were not observed in cells cultured under
normoxia [13]. In fact, AGS8-peptide effectively protected
cardiomyocytes from hypoxia-mediated cell death, but did not
cause cell damage under normoxia. Thus, AGS8-peptide has the
potential to save a subpopulation of cardiomyocytes exposed to
hypoxia without producing damage to the entire myocardium.
This is an advantage of targeted disruption of specific signaling by
AGS8-peptide, and it stands in contrast to the deleterious effects
caused by general inhibition of GPy signaling with gallein.

Peptide-based reagents designed from the sequences of acces-
sory proteins for heterotrimeric G-protein have potential to
manipulate alternative signaling events distinct from GPCR-
mediated G-protein signaling. At this stage, the potential of
peptide-based reagents, including AGS8-peptide, remains limited
by their ability to penetrate the membrane, their stability, and the
modes of delivery available for their use as clinical drugs. The
strategies for effective delivery of therapeutic peptides into the cell
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Aims: Geranylgeranylacetone (GGA) is commonly utilized to protect the gastric mucosa in peptic ulcer disease.
Recently GGA has been shown to protect the myocardium from ischemia/reperfusion by activating heat shock
proteins. However, the exact mechanism as to how GGA activates these protective proteins is unknown. Caveolae
and caveolin-3 (Cav-3) have been implicated in ischemia, anesthetic, and opioid induced cardiac protection.
Given the lipophilic nature of GGA it is our hypothesis that GGA induced cardiac protection requires caveolae
and Cav-3.

Main methods: We used an in vivo mouse model of ischemia-reperfusion injury and performed biochemical
assays in excised hearts,

Key findings: GGA treated control mice revealed increased caveolae formation and caveolin-3 in buoyant frac-
tions, mediating heat shock protein 70 activation. Furthermore, control mice treated with GGA were protected
against ischemia/reperfusion injury whereas Cav-3 knockout (Cav-3 KO) mice were not. Troponin levels con-
firmed myocardial damage. Finally, Cav-3 KO mice treated with GGA were not protected against mitochondrial
swelling whereas control mice had significant protection.

Significance: This study showed that caveolae and caveolin-3 are essential in facilitating GGA induced cardiac

protection by optimizing spatial and temporal signaling to the mitochondria.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Geranylgeranylacetone (GGA), an acyclic polyisoprenoid, is com-
monly used as an oral anti-ulcer medication in Asia. This compound
has been shown to be effective in protecting the gastric mucosa against
insults without affecting gastric acid secretion (Fujimoto et al., 1982;
Murakami et al., 1981). Oral GGA has been demonstrated to have
protective effects on myocardial ischemia/reperfusion injury within
the rat heart (Ooie et al., 2001). Yamanaka et al. suggested that GGA-
induced cardiac preconditioning exerted protective effects on myocar-
dial ischemia/reperfusion injury by mediating the activation of protein
kinase C and heat shock protein (HSP) (Yamanaka et al., 2003 ). Further
investigations demonstrated that GGA also prevented cellular endothe-
lial damage (Zhu et al., 2005), diminished apoptosis and preserved
mitochondrial respiratory function (Shinohara et al., 2007).

* Corresponding author at: Department of Anesthesiology, University of Tokushima, 3-
18-15 Kuramoto, Tokushima 770-8503, Japan. Tel.: +81 88 633 7181, fax: +81 88 633
7182.

E-mail address: tsutsumi@tokushima-u.ac,jp (Y.M. Tsutsumi).

http://dx.doi.org/10.1016/1.1f5.2014.02.019
0024-3205/© 2014 Elsevier Inc. All rights reserved.

Structural scaffolding domains commonly organize signal transduc-
tion molecules and receptors. Caveolae are small membrane invagina-
tions of the plasma membrane that are enriched in sphingolipids,
cholesterol, and lipid rafts (Lisanti et al., 1994, Palade, 1953; Patel
et al., 2008). Caveolins are the structural proteins of caveolae and are
present in three isoforms, caveolin (Cav)-1, -2, and -3 (Lisanti et al.,
1994; Patel et al., 2008). Additionally, many signaling molecules are
known to localize in caveolae and interact with the scaffolding domain
of caveolin. We have recently shown that both caveolae and Cav-3 were
essential for ischemic (Horikawa et al., 2008; Tsutsumi et al., 2008),
anesthetic (Horikawa et al., 2008), and opioid (Tsutsurmi et al,, 2010b)
induced cardiac protection. It is our hypothesis that caveolin-3 and
caveolae are also essential in GGA induced cardiac protection.

Materials and methods
Animals

All animals were treated in compliance with the Guidelines for
Proper Conduct of Animal Experiment and Related Activities (Ministry

of Education, Culture, Sports, Science and Technology of Japan) and
the Guideline for Care and Use of Lab Animals at the University of
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Tokushima. Animal use protocols were approved by the Animal Care
and Use Committee, the University of Tokushima. Male C57BL/6 mice
(8-10 weeks old, 21-26 g body weight) were purchased from Japan
SLC and Cav-3 knockout (Cav-3 KO) mice were created as reported
previously (Hagiwara et al., 2000). Animals were randomly assigned
into treatment groups by an independent observer. The animals were
kept on a 12 hour light-dark cycle in a temperature-controlled room.
GGA was provided by Eisai Co., Tokyo, Japan and was given by gavage
at a dose of 200 mg/kg (dissolved with 0.4% lecithin in deionized
water). Mice in the control group were given the same dose of vehicle.

Electron microscopy

Wild-type mice were given GGA or vehicle by oral gavage. Twenty
four hours later, whole hearts were fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer for 2 h at room temperature, post-fixed in 1%
0s04 in 0.1 M cacodylate buffer (1 h), and urany! acetate, dehydrated
in a graded series of ethanol solutions, and embedded in epon epoxy
resin. Sections were cut with a Reichert Ultracut E Ultramicrotome
(Leica Microsystems, Wetzlar, Germany) and observed with an electron
microscope (Hitachi H7650, Hitachi Co., Tokyo, Japan). Random sections
were taken by an electron microscopy technician blinded to the
treatments.

Sucrose density membrane fractionation

We performed whole left ventricle sucrose density membrane frac-
tions as reported previously (Tsutsumi et al., 2008). Fraction samples
4-12 were used in immunoblot analyses. We defined fractions 4-6 as
lipid rich-buoyant membrane fractions enriched in caveolae and
proteins associated with caveolae. Fractions 9-12 were defined as
non-buoyant fractions.

Immunoblot analysis

Proteins in whole left ventricle or membrane fractions were separated
by SDS-PAGE 10% polyacrylamide precast gels (Bio-Rad Laboratories) and
transferred to a polyvinylidene difluoride membrane by electroelution.
Membranes were blocked in PBS containing 2.0% nonfat dry milk and
incubated with primary antibody overnight at 4 °C. Bound primary anti-
bodies were visualized using secondary antibodies conjugated with
horseradish peroxidase from Santa Cruz Biotechnology (Santa Cruz)
and ECL reagent from Amersham Pharmacia. All displayed bands migrat-
ed at the appropriate size, as determined by comparison to molecular
weight standards (Santa Cruz Biotechnology).

Immunoprecipitation

Immunoprecipitation was performed using Protein A Sepharose
CL-4B (GE Healthcare) as described previously (Hirose et al., 2011).
Buoyant fraction samples were incubated with primary antibody for 3
h at 4 °C, immunoprecipitated overnight with protein-agarose at 4 °C,
and then centrifuged for 5 min at 13,000 g. Protein-agarose pellets
were washed 3 times. Wash buffer was removed and sample buffer
was added, and then boiled for 5 min at 95 °C for immunoblotting.

Ischemia-reperfusion protocol and experimental groups

Cav-3 KO and control mice were randomly assigned to receive GGA
or vehicle 24 h before ischemic injury. Mice were anesthetized with
pentobarbital sodium (80 mg/kg i.p.) and mechanically ventilated by
using a pressure-controlled ventilator (TOPO Ventilator, Kent Scientific)
as described before (Tsutsumi et al,, 2006, 2007). Core temperature was
maintained with a heating pad and ECG leads were placed to record
heart rate. The hemodynamic effects were measured through the right
carotid artery cannulation with a 1.4F Mikro-tip pressure transducer

(Model SPR-671, Millar Instruments), which was connected to an am-
plifier (Model TC-510, Millar Instruments) for determination of heart
rate, arterial blood pressure, and rate pressure product.

Lethal ischemia was produced by occluding the left coronary artery
with a 7-0 silk suture placed with a tapered BV-1 needle (Ethicon) for
30 min. After 30 min of occlusion, the ligature was released and the
heart was reperfused for 2 h. After reperfusion, mice were heparinized,
and the coronary artery was again occluded. The area at risk (AAR) was
determined by staining with 1% Evans blue (1.0 mL, Sigma). The heart
was immediately excised and cut into 1.0-mumn slices (Mcllwain tissue
chopper; Brinkmann Instruments). Each slice of left ventricle (LV) was
then counterstained with 2,3,5,-triphenyltetrazolium chloride (Sigma).
After overnight storage in 10% formaldehyde, slices were weighed and
visualized under a microscope (SZ61-TR, Olympus) equipped with a
charge coupled device camera (DXM 1200F, Nikon). The images were
analyzed (Image-Pro Plus, Media Cybernetics), and area at risk (AAR)
and infarct size (IS) were determined by planimetry as previously de-
scribed (Tsutsumi et al., 2008; Horikawa et al,, 2008). Cardiac troponin
I (cTnl) levels in the serum were measured using a High Sensitivity
Mouse Cardiac Troponin-I ELISA Kit (Life Diagnostics) as described
before (Tsutsumi et al, 2010a).

Mitochondrial isolation and swelling assay

Mice were anesthetized and hearts were harvested, immediately
rinsed with PBS, and placed in homogenizer containing 4 mL sucrose
buffer A (300 mM sucrose, 10 mM Tris-HCl, 2 mM EGTA and 5 mg/mL
BSA, pH 7.4) on ice. Hearts were homogenized using 10 strokes and ho-
mogenate centrifuged at 2000 xg for 2 min at4 °Cto remove cell debris.
The supernatant was further centrifuged at 10,000 xg for 30 min at4 °C
to sediment impure mitochondria. Mitochondrial pellet was purified
and washed as described previously (Fridolfsson et al,, 2012). 200 pL
of mitochondria in sucrose buffer B (300 mM sucrose, 10 mM Tris—
HCl, pH 7.4) was loaded on to 96-well plate and challenged with
100 pM CaCl; (2 mg/mL protein concentration). Absorbance was mea-
sured every 2 s for 600 measurements at 520 nm using a VarioSkan
Flash spectrophotometer (Thermo Scientific). 250 nM cyclosporine A
(Sigma) pretreatment of mitochondria was used to inhibit CaCl,
induced mitochondrial swelling to confirm the mitochondrial perme-
ability transition pore (mPTP) dependence of calcium-induced swelling.

Statistical analysis

Determination of all data was performed blinded to experimental
groups for the observers. Data were analyzed using Prism 6.0 (GraphPad
Software, Inc.). Statistical analyses for Western blot studies were per-
formed using Student's t-tests. When one-way ANOVA was needed,
the Bonferroni post-hoc test was used. All data are expressed as
mean =+ SD. Statistical significance was defined as P < 0.05

Results

The effect of GGA on cardiac membrane caveolae was assessed by
pre-treating mice with and without GGA and performing electron mi-
croscopy analysis. Representative electron microscopy images show
that pretreatment of GGA increased membrane caveolae compared to
vehicle treated control animals (Fig. 1). However, Cav-3 KO mice had
significantly decreased caveolae with no significant change after GGA
treatment (data not shown). To verify these findings, hearts from GGA
and vehicle control animals were fractionated on a discontinuous su-
crose gradient and analyzed for protein content. GGA increased both
Cav-3 protein expression and HSP 70 expression in buoyant fractions
4-6, which are associated with caveolae (Fig. 2A and 2B). Additionally,
immunoprecipitation experiments showed that GGA treated mice re-
sulted in HSP 70 associated with Cav-3 in buoyant fractions (Fig. 2C),
suggesting that Cav-3 is essential for HSP 70 localization and activation.
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Control |

GGA

Fig. 1. Geranylgeranylacetone (GGA) increases myocardial caveolae. Electron microscopy of control and GGA treated mouse myocardium revealed a significant increase in caveolae (red C)
at the sarcolemmal surface in GGA treated mice.

We found no significant differences between wild-type and Cav-3 and was similar between groups (Fig. 3A). Twenty-four hours after
KO mice in heart rate, blood pressure, or rate pressure product with GGA administration, a significant reduction in myocardial ischemia/
and without GGA administration at the baseline period (Table 1). The reperfusion injury was observed compared with vehicle control in the
area at risk was calculated as a percentage of the left ventricle mass wild-type mice (29.0 4+ 3.7% [n = 8] vs. 44.1 £ 9.3% [n = 10],
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Fig. 2. Lysed and fractionated hearts on a sucrose density gradient. Fractions 4-6 were considered buoyant and 9-12 non-buoyant fractions. *P < 0.05 treated group versus control. A) and
B) Fractions were collected and probed for both caveolin-3 (Cav-3) and heat shock protein 70 (HSP 70). Significant buoyant fraction localization of Cav-3 and HSP 70 was observed in
geranylgeranylacetone (GGA) treated groups. C) The resulting lysates were immunoprecipitated (IP) with Cav-3 antibody and immunoblotted (IB) for HSP 70; n = 3 animals per
group. There was an increased association of Cav-3 with HSP 70 after GGA administration.
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Table 1
Hemodynamics parameters at baseline period.
Control GGA Cav-3 KO GGA +
Cav-3 KO
Heart rate (/min) 421 + 33 437 £ 21 413 + 35 426 + 37
MAP (mm Hg) 73+ 6 69 + 8 71+ 4 70+ 3
RPP (beats-min~'-mm 305437 300433 294440 298%23
Hg-10%)

MAP, mean arterial pressure; RPP, rate-pressure product. Data are expressed as
mean =+ SD.

respectively). However, in Cav-3 KO mice, this cardiac-protective effect
of GGA was abolished (42.1 + 5.2% [n = 8], Fig. 3B). Additionally, we
confirmed these effects by measuring serum troponin I level, a marker
of cardiac myocyte damage (Fig. 3C).

GGA reduces Ca®*-induced swelling in isolated mouse heart mito-
chondria (Fig. 4). In wild-type mice, the addition of 100 UM Ca?* caused
a significant decrease in absorbance, indicating mitochondrial swelling.
Ca?* induced swelling was inhibited by cyclosporine A, a mPTP inhibitor,
as reported previously (Tsutsumi et al., 2011). Under these conditions,
GGA significantly attenuated Ca®* induced swelling compared with
the control; however, these effects were abolished in Cav-3 KO mice.
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Fig. 4. Geranylgeranylacetone (GGA) inhibits mitochondrial swelling caused by ischemia-
reperfusion injury. GGA treated mitochondria were isolated and revealed substantially
less mitochondrial swelling compared to non-treated and Cav-3 KO mice with and with-
out GGA when exposed to calcium chloride. Cyclosporine A was used as a control to
inhibit CaCl, induced mitochondrial swelling to confirm the mitochondrial permeability
transition pore (mPTP) dependence of calcium-induced swelling (n = 3).
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Fig. 3. Geranylgeranylacetone (GGA) protects the mouse myocardium from ischemic injury. A) Area at risk was calculated as a percentage of the left ventricle and revealed no significant
differences between all groups. B) GGA was able to induce significant protection in control animals, although no protection was observed in Cav-3 KO mice, C) Cardiac troponin I, a marker
of myocardial damage also revealed a significant decrease in GGA treated control mice, but no effect in Cav-3 KO mice. * P < 0.05; # P < 0.05.
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Discussion

GGA, an anti-ulcer medication has been shown to have cardio-
protective effects and modulate heat shock proteins, however the
exact mechanisms on how this oral medication is able to enter the myo-
cardial cell is unknown. We show that caveolae and Cav-3 are essential
for GGA uptake and cardiac protection, by mediating the activation of
HSP 70. Furthermore, these effects are not only mediated by caveolae
and caveolins, but also directly affect mitochondrial function. These
data suggest that GGA utilizes caveolae and caveolins in order to
navigate the complex cell structure and facilitate protective signaling
via mitochondria.

Caveolae are cholesterol and sphingolipid enriched invaginations
of the plasma membrane that play a role in physiological functions
and vital to cardio-protective mechanisms. In some cases, caveolae
and caveolins regulate receptor stability, myocardial hypertrophy
(Horikawa et al., 2011), signaling (Lisanti et al., 1994; Ostrom et al,,
2001, 2002; Patel et al., 2007; Steinberg and Brunton, 2001), calcium
homeostasis (Fujimoto, 1993), and endocytosis (Anderson, 1993). Re-
cently, a decreased number of myocardial caveolae was described in
Cav-3 KO mice although Cav-1 levels remained stable (Hagiwara et al.,
2000; Horikawa et al., 2008; Tsutsumi et al., 2010b). Furthermore,
these mice lose the ability to undergo preconditioning-like cardiac pro-
tection from ischemia/reperfusion injury (Horikawa et al,, 2008). These
results implicate a role for Cav-3 and the presence of caveolae in cardiac
protection from ischemia/reperfusion injury. The current data show
that GGA similarly requires Cav-3 and caveolae. These effects are likely
due to the ability of Cav-3 and caveolae to be able to regulate mitochon-
drial pore activity and mediate mitochondrial mediated cell death.
Furthermore, recent investigations have revealed that caveolae and
caveolins can directly interact with mitochondria and regulate mito-
chondrial function, suggesting a potential regulatory role in surface
and inter-organelle signaling (Fridolfsson et al., 2012).

In the present study, we show that the administration of GGA led to
a significant increase in Cav-3 protein expression within the buoyant
fraction, and that HSP 70 directly localized and interacted with Cav-3.
Many previous studies using GGA have focused on HSP 70 induction
(Hirakawa et al., 1996; Sakabe et al.,, 2008) and have suggested that
GGA protects the myocardium by activating heat shock proteins espe-
cially HSP 72 (Kitahata et al., 2008; Qoie et al., 2005; Ooie et al., 2001;
Yamanaka et al., 2003). Although there has been little evidence regard-
ing the relationship between caveolae, caveolins and heat shock pro-
teins within the heart, other organ systems including skin and cancer
have investigated this relationship. In skin models, HSP have been
shown to localize into caveolae, which then can regulate intracellular
HSP expression (Black et al,, 2011). Furthermore, in tumor cells, Cav-1
has been shown to have direct effects on HSP expression (Ciocca et al,,
2012). Perhaps, in regard to GGA, caveolae are spatial hubs that localize
GGA and HSP, together regulating temporal relations and activation.
Given the multifaceted nature of caveolae and caveolins, multiple
survival pathways are being activated simultaneously.

Glucose transporter 4 receptor (Glut4) has also been implicated in
delayed preconditioning of the myocardium. Interestingly, Cav-3 KO
mice are unable to be protected via isoflurane, due to its inability to
translocate Glut 4, although this is preserved in Cav-1 KO, making this
a Cav-3 specific phenomenon (Tsutsumi et al,, 2010b). Perhaps GGA
may also have effects on Glut4 translocation and expression.

There are several limitations in the present study. First, we evaluated
the effects of Cav-3 and HSP 70 in experiments that investigated
ischemia/reperfusion injury. GGA induces a broad class of the protective
proteins, including various families of HSPs (Brundel et al., 20063,
2006Db), protein kinase C (Yamanaka et al.,, 2003), and nitric oxide
(Yamamoto et al,, 2005). Second, the dose and time period used for car-
diac protection in mice are unknown. Previous studies have all been in
rats, where a single oral dose of 200 mg/kg GGA induced HSP and cardiac
protection against ischemia/reperfusion (Ooie et al, 2005, 2001;

Shinchara et al,, 2007; Yamanaka et al,, 2003). The same concentration
and dose were applied in this study.

Taken together these data demonstrate that GGA had delayed
cardio-protective effects that are dependent on caveolae and Cav-3. We
show that caveolae and Cav-3 are the vital conduits between HSP-70 ac-
tivation and subsequent mitochondrial respiration suggesting an impor-
tant role for this structural protein. Furthermore, these data suggest that
GGA may be a unique way to clinically increase caveolae and caveolin-3
expression, which have both shown to have significant cardioprotective
effects against ischemic injury and detrimental remodeling.
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PKA phosphorylates multiple molecules involved in calcium (Ca?*) handling in cardiac myocytes and is consid-
ered to be the predominant regulator of 3-adrenergic receptor-mediated enhancement of cardiac contractility;
however, recent identification of exchange protein activated by cAMP (EPAC), which is independently activat-
ed by cAMP, has challenged this paradigm. Mice lacking Epac1 (Epac1 KO) exhibited decreased cardiac contrac-
tility with reduced phospholamban (PLN) phosphorylation at serine-16, the major PKA-mediated phosphory-
lation site. In Epacl KO mice, intracellular Ca* storage and the magnitude of Ca?* movement were decreased;
however, PKA expression remained unchanged, and activation of PKA with isoproterenol improved cardiac
contractility. In contrast, direct activation of EPAC in cardiomyocytes led to increased PLN phosphorylation
at serine-16, which was dependent on PLC and PKCe. Importantly, Epacl deletion protected the heart from
various stresses, while Epac2 deletion was not protective. Compared with WT mice, aortic banding induced a
similar degree of cardiac hypertrophy in Epacl KO; however, lack of Epacl prevented subsequent cardiac dys-
function as a result of decreased cardiac myocyte apoptosis and fibrosis. Similarly, Epacl KO animals showed
resistance to isoproterenol- and aging-induced cardiomyopathy and attenuation of arrhythmogenic activity.
These data support Epacl as an important regulator of PKA-independent PLN phosphorylation and indicate

that Epacl regulates cardiac responsiveness to various stresses.

Introduction

B-Adrenergic receptor (B-AR) signaling is well established as a pri-
mary defense mechanism against acute stress or changes in hemo-
dynamic load; however, its role in cardiac pathogenesis, although
studied extensively, remains pootly understood (1). 3-AR block-
ade, rather than stimulation, is beneficial in patients with heart
failure, and pharmacological inhibition of the entire $-AR signal-
ing pathway at the receptor level is one of the accepted treatments
for heart failure (2). Studies in mouse models overexpressing 3-AR,
Gsa, or PKA support the usefulness of B-AR blockade in heart fail-
ure (3-5). Recently, however, we have developed a mouse model in
which type 5 adenylyl cyclase (AC), a major cardiac subtype, is dis-
rupted (AcS KO), and we found that AcS KO showed resistance to
the development of heart failure and exhibited increased longevity
(6-9), indicating that inhibition of cAMP signaling at the level of
AC, not $-AR, may also result in cardiac protection.
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Systolic contraction follows activation of sarcolemmal voltage-
gated L-type calcium (Ca?*) channel during an action potential,
resulting in Ca?*-influx, which activates cardiac ryanodine recep-
tor (RyR2) Ca?* release channels on the sarcoplastic reticulum (SR)
(major intracellular Ca?* store). Diastolic relaxation occurs with
cessation of Ca?* release, and Ca?* sequestration by the SR Ca?*-
transporting adenosine triphosphatase (SERCA2a) and its regula-
tor, phospholamban (PLN), indicate that phosphorylations of PLN
and RyR2 have a central role in modulating Ca?* homeostasis and,
therefore, cardiac function (10, 11). PLN is a low-molecular weight
phosphoprotein in cardiac SR, and dephosphorylated PLN is an
inhibitor of SERCA2a-mediated transport of Ca?*. Following f-AR
activation, and thus production of cAMP by AC, PKA phosphory-
lates PLN on serine-16 (10) in addition to RyR2 on serine-2808 and
serine-2814 (11). PKA-mediated serine-16 phosphorylation (and
thus SERCA2a activation) is the major mechanism of the lusitropic
and also inotropic (12) effects of B-AR stimulation in regulating
cardiac function (13). In failing hearts, in contrast, decreased PLN
phosphorylation, and thus a decrease in Ca?* uptake by SERCA2a, is
a central feature (14, 15). Indeed, decreased inhibition of SERCA2a
by PLN ablation can prevent progression of heart failure (16, 17).
2785
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Table 1
Heart size and cardiac function in Epac? KO

WT (n) Epac1KO (n)
Age, month 4.2 +0.1(32) 42202 (21)
BW, g 3007 (21) 29+ 0.9 (18)
Tibia, mm 17.5+0.1 (21) 17.4 0.1 (18)
LV/tibia (mg/mm) 5.2 £0.2 (20) 5202 (18)
LV/BW (mg/g) 3.2+0.1(20) 3.3:0.2(18)
LVEDD, mm 4.3 +0.03 (31) 44+0.1(18)
LVESD, mm 2.9 +0.04(31) 3.3+0.1(18)7
LVEF, % 70 0.8 (31) 60 + 1.1 (18)A
%FS 35+ 1.1(31) 26+ 0.6 (18)A
Max dP/dt, mmHg 9091 £ 240 (17) 7246 £ 226 (16)*
Min dP/dt, mmHg —9110 + 240 (18) —6201 £ 125 (14)A

Data are mean = SEM. LVEDD, LV end-diastolic diameter. FS, fractional
shortening. AP < 0.01.

Others have found that decreased inhibition of SERCA2a through
PLN ablation or hyperphosphorylation of PLN exaggerated heart
failure and arrhythmogenic activity (18-22). Thus, it remains con-
troversial whether or not enhancement of Ca*" uptake through PLN
ablation or PLN hyperphosphorylation can inhibit the progression
of heart failure. Nevertheless, it is well accepted that f-AR-mediated
phosphorylation of PLN plays a central role in regulating cardiac
function and also in the pathogenesis of cardiac failure.

But PKA is not the only molecule activated by cAMP. Exchange pro-
tein activated by cAMP (EPAC) was recently identified as a new target
of cAMP signaling that is activated independently of PKA (23, 24).
EPAC has 2 isoforms (Epacl and Epac2), and Epacl is predominantly
expressed in the heart. EPAC modulates various cellular functions,
including migration, proliferation, exocytosis, and apoptosis, via reg-
ularion of RAP1 (25). In cardiac myocytes, EPAC activation induced
hypertrophy (26). In adult mouse cardiac myocytes, pharmacologi-
cal EPAC activation with an EPAC-selective but not isoform-selective
cAMP analogue was reported to enhance evoked Ca?* transients
through the PLCe/PKCe/CaMKII pathway, and activation of CaMKII
via EPAC induced store depletion and enhancement of Ca?* sparks
through increased phosphorylation of PLN on threonine-17 and
RyR2 on serine-2815 by EPAC via phospholipase C (PLC) &/PKC &/
Ca?*/calmodulin-dependent protein kinase II (CaMKII) (27-29).
EPAC?2 was also reported to be closely associated with CaMKIJ, and
EPAC2 mediated 3;-AR-induced cardiac arrhythmia via CaMKIIS (a
major isoform of cardiac CaMKII) and RyR2 phosphorylation on ser-
ine-2815 (30). However, the isoform-specific role of EPAC in cardiac
function and pathogenesis remains poorly understood.

Here, we show that EPAC1, in an additive and independent man-
ner with respect to PKA, phosphorylates PLN and RyR2 to regulate
cardiac function. Loss of EPAC1 slightly decreased basal cardiac
function, but afforded greater protection against various stresses,
including arrhythmogenic stress, whereas loss of EPAC2 did not
show cardioprotective effects. Accordingly, selective EPAC1 inhi-
bition may prevent hyperphosphorylation of PLN and RyR2, and
this may be an alternative strategy to current f§-AR blocker therapy
for the treatment of established cardiac failure or arrhythmia.

Results
Cardiac function is decreased in Epacl KO. Because EPAC activation
induced cardiac myocyte hypertrophy in culture (26), we originally
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thought that EPAC might play a role in regulating cardiac myocyte
growth. Therefore, we genetically disrupted Epacl in mice (Epacl
KO) (31), but found that these mice did not show any change in
the size of the heart. Instead, Epacl KO exhibited a modest, but sig-
nificant, decrease in cardiac function. LV ejection fraction (LVEF)
was significantly decreased (WT versus Epacl KO: 70% = 0.8% versus
60% + 1.1%, » = 18-31, P < 0.01), and LV end-systolic diameter
(LVESD) was increased (WT versus Epacl KO: 4.3 + 0.03 versus
4.4%0.1 mm,n=18-31,P<0.01) (Table 1). Hemodynamic measure-
ments demonstrated that Max dP/dt was significantly decreased (WT
versus Epacl KO: 9091 + 240 versus 7246 = 226 mmHg, n = 16-17,
P <0.01), and Min dP/dt was significantly increased in Epacl KO
(WT versus Epacl KO: -9110 = 240 versus -6201 + 125 mmHg,
n=14-18, P < 0.01) (Table 1). Because disruption of Epacl might
alter the expression of other molecules involved in cAMP signaling,
such as PKA subunits, we examined the protein expression of f;- AR,
B2-AR, B-AR kinase (BARK), Gsa, Gia, GB, Gq, and type 5/6 AC in
addition to PKA subunits by means of Western blotting (Supple-
mental Figure 1A; supplemental material available online with
this article; doi:10.1172/JC164784DS1). There was no difference
in expression of these molecules between WT and Epacl KO. Also,
there was no compensatory increase of Epac2 isoform in Epacl KO at
either the mRNA or protein level (Supplemental Figure 1, Aand B).

Decreased cardiac function in Epacl KO was readily compen-
sated by isoprotereno] (ISO) infusion. Responses of LVEF and
LVESD to ISO (0, 0.13, 0.27, 0.40 pug/kg/min for S minutes) were
well preserved and, indeed, reached the same level as those of WT
(Supplemental Figure 2, A and B). Changes in cardiac contractil-
ity were further examined using isolated segments of myocardium
(Supplemental Figure 3). The basal contractile force was signifi-
cantly smaller in Epacl KO (WT versus Epac] KO: 112 + 14.7 versus
73 = 7.1 mg/mm?, n = 6-7, P < 0.05) (Supplemental Figure 3A).
ISO dose dependently enhanced the contractile force in WT and
Epacl KO. The magnitude of increase in response to ISO was simi-
lar in WT and Epacl KO (Supplemental Figure 3B). The sensitivity
to B-adrenergic stimulation with ISO as represented by the -log
ECsp value for the enhancement of contractile force was 7.04 + 0.07
in WT and 7.06 + 0.01 in Epacl KO (P = NS, n = 6-7). The time
required ro reach peak tension was also similar in Epacl KO and
WT at baseline (WT versus Epacl KO: 50 £ 1.1 versus 52 + 1.5 ms,
n = 6-7, P = NS) and decreased similarly in both WT and Epacl
KO (Supplemental Figure 3C). However, the time required for 90%
relaxation was significantly longer in Epac KO at baseline (WT
versus Epacl KO: 54 + 1.5 versus 61 + 2.0 ms, » = 6-7, P < 0.05),
but became similar in response to ISO (Supplemental Figure 3D).
Thus, Epacl KO showed decreased cardiac function, exemplified
most clearly by delayed relaxation, but the dysfunction was readily
compensated by B-AR stimulation.

PLN phosphorylation on serine-16 is decveased in Epacl KO. Phos-
phorylation of PLN occurs, following B-adrenergic stimulation, on
serine-16 and threonine-17. Indeed, PKA-mediated serine-16 phos-
phorylation is a key event in increasing cardiac function (32). Unex-
pectedly, phosphorylation on serine-16 was significantly decreased
in Epacl KO (WT versus Epacl KO: 100% + 6.5% versus 57% + 7.1%,
n=06,P <0.01) (Figure 1A) despite the absence of any difference in
expression of the PKA catalytic and regulatory units (RIo, RIIo)
(Supplemental Figure 1A). PLN phosphorylation on threonine-17
(Figure 1B), which is mediated by CaMKII, was similar in WT and
Epacl KO. Phosphorylation on threonine-286, and thus activation
of CaMKII, was also similar (Supplemental Figure 4).
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55 80 ® < 100 L significantly decreased in Epac? KO compared with WT
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‘P\ﬁ 60 T-PLN Representative immunoblotting resulis of phosphoryla-
g 40 L tion of PLN on serine-16 (upper) and threonine-17 (mid-
3] SERCA2a dle) and SERCA2a (lower) are shown. T-PLN, total PLN;

;ﬁ) 20 r GAPDH & p-PLN, phosphorylated PLN.

0 WT Epact KO

EPAC-selective cAMP analogue increases PLN phosphorylation on ser-
ine-16 and threonine-17 in neonatal vat cardiac mryocytes. The above find-
ings indicated that disruption of EPAC, but not PKA, decreased
PLN phosphorylation. When we examined the consequences of
EPAC activation for PLN phosphorylation in neonatal rat cardiac
myocytes, we used a new membrane-permeable EPAC-selective
but not isoform-selective agonist, i.e., 8-(4-chlorophenylthio)-2'-
O-Me-cAMP-AM (8-CPT-AM) (33). We found that 10 uM 8-CPT-
AM was necessary to obtain a significant PLN phosphorylation
signal with our detection system in neonatal rat cardiac myocytes
(Figure 2D), and thus this concentration was used. This concen-
tration of 8-CPT-AM is in line with those used in previous stud-
ies to examine EPAC-mediated signaling, i.e., 10 uM for adult rat
cardiac myocytes (34) or 50 uM for 293T, JAR, and BeWo cells (35).
Furthermore, Brette et al. reported very recently that 8-CPT-AM at
10 uM did not exert an inhibitory effect on phosphodiesterase
(PDE) activity (34). On the other hand, non-AM ester 8-CPT
(8-CPT) does inhibit PDE, which is undesirable, since we wish to
examine EPAC-specific effects (36, 37).

We found that 8-CPT-AM significantly increased the PLN
phosphorylation on serine-16 by approximately 89-fold from
baseline and that on threonine-17 by approximately 19-fold from
baseline at 15 minutes after the treatment with 8-CPT-AM (n = 4,
P <0.01) (Figure 2, A and B). PLN phosphorylation on serine-16
was decreased gradually, but was significantly increased even at
120 minutes after 8-CPT-AM treatment. However, PLN phos-
phorylation on threonine-17 decreased rapidly and did not show
a significant increase at 60 minutes after 8-CPT-AM treatment.
Thus, activation of EPAC with 8-CPT-AM, in addition to PKA
and CaMKIJ, could induce PLN phosphorylation on serine-16
and threonine-17, but PLN phosphorylation on serine-16 per-
sists for a long time, compared with that on threonine-17, which
has been reported to be phosphorylated by EPAC via PLCg/
PKCe/CaMKII (27, 28).

Increase of PLN phosphorylation at serine-16 was attenuated in neo-
natal cardiac myocytes prepared from Epacl KO after the treatment
of 8-CPT-AM. We examined the effects of 8-CPT-AM on PLN
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phosphorylation at serine-16 using neonatal cardiac myocytes
prepared from Epacl KO and WT. In WT neonatal mouse car-
diac myocytes, we found that 1 pM 8-CPT-AM was sufficient
to obtain a significant PLN phosphorylation signal with our
detection system (Supplemental Figure 5). Since the magnitude
of the increase was similar to that obtained with 10 uM 8-CPT-
AM in neonatal rat cardiac myocytes, we used this concentration
(1 uM) (Figure 2D and Supplemental Figure 5). Epac activation
with 8-CPT-AM (1 uM) significantly increased PLN phosphory-
lation at serine-16 from baseline in WT, and the level was also
significantly greater than that in Epacl KO (P < 0.05). In contrast
with WT, the increase of PLN phosphorylation at serine-16 was
not significant (WT: from 100% + 11% to 1534% + 528%, n = 4-6,
P < 0.01; Epacl KO: from 61% + 22% to 476% + 141%, n = 4-6,
P =NS). These results, together with the data shown in Figure 1A
and Figure 24, indicate that EPACI is an important regulator
of PLN phosphorylation at serine-16, independently of PKA.
More importantly, these findings also suggest that 8-CPT-AM
at the concentration of 1 uM phosphorylates PLN at serine-16
via EPAC, not other signaling pathways, such as PKA, cGMP-
dependent PKG, or PDE (34, 38).

EPAC phosphorylates PLN at serine-16 via PLC/PKCe. It is estab-
lished that PKC phosphorylates PLN and that the phosphoryla-
tion via PKC is additive to that via PKA and CaMKI], but the sig-
nificance of these findings and the mechanisms involved remain
poorly understood (39-41). It has been suggested that EPAC medi-
ates a novel pathway of regulatory crosstalk between the cAMP
and the PLC/PKC pathways (42), and so we hypothesized that
EPAC mediates PLN phosphorylation on serine-16 via PLC/PKC.
Indeed, in the presence of PLC inhibitor (U73122) or PKC inhibi-
tor (Ro-31-7549), EPAC-mediated phosphorylation of serine-16
was negated in neonatal mouse and rat cardiac myocytes (Supple-
mental Figure 6). Twelve PKC isoforms are known to exist; con-
ventional PKC subtypes, which include PKCa, PKCP, and PKCy,
require both Ca?* and phospholipid for activation, whereas novel
PKC subtypes, which include PKCS and PKCg, require phospho-
lipid, but not Ca?* (43). We examined the effect of silencing each
Number 6
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Figure 2

Effects of EPAC activation on PLN phosphorylation in neonatal rat cardiac myocytes. (A and B) Treatment of neonatal rat cardiac myocytes with
8-CPT-AM (10 uM). PLN phosphorylation on serine-16 was significantly increased at 15 minutes and remained significantly (*P < 0.05 or **P < 0.01
versus 0 minutes, n = 4) greater at 120 minutes than at 0 minutes (A). PLN phosphorylation on threonine-17 was also significantly increased at
15 minutes after treatment. However, increase fell below significance at 60 minutes versus 0 minutes and remained unchanged at 120 minutes
(P = NS, versus 0 minutes, n = 4) (B). Ratio of phosphorylated/total protein expression of PLN at baseline (0 min: Ctrl) was taken as 1-fold.
(C) EPAC-mediated PLN phosphorylation on serine-16 was examined in neonatal rat cardiac myocytes transfected with PKCe siRNA or control
siRNA (*P < 0.01, n = 5-7). Ratio of phosphorylated/total protein expression of PLN in cells transfected with control siRNA at baseline was taken
as 100%. (D) PLN phosphorylation on serine-16 was examined in cells treated with Bnz-cAMP (50 uM) and/or 8-CPT-AM (10 uM). (*P < 0.001
versus Bnz-cAMP [50 uM] alone; 1P < 0.001 versus 8-CPT-AM [10 uM] alone). A similar tendency was observed when 10 uM Bnz-cAMP and 5 uM
8-CPT-AM were used together (*P < 0.001 versus Bnz-cAMP [10 pM] alone; TP < 0.001 versus 8-CPT-AM [5 pM] alone, n = 4-8; *P < 0.01 versus
baseline, n = 4-8). Ratio of phosphorylated/total protein expression of PLN at baseline was taken as 100%.

PKC isoform with siRNA on PLN phosphorylation (Supplemental
Figure 7A). Silencing of PKCa, PKCp, PKCy, and PKC$ did not

EPAC phosphorylates PLN in an additive and independent manner with
respectto PKA. In order to compare the roles of EPAC and PKA in PLN

affect the EPAC-mediated PLN phosphorylation on serine-16 with
8-CPT-AM (Supplemental Figure 8). However, when PKCe was
silenced with siRNA (its specificity was confirmed: Supplemental
Figure 7B), EPAC-mediated PLN phosphorylation on serine-16
was significantly attenuated compared with the control (control
siRINA versus PKCe siRNA: 410% + 44% versus 158% + 10%, n = 5-7,
P <0.01), suggesting that PKCe plays a role in PLN phosphoryla-
tion on serine-16 by EPAC (Figure 2C).
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phosphorylation, we examined the effects of N6-benzoyladenosine-
cAMP (Bnz-cAMP), a PKA-selective cAMP analogue, and 8-CPT-AM,
an EPAC-selective analogue (Figure 2D). The degree of PLN phos-
phorylation achieved with 8-CPT-AM (10 uM) was approximately
60% of that achieved with Bnz-cAMP (50 uM) (Bnz-cAMP versus
8-CPT-AM: 3324% + 289% versus 1851% + 202%, n = 4-8, P <.0.001).
However, when 8-CPT-AM and Bnz-cAMP were used together,
PLN phosphorylation was additively and significantly increased
Volume 124
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Figure 3

PLN phosphorylation on serine-16 and threonine-17 and CaMKIl phosphorylation on threonine-286 in isolated WT or Epac? KO heart perfused
according to Langendorf method with or without subsequent ISO (0.1 uM) for 5 minutes. (A) PLN phosphorylation on serine-16 was significantly
increased (*P < 0.05, *™*P < 0.01) in response to 1ISO in WT and Epac? KO (WT: from 100% = 7.0% to 351% + 32%, n = 6-8; Epac? KO: from
60 + 2.6 to 153% * 9%, n = 5), but increase was significantly smaller in Epac7 KO (153% =+ 9%) compared with WT (351% + 32%, **P < 0.01,
n = 5-6). Ratio of phosphorylated/total protein expression of PLN in WT at baseline was taken as 100%. (B) PLN phosphorylation on threonine-17
was similar in WT and Epac? KO at baseline and was significantly increased in response to ISO in WT (from 100% + 2.3% to 183% + 14%, **P < 0.01,
n = 6-8) and Epac1 KO (from 94% + 6.7% to 173% = 13%, **P < 0.01, n = 6-8). Magnitudes of the increase were similar (P = NS). Ratio of
phosphorylated/total protein expression of PLN in WT at baseline was taken as 100%. (C) CaMKIi phosphorylation on threonine-286 was similar
in WT and Epac? KO at baseline and was significantly increased (**P < 0.01) in response to ISO in WT (from 100% + 12% to 297% * 37%, n = 5)
and Epac? KO (from 82% + 7.7% to 278% + 58%, n = 5). Magnitudes of increase were similar (P = NS). Ratio of phosphorylated/total protein
expression of CaMKIl in WT at baseline was taken as 100%. (D) Representative immunoblotting results of phosphorylation of PLN on serine-16

(upper) and threonine-17 (middle) and CaMKI! on threonine-286 (lower). p-CaMKIl, phosphorylated CaMKIi; T-CaMKIl, total CaMKII.

(7688% + 497%) relative to that with Bnz-cAMP alone (3324% + 289%)
or with 8-CPT-AM alone (1851% + 202%) (P < 0.001 versus Bnz-
cAMP or 8-CPT-AM alone). A similar tendency was observed when
S uM 8-CPT-AM and 10 uM Bnz-cAMP were used together, sug-
gesting that EPAC-mediated PLN phosphorylation may be indepen-
dent of PKA-mediated PLN phosphorylation. Taken together, these
results indicate that PLN phosphorylation via EPAC is additive to
that via PKA, and both EPAC and PKA might be required for maxi-
mal PLN activation via phosphorylation on serine-16.

Effects of infection with Ad-PKI-GFP on PLN phosphorylation in neonatal
cardiac myocytes transfected with negative or EPACI siRNA. In order to
confirm the role of EPAC1 in PKA-independent PLN phosphory-
lation, we generated recombinant adenovirus of mouse protein
kinase inhibitor a~GFP (Pkia-GFP) infusion gene (Ad-PKI-GFP)
and adenovirus of GFP (Ad-GFP) as controls and examined the
effects of Ad-PKI-GFP infection on PLN phosphorylation in neona-
tal rat cardiac myocytes transfected with control or EPAC1 siRNA
(Supplemental Figure 9A, Supplemental Figure 10, and ref. 44).
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We first confirmed that more than 98% of cells appeared green
and that GFP fluorescence was evenly distributed in the cytoplasm
of cardiomyocytes infected with Ad-PKI-GFP or Ad-PKI at MOI
100 (Supplemental Figure 10B).

We next performed Western blotting and found that PLN
phosphorylation on serine-16 was significantly increased in cells
infected with Ad-GFP or Ad-PKI-GFP in addition to control siRNA
transfection after ISO treatment (10 pM) for 15 minutes. Howev-
er, the magnitude of the increase was significantly smaller in cells
transfected with Ad-PKI-GFP than with Ad-GFP (Ad-GFP [lane 2]
versus Ad-PKI-GFP [lane 4]: 60 + 2.6 versus 45 + 3.1-fold, P < 0.05,
n = 4) (Supplemental Figure 10C). In order to examine the role of
EPAC1 in PKA-independent PLN phosphorylation on serine-16,
we examined the effect of EPAC1 siRNA transfection and found
that silencing EPAC1 significantly decreased the ISO-promoted
PLN phosphorylation on serine-16 in cells infected with Ad-PKI-
GFP (lane 5: 22 + 0.6-fold, P < 0.01, » = 4). However, pretreatment
with KN-93 (10 uM for 30 minutes), a specific CaMKII inhibitor,
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Figure 4

Ca2?* transient of adult isolated cardiac myocytes from Epac? KO. {A and B) Typical recordings of Ca2* transients in cardiac myocytes from WT (A)
and Epac? KO (B). Note that the basal and peak Ca?* transient amplitude and decay rate are smaller in Epac? KO (n = 32 cells from 4 animals
each). (C and D) Ca?* transient parameters of isolated cardiac myocytes from Epac7 KO and WT. The basal Ca2* concentration (WT versus Epac?
KO: 139 =+ 6.8 versus 99 + 11.8 nM) and peak Ca?+ concentration (WT versus Epac? KO: 883 x 35.3 versus 559 + 33.2 nM) were significantly
lower in Epac? KO than in WT (C). The decay time constant (t) was significantly larger in Epac? KO than in WT (WT versus Epac? KO: 108 + 6.6
versus 187 = 13.2 ms) (n = 32 cells, *P < 0.05) (D). (E and F) Typical recordings of Ca?+ transients after caffeine (10 mM) treatment of cardiac
myocytes from WT (E) and Epac? KO (F). (G) Peak Ca?* concentration after caffeine (10 mM) treatment was significantly decreased in Epac?
KO compared with WT (WT versus Epac? KO: 1210 + 143 versus 835 + 87.6 nM, n = 7, *P < 0.05).

did not decrease ISO-promoted PLN phosphorylation on ser-
ine-16 in cells transfected with control siRNA (lane 6: 37 + 3.1-fold,
P=NS, n=8) (Supplemental Figure 10C).

We also examined whether PLN phosphorylation on threo-
nine-17 was increased in cells transfected with Ad-GFP or Ad-PKI-
GFP in addition to control siRNA after ISO treatment (10 uM) for
15 minutes. However, the magnitudes of the increase were similar
in both cases (Ad-GFP [lane 2] versus Ad-PKI-GFP [lane 4]: 59 + 0.04
versus 56 + 0.05-fold, P = NS, »n = 8) (Supplemental Figure 10D).
Transfection of EPAC1 siRNA significantly decreased ISO-pro-
moted PLN phosphorylation on threonine-17 in cells transfected
with Ad-PKI-GFP (lane 5: 41 + 0.04, P < 0.05, n = 8) as in the case of
serine-16. However, KN-93 pretreatment (10 uM for 30 minutes)
abrogated the ISO-promoted PLN phosphorylation on serine-17
in cells transfected with control siRNA (lane 6: 1.4 + 0.003, P< 0.01,
n = 8) (Supplemental Figure 10D).

Together with the data in Figure 2D, these data obtained with
Ad-PKI-GFP clearly demonstrated that EPAC1 and PKA regulate
PLN phosphorylation on serine-16 in an additive and an inde-
pendent manner. Also, EPAC1 regulates PLN phosphorylation
at both serine-16 and threonine-17 in vitro, in addition to PKA
and CaMKIL
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The increase of PLN phosphorylation on serine-16 with 1SO was
decreased in Epacl KO. We next examined the phosphorylation of
PLN in total homogenate prepared from WT and Epacl KO hearts
perfused with the Langendorf method. Hearts were perfused with
Krebs solution at constant pressure with or without the treatment
of ISO (0.1 uM) for S minutes (45), then rapidly frozen in liquid
nitrogen for Western blotting (Figure 3).

PLN phosphorylation on serine-16 was significantly decreased in
Epacl KO compared with that in WT at baseline (WT versus Epacl
KO: 100% + 7.0% versus 60% * 2.5%, P < 0.05, n = 5-8). It was sig-
nificantly increased in response to ISO, but the magnitude of the
increase was significantly smaller in Epacl KO (WT versus Epacl
KO:351% = 32% versus 153% + 9%, n = 5-6, P < 0.01) (Figure 3A).
PLN phosphorylation on threonine-17 was similar in both WT
and Epacl KO at baseline (100% =+ 3.0% versus 94% + 6.7%, n = 8,
P = NS). However, it was significantly increased in both WT and
Epacl KO in response to ISO (P < 0.01), and the magnitudes of
the increase were similar (WT versus Epacl KO: 183% * 14% versus
173% + 13%, n = 6, P = NS) (Figure 3B). CaMKII phosphorylation
on threonine-286 was also similar in WT and Epacl KO at baseline
(WT versus Epacl: 100% + 12% versus 82% + 7.7%, n = 5, P = NS). It
was significantly increased in both WT and Epacl KO in response
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Figure 5

Epact KO sham Epact1 KO TAC

Comparison of cardiac hypertrophy after aortic banding (TAC) in WT and Epac? KO. (A) Pressure gradients were not different in WT and Epac?
KO at 3 weeks after TAC (n = 13-16, P = NS). (B and C) LV weight (mg)/tibial length (mm) ratio (B) and LV weight (mg)/body weight (BW, g) ratio
(C) were determined at 3 weeks. The degree of cardiac hypertrophy was increased at 3 weeks, but was similar in WT and Epac? KO (LV/tibial
length ratio for WT versus Epac? KO: 7.3 = 0.2 versus 7.0 £ 0.2; LV/BW ratio for WT versus Epac? KO: 4.4 + 0.1 versus 4.4 = 0.2, n = 18-20,
P =N8). (D and E) Representative gross LV section of Masson-trichrome staining in sham-operated and TAC-operated WT and Epac? KO heart.
Note that the degree of cardiac hypertrophy was similar, but the fibrotic area after aortic banding was smaller in Epac? KO than that in WT.

to ISO (P < 0.01), and the magnitudes of the increase were similar
(WT versus Epacl KO: 297% = 37% versus 278% + 58%, n =5, P= NS)
(Figure 3C). These data indicate that PLN phosphorylation on ser-
ine-16, the major site of PKA-mediated phosphorylation, is also
regulated by EPAC1. However, EPAC1 does not alter PLN phos-
phorylation on threonine-17, the major site of CaMKII-mediated
phosphorylation, at baseline or in response to ISO.

Silencing EPACI in cavdiac myocytes attenuates ISO-mediated increas-
es of RyR2 phosphorylations on serine-2808 and serine-2814. PKA and
CaMKII-mediated phosphorylation of RyR2 play important roles
in modulating cardiac contractility and arrhythmogenesis. It was
reported that RyR2 phosphorylation on serine-2808 is mediated
by PKA, while RyR2 phosphorylation on serine-2814 is mediated
by CaMKII (46). More recently, both sites have been reported to be
phosphorylated by PKA and CaMKII, and their phosphorylation is
required for adequate RyR2 functional activity (11). We thus exam-
ined ISO-induced (10 uM for 3 minutes) phosphorylation on ser-
ine-2808 and serine-2814 of RyR2 in neonatal rat cardiac myocytes
transfected with control or EPACI siRINA because we found that
phosphorylated and rotal RyR2 antibodies did not work well in
cardiac homogenate prepared from mouse heart perfused with the
Langendorf method (Supplemental Figure 9A and Supplemental
Figure 11). RyR2 phosphorylation levels on serine-2808 and ser-
ine-2814 were similar in cells transfected with control or EPAC1

'siRNA at baseline (serine-2808: control siRNA versus EPAC1
sIRNA: 100% + 1.9% versus 130% + 4.9%, n = 4, P = NS; serine-2814:
control siRNA versus EPAC1 siRNA: 100% + 16% versus 116% + 16%,
n = 4-6, P = NS). They were significantly increased in response
to ISO, but the magnitudes of the increase on both serine-2808
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(Supplemental Figure 11B) and serine-2814 (Supplemental Fig-
ure 11C) were significantly smaller in cells transfected with EPAC1
siRNA than those in cells transfected with control siRNA (serine-
2808: control siRNA versus EPAC1 siRNA 268% + 8.3% versus
199% + 13%; P < 0.01, n = 6; serine-2814: control siRNA versus
EPACI siRNA 220% + 13% versus 170% + 2.3%, P < 0.05, n = 4-6).
These data indicate that EPAC1 regulates RyR2 phosphorylation
on serine-2808 and serine-2814 in addition to PKA and CaMKIL
Intracellular Ca** concentration is decreased in Epacl KO myocytes. Car-
diac contraction and relaxation are influenced by the intracellular
increase in Ca?* during systole and its decrease during diastole.
Sarcoplasmic reticulum Ca?* uptake is regulated via PLN phos-
phorylation. PLN phosphorylation has recently been concluded to
play a prominent role in the regulation of myocardial contraction
as well as relaxation based on findings in Pln knockout mice (12).
We thus examined the intracellular Ca?* concentration in
isolated cardiac myocytes of Epacl KO (Figure 4, A and B). The
basal and peak Ca?* concentrations were significantly decreased
in Epacl KO compared with WT (basal Ca?" in WT versus Epacl
KO 139 + 6.8 versus 99 = 11.8 nM, »n = 32, P < 0.01; peak Ca? in
WT versus Epacl KO: 883 + 35.3 versus 559 = 33.2 nM, n = 32,
P <0.01) (Figure 4C). The decay time constant (t) was significant-
ly larger in Epacl KO than that in WT controls (WT versus Epacl
KO: 108 + 6.6 versus 187 + 13.2 ms, n = 32, P < 0.01) (Figure 4D).
We also examined the cytoplasmic Ca?* concentration after addi-
tion of caffeine (10 mM) as a measure of Ca?* content in SR in
isolated cardiac myocytes of WT and Epacl KO (Figure 4, E-G).
The amplitude of the caffeine-induced increase in cytoplasmic
Ca?* concentration was significant in WT compared with Epacl
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Figure 6

Changes in LV function at 3 weeks after aortic banding (TAC) in WT and Epac1 KO. Echocardiographic measurements of LV function were performed
at 3 weeks after TAC of WT and Epac1 KO and in sham-operated controls. (A and B) LVEF was significantly decreased in WT (*P < 0.01), but not
in Epac1 KO (P = NS) at 3 weeks (WT versus Epac? KO: from 70% =+ 0.8% to 54% = 2.0% versus from 60% + 1.1% to 59% + 0.7%, n = 17--30) (A).
The data were compared with those from sham-operated controls at 3 weeks in each mouse. Change of LVEF from sham-operated controls at
3 weeks after TAC was significantly greater in WT than that in Epac? KO (B) (n = 17-31, *P < 0.01). (C and D) LVESD was significantly increased
in WT, but not in Epac? KO at 3 weeks after TAC (C). The data were compared with those from sham-operated controls at 3 weeks. Change of
LVESD from sham-operated controls at 3 weeks after banding was greater in WT than that in Epac? KO (n = 17-31, *P < 0.01) (D). The decrease
of LVESD in response to intravenous acute ISO infusion (0, 0.13, 0.27, 0.40 mg/kg/min for 5 minutes) was depressed in WT, but not in Epac? KO
(n=4-5, *P < 0.01). (E and F) The increase of LVEF (E) and the decrease of LVESD (F) in response to intravenous acute ISO infusion (0, 0.13,
0.27, 0.40 mg/kg/min for 5 minutes) were depressed in WT, but not in Epac? KO (n = 4-5, *P < 0.01) (E).

KO (WT versus Epacl KO: 1210 + 143 versus 835+ 87.6 nM,n =7,
P <0.05), indicating that the Ca?* content in SR was decreased in
Epacl KO compared with WT.

Activities of L-type Ca?* channel and NCX channel in Epacl KO are
similay to those in WT. We measured the L-type Ca?* channel current
(Icar) and Na*-Ca?* exchange current (Incx) using the cell patch-
clamp technique in isolated cardiac myocytes of Epacl KO and
confirmed that the density and current-voltage relationships of
Icar (Supplemental Figure 12) and Incx (Supplemental Figure 13)
were not different. We also examined the response of Ic,, a PKA-
dependent target, in response to ISO (10-7 M) and confirmed that
it was not different between WT and Epacl KO (Supplemental Fig-
ure 12B and ref. 6).

Disruption of EPACI does not affect development of cardiac hypertrophy,
but prevents heart failure in pressure overload stress. In order to exam-
ine the role of EPAC1 in the development of heart failure, we per-
formed aortic banding in Epacl KO and WT for 3 weeks. The pres-
sure gradients were similar in WT and Epacl KO at 3 weeks after
banding (Figure SA). At baseline, there was no difference between
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WT and Epacl KO in the LV weight (mg)/tibial length (mm)
(LV/tibial length ratio in WT versus Epacl KO: 5.2 £ 0.2 versus
5.2 0.2 mg/mm, n = 18-20, P = NS). The degree of cardiac hyper-
trophy was increased at 3 weeks, but remained similar in Epacl KO
and WT (LV/tibial length ratio in WT versus Epacl KO: 7.3 £ 0.2
versus 7.0 + 0.2, n = 18-20, P = NS) (Figure 5, B, D, and E). The
change of LV/body weight ratio, another index of cardiac hyper-
trophy, confirmed the finding based on LV/tibial length ratio (WT
versus Epacl KO: from 3.2 + 0.1 to 4.4 + 0.1 versus from 3.3+ 0.2 to
4.4 £0.2 mg/g, n = 18-20, P = NS) (Figure 5C).

At 3 weeks after banding, however, cardiac function (LVEF) was sig-
nificantly decreased in WT (P < 0.01), while it remained unchanged in
Epacl KO (WT versus Epacl KO: from 70% + 0.8% to 54% = 2.0% versus
from 60%  1.1% to 60% + 0.7%, n = 17-30) (Figure 6, A and B). LVESD
was increased significantly in WT at 3 weeks after banding (P < 0.01),
while it remained unchanged in Epaci KO (WT versus Epacl KO: from
2.9+0.04t03.3+0.1versusfrom3.4+0.1t03.1+0.1mm,n=17-31)
(Figure 6, C and D). Hemodynamic measurements demonstrated
that Max dP/dt was significantly decreased in WT, but not in Epacl
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