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BACKGROUND AND PURPOSE
Angiotensin II has been implicated in the development of various cardiovascular ailments, including cardiac hypertrophy and
heart failure. The fact that inhibiting its signalling reduced the incidences of both sudden cardiac death and heart failure in
several large-scale clinical trials suggests that angiotensin II is involved in increased cardiac arrhythmogenicity during the
development of heart failure. However, because angiotensin II also promotes structural remodelling, including cardiomyocyte
hypertrophy and cardiac fibrosis, it has been difficult to assess its direct contribution to cardiac arrhythmogenicity
independently of the structural effects.

EXPERIMENTAL APPROACH
We induced cardiac hypertrophy in wild-type (WT) and angiotensin II type 1a receptor knockout (AT1aR-KO) mice by
transverse aortic constriction (TAC). The susceptibility to ventricular tachycardia (VT) assessed in an in vivo electrophysiological
study was compared in the two genotypes. The effect of acute pharmacological blockade of AT1R on the incidences of
arrhythmias was also assessed.

KEY RESULTS
As described previously, WT and AT1aR-KO mice with TAC developed cardiac hypertrophy to the same degree, but the
incidence of VT was much lower in the latter. Moreover, although TAC induced an increase in tyrosine phosphorylation of
connexin 43, a critical component of gap junctional channels, and a reduction in ventricular levels of connexin 43 protein in
both genotypes, the effect was significantly ameliorated in AT1aR-KO mice. Acute pharmacological blockade of AT1R also
reduced the incidence of arrhythmias.

CONCLUSIONS AND IMPLICATIONS
Our findings demonstrate that AT1aR-mediated signalling makes a direct contribution to the increase in arrhythmogenicity in
hypertrophied hearts independently of structural remodelling.

Abbreviations
WT, wild-type; AT1aR, angiotensin II type 1a receptor; AT1aR-KO, angiotensin II type 1a receptor knockout; TAC,
transverse aortic constriction; LV, left ventricular; LVDd, left ventricular end-diastolic dimension; LVPW, left ventricular
posterior wall; %FS, percent fractional shortening; RV, right ventricle; Cx43, connexin43; AT2R, angiotensin type 2
receptor; VT, ventricular tachycardia
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Introduction
Heart failure is a leading cause of mortality and morbidity in
the Western world (McKinsey and Olson, 2005). Despite the
recent progress in both medical and non-medical treatment,
the prognosis for patients with heart failure remains poor, with
a 5-year survival rate of only about 50% (Zannad et al., 1999;
Levy et al., 2002). Furthermore, up to 50% of the deaths among
heart failure patients are sudden and unexpected, and are
presumed to be the result of lethal arrhythmias (Tomaselli and
Marban, 1999). For that reason, a fuller understanding of the
molecular mechanisms underlying the increased arrhythmo-
genicity seen in failing hearts would be highly desirable.

Heart failure is often preceded by pathological enlarge-
ment of the heart due to cardiac muscle cell hypertrophy (Frey
and Olson, 2003). Indeed, cardiac hypertrophy is a major risk
factor for heart failure (Lauer et al., 1999; Kannel, 2000; Vakili
et al., 2001; Devereux et al., 2004; Gardin and Lauer, 2004;
Okin et al., 2004) and is also a risk factor for ventricular
arrhythmias and sudden cardiac death (Levy et al., 1987;
Haider et al., 1998). This suggests that there are shared path-
ways linking cardiac hypertrophy, heart failure and arrhyth-
mias. Recent data showing a close association between
ventricular hypertrophy and increased susceptibility to
arrhythmia in a genetically engineered mouse model of hyper-
trophic cardiomyopathy support this notion (Wolf et al.,
2005). This increased susceptibility to arrhythmia reflects elec-
trical remodelling that includes changes in the function and
expression of membrane ion channels, gap junction proteins
and Ca2+-cycling proteins, and structural remodelling that
includes alterations in composition of the extracellular
matrix, that predisposes the hypertrophied ventricle to
arrhythmogenic events such as early and delayed afterdepo-
larization and re-entry (Tomaselli and Marban, 1999).

Angiotensin II has been implicated in the development
and progression of various cardiovascular diseases, including
cardiac hypertrophy and heart failure. A number of large-
scale randomized clinical trials have shown that reducing
angiotensin II signalling by inhibiting ACE or blocking angio-
tensin type 1 receptor improves the prognosis and reduces
disease severity in patients with heart failure (Howard et al.,
2006). Inhibiting angiotensin II signalling also reportedly
reduces the incidences of both heart failure and sudden
cardiac death (Kober et al., 1995; Cleland et al., 1997). Moreo-
ver, several studies of genetically modified animal models
have clearly demonstrated the arrhythmic potential of angio-
tensin II signalling (Xiao et al., 2004; Domenighetti et al.,
2007; Fischer et al., 2007). However, because angiotensin II
signalling also plays an important role in the structural
remodelling (e.g. cardiomyocyte hypertrophy and cardiac
fibrosis) seen during the development and progression of
cardiac hypertrophy or cardiomyopathy, it has been difficult
to obtain clear evidence of a direct contribution by angioten-
sin II signalling to the increase in arrhythmogenicity inde-
pendently of structural remodelling.

Our aim in the present study was therefore to clarify the
direct contribution of angiotensin II type1a receptor (AT1aR)-
mediated signalling to the increase in arrhythmogenicity
seen during cardiac remodelling. To accomplish this, we first
induced cardiac hypertrophy in wild-type (WT) and angio-
tensin II type 1a receptor knockout (AT1aR-KO) mice by sub-

jecting their hearts to chronic pressure overload caused by
transverse aortic constriction (TAC) (Harada et al., 1998b). We
then carried out an in vivo electrophysiological study to
compare arrhythmogenicity in the two genotypes. We also
assessed the inhibitory effect of acute pharmacological block-
ade of AT1R on inducible arrhythmias in mice with TAC and
the molecular mechanism by which AT1aR-mediated signal-
ling makes a direct contribution to the electrical remodelling.
Our results demonstrate that AT1aR-mediated signalling can
make a direct contribution to the increase in arrhythmo-
genicity in hypertrophied hearts independently of structural
remodelling.

Methods

Animal preparations
The animal care and all experimental protocols were reviewed
and approved by the Animal Research Committee at the
Kyoto University Graduate School of Medicine. AT1aR-KO
(AT1aR−/−) mice (C57BL/6 background) were kindly provided
by Dr Fukamizu (The University of Tsukuba) (Sugaya et al.,
1995). WT C57BL/6 littermates served as controls.

Transverse aortic constriction
Eight- to ten-week-old mice were anaesthetized, intubated
and artificially ventilated as previously described (Izumi et al.,
2001). Pressure overload was then induced by TAC (Hill et al.,
2000; Nakagawa et al., 2006). Briefly, the chest cavity was
opened in the second intercostal space, at the left sternal
border, to expose the aortic arch. The segment of aortic arch
between the right innominate and left carotid arteries was
then constricted using a 7-0 silk suture tied firmly against a
27-gauge needle. The needle was subsequently removed,
leaded to approximately 70% constriction. Sham-operated
mice underwent the identical surgical procedure, except the
aortic arch was not constricted. Four weeks after the sham or
TAC operation, mice were killed by cervical dislocation and
excised hears were used for further analyses.

Echocardiography
Echocardiography was carried out before (baseline) and 4
weeks after surgery using an echocardiographic system
(Toshiba Power Vision 8000) equipped with a 12 MHz imaging
transducer as described previously (Adachi et al., 2003). Mice
were anaesthetized with spontaneous respiration by i.p. injec-
tion of tribromoethanol/amylene hydrate (avertin) 2.5% w/v
solution (8 L·g−1). We measured left ventricular (LV) end-
diastolic dimension (LVDd), LV posterior wall (LVPW) thick-
ness and percent fractional shortening (%FS).

Histological examination
Hearts were fixed in 10% formalin and prepared for histologi-
cal analysis as described previously (Li et al., 2002). To quan-
titate the myocardial fibrosis, we determined the ratios of the
Sirius red-stained area to the total area. The data were then
shown as % fibrosis, as previously reported (Li et al., 2002).

Quantitative RT-PCR analysis
Using 50 ng of total RNA prepared from ventricles, levels of
mouse ANP, BNP, Acta1, SERCA2, TGF-β1, collagen 1, fibronec-
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tin, CTGF, SCN5A, CACNA1c, KCND2, Kchip2, KCNJ2,
KCNH2, KCNJ11 and GAPDH mRNA were determined using
quantitative real-time PCR according to the manufacture’s
protocol (Applied Biosystems, Zaventam, Belgium). The
sequences of the forward (F) and reverse (R) primers and of
the probes (P) with fluorescent dye (FAM) and quencher
(TAMRA) for ANP, BNP, Acta1, SERCA2, TGF-β1 and collagen 1
were reported previously (Li et al., 2002; Kuwahara et al.,
2003). The primers and probes for fibronectin, CTGF, SCN5A,
CACNA1c, KCND2, Kchip2, KCNJ2, KCNH2, KCNJ11 and
GAPDH were purchased from Applied Biosystems.

Intracardiac electrophysiology
The mice underwent intracardiac electrophysiological exami-
nation 4 weeks after TAC or sham operation. They were
initially anaesthetized with ether and placed on a warm pad
maintained at 37°C. The trachea of each mouse was then
cannulated with a polyethylene tube, and the mice were
respirated using a rodent respirator (Shinano Co., Tokyo,
Japan) with the tidal volume set at 0.9 mL and the respiration
rate set at 110 min−1. The mice were anaesthetized with 0.5–
1.5% isoflurane for the remainder of the surgical procedure. A
surface frontal plane 6-lead ECG was obtained using clips
placed on each limb, and a midline cervical incision was
made to expose the right jugular vein. Using a jugular vein
cutdown approach, a catheter (2.0F octapolar catheter with
inter-electrode spacing of 0.5 mm, CIBer mouse EP; NuMed,
Hopkinton, NY, USA) was blindly placed into the right
ventricle (RV). We confirmed the proper positioning of the
catheter at the end of the experiment. A standard electro-
physiology protocol was performed as described previously
(Gehrmann and Berul, 2000; Kuwahara et al., 2003). Rapid RV
pacing using the extra stimulation (S1S2) technique with 1–3
extra stimuli was performed to determine the RV refractory
period and to attempt induction of ventricular arrhythmias:
10 pacing stimuli (S1; a coupling interval is 80–90 ms) fol-
lowed by 2–3 extra stimulations (S2-4) were used to induce
VT in experiments to see effects of TAC on WT and AT1aR-
KO, and 10 pacing stimuli (S1; a coupling interval is 80 ms)
followed by 2 extra stimulations (S2, S3) were used to induce
VT in experiments to see effects of EXP-3174. Between these
two slightly different protocols, VT induction rates in WT
mice subjected to TAC were not significantly different
(Tables 1 and 2). Note that the similar protocol is commonly
used in electrophysiological studies with humans. The stimu-
lation was applied at twice the ventricular diastolic capture
threshold. VT was defined as an induction of three or more
consecutive premature ventricular contractions. The operator
who performed electrophysiological study was blinded to the
genotype and procedure status of the experimental animals.
In some experiments, 0.3 mg·kg−1 EXP-3174, an AT1R-
blocking losartan metabolite, or vehicle was i.v. administered
60 min before the examination. We used EXP-3174 because it
is the active carboxylic acid metabolite of losartan, exerts
prompt pharmacological action, and has more potent and
selective AT1R blocking activity than losartan (Chang et al.,
1995).

Immunoprecipitation and Western analyses
Details of the methods used to prepare lysates from the ven-
tricles of sham- and TAC-operated mice, as well as those used

to carry out co-immunoprecipitation assays, were described
previously (Nakagawa et al., 2006). Briefly, frozen samples of
the ventricle were homogenized and sonicated in lysis buffer
containing 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyroph-
osphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg·mL−1

leupeptin and 1 mM phenylmethylsulfonyl fluoride (Cell Sig-
naling Technology, Inc., Danvers, MA, USA). After the debris
was cleared by centrifugation, the protein concentration in
the supernatant was quantified as the crude extract. For
immunoprecipitation, 1 mg of extract was mixed with
anti-connexin43 (Cx43) antibodies (1:50 dilution; Santa
Cruz Biotechnology, Dallas, TX, USA) and protein A/G-PLUS-
agarose (Santa Cruz) and then incubated overnight at 4°C.

Table 1
VT inducibility in WT and AT1aR-KO mice subjected to TAC or sham
operation

Total number
of VT(+) mice

Induction
rate of VT

WT-Sham (n = 15) 0 0%

KO-Sham (n = 13) 0 0%

WT-TAC (n = 15) 11 73.3%

KO-TAC (n = 13) 4 30.8%*

VT, ventricular tachyarrhythmia; WT-Sham, wild-type mice sub-
jected to sham operation; KO-Sham, AT1aR-KO mice subjected
to sham operation; WT-TAC, wild-type mice subjected to TAC;
KO-TAC, AT1aR-KO mice subjected to TAC.
*P < 0.05 versus WT-TAC.

Table 2
Heart weight-to-body weight ratio, lung weight-to-body weight ratio
and VT inducibility in WT mice subjected to TAC for 4 weeks then
treated with either vehicle or EXP-3174

Vehicle EXP-3174

Body weight (g) 27.7 ± 0.1 27.4 ± 0.2

Heart weight (mg) 211.1 ± 5.6 213.4 ± 6.7

Lung weight (mg) 226.1 ± 3.9 241.9 ± 3.9

HW/BW (mg·g−1) 7.62 ± 0.23 7.82 ± 0.26

LW/BW (mg·g−1) 8.18 ± 1.43 8.87 ± 1.43

Total number of VT (+)
mice

8 3

Induction rate of VT (%) 73 25*

HW/BW, heart weight-to-body weight ratio; LW/BW, lung
weight-to-body weight ratio; vehicle, WT mice treated acutely
with vehicle 4 weeks after TAC; EXP-3174, WT mice treated
acutely with EXP-3174 4 weeks after TAC; VT, ventricular
tachyarrhythmia; TAC, transverse aortic constriction. EXP-3174
(0.3 mg·kg−1) was given intravenously 1 h prior to the EPS study.
n = 11 in the vehicle group and 12 in the EXP-3174 group.
*P < 0.05 versus control vehicle.
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Precipitated proteins were separated by SDS-PAGE using 10%
polyacrylamide gels and then analysed by Western blotting
using anti-phosphotyrosine (1:200; Santa Cruz) and anti-
Cx43 (1:1000; Santa Cruz) as probes. In addition, extract
containing 50 μg of protein was used for Western blotting
with anti-Cx43 (1:1000; Santa Cruz) or anti-β-actin (1:1000;
Sigma-Aldrich, St. Louis, MO, USA) antibody as Input to
control for variation in levels of protein expression. In
another experiment, extracts containing 50 μg of protein
were separated by SDS-PAGE using 15% polyacrylamide gels
and then analysed by Western blotting using anti-Tyr265-
phosphorylated Cx43 (1:1000; Santa Cruz), anti-Cx43
(1:1000; Santa Cruz) or anti-GAPDH (1:1000; Merck Milli-
pore, Billerica, MA, USA) antibody.

Statistical Analysis
Data are presented as means ± SEM. We compared continuous
variables using Student’s t-test. Frequency analysis was per-
formed using chi square test. ANOVA with post hoc Fisher’s
protected least significant difference test was used for com-
parison among groups. Values of P < 0.05 were considered
significant.

Results

TAC induced comparable cardiac hypertrophy
in AT1aR-KO and WT mice
An earlier report showed that, in response to chronic pressure
overload created by abdominal aortic banding, AT1aR-KO
mice developed cardiac hypertrophy just as WT mice did
(Harada et al., 1998b). With that in mind, we aimed to use
these mice to examine the role of AT1aR in the electrical
remodelling seen during cardiac hypertrophy induced by
chronic pressure overload caused by TAC. Echocardiographic
examination revealed that before TAC or the sham operation,
there were no significant differences in LVDd, LVPW thick-
ness or %FS among the four groups studied (Figure 1A–C).
However, LVPW thickness was significantly higher in
both AT1aR-KO and WT mice 4 weeks after TAC than
before it (0.61 ± 0.01 mm → 0.82 ± 0.02 mm and 0.63 ±
0.01 mm → 0.86 ± 0.02 mm, respectively, P < 0.01). As previ-
ously reported, there was no difference between the heart
weight-to-body weight ratios in AT1aR-KO and WT mice fol-
lowing either TAC or sham operation (AT1aR-KO with sham,
4.3 ± 0.05 mg·g−1; AT1aR-KO with TAC, 5.7 ± 0.22 mg·g−1;
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Figure 1
Angiotensin II type 1a receptor knockout (AT1a-KO) and wild-type (WT) mice develop left ventricular hypertrophy to a similar degree after
transverse aortic constriction (TAC). Left ventricular (LV) end-diastolic dimension (LVDd) (A), left ventricular posterior wall ( LVPW) thickness (B)
and percent fractional shortening (%FS) (C) evaluated by echocardiography before and after TAC or sham operation. Values are means ± SEM.
*P < 0.01 versus before each operation. (D) Heart weight-to-body weight (HW/BW) ratios 4 weeks after the operation. Values are means ± SEM.
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WT with sham, 4.6 ± 0.06 mg·g−1; WT with TAC, 6.1 ±
0.25 mg·g−1) (Figure 1D). Likewise, expression of hyper-
trophic and fibrotic marker genes induced in response to the
chronic pressure overload was quite similar in AT1aR-KO and
WT mice (Figures 2A–D and 3A–D), and histological analysis
showed that pressure overload induced similar degrees of
cardiac fibrosis in AT1aR-KO and WT mice (Figure 3E and F),
which is consistent with the notion that AT1aR-mediated
signalling is dispensable for the structural remodelling
induced by TAC. Angiotensin type 2 receptor (AT2R) expres-
sion did not significantly differ between AT1aR-KO and WT
mice, with or without TAC, as reported previously (data not
shown here) (Harada et al., 1998b).

Diminished induction of ventricular
tachycardia in AT1aR-KO mice
Given that AT1aR-KO mice and their WT littermates showed
similar structural remodelling in response to chronic pressure
overload, we next compared the electrical properties in the
two genotypes. To accomplish this, 4 weeks after the sham
operation or TAC, we inserted an octapolar 2.0F catheter into
the RV via the right jugular vein and assessed the inducibility
of ventricular tachycardia (VT) in the mice (Table 1).
Figure 4A shows a representative polymorphic VT induced by
programmed ventricular stimulation. There was no induction
of VT in sham-operated AT1aR-KO or WT mice. Meanwhile,
VT was induced in 11 of 15 (73.3%) WT mice subjected to
TAC, but in only 4 of 13 (30.8%) AT1aR-KO mice with TAC.

Thus, AT1aR deficiency had a significant (P < 0.05) protective
effect against induction of VT in hypertrophied hearts.

Comparable ion channel gene expression in
AT1aR-KO and WT mice
The ventricular expression of genes encoding ion channels
has been shown to be altered during cardiac hypertrophy
(Tomaselli and Marban, 1999). To test whether a difference in
ion channel gene expression in the ventricular myocardium
contributes to the difference in susceptibility to VT seen in
AT1aR-KO and WT mice with TAC, we used real-time PCR to
compare the transcription levels of several ion channel genes
in the two genotypes, including those responsible for the
INa (SCN5A), ICa-L (CACNA1C), ITO (KCND2 and Kchip2), IK1

(KCNJ2), IKr (KCNH2) and IK-ATP (KCNJ11). We found no sig-
nificant difference in the levels of any of the corresponding
mRNAs between AT1aR-KO and WT mice subjected to TAC or
sham operation (Figure 4B).

Attenuated tyrosine phosphorylation and
preserved levels of connexin 43 protein in
AT1aR-KO ventricles
Gap junctions are clusters of intercellular channels that
mediate electrical communication between adjacent cells.
Connexin 43(Cx43) is the predominant ventricular gap junc-
tion protein, and under various conditions, it is phosphor-
ylated at multiple serine residues by PKC and MAPK, and at
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Effects of chronic pressure overload on left ventricular expression of hypertrophic marker genes 4 weeks after transverse aortic constriction (TAC)
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two tyrosine residues by c-src (Lampe and Lau, 2004). Phos-
phorylation of Cx43 affects its tissue level, intracellular dis-
tribution and function (Toyofuku et al., 2001; Warn-Cramer
and Lau, 2004). The changes in gap junctions caused by Cx43
phosphorylation likely contribute to an overall reduction
in conduction velocity and increased dispersion of action
potential duration and refractory properties, which combine
to form the substrate for potentially lethal arrhythmias

(Gutstein et al., 2001; Danik et al., 2004; Poelzing and
Rosenbaum, 2004; van Rijen et al., 2004; King et al., 2013).
Indeed, a recent study showed the relationship between
reduced conduction velocity and arrhythmogenicity in
mouse hearts (King et al., 2013). Mice with cardiac-restricted
deletion of Cx43 showed slow conduction velocity in the
heart, resulting in sudden arrhythmic death (Gutstein et al.,
2001). Furthermore, angiotensin II signalling reportedly
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activates kinases that modulate Cx43 phosphorylation
(Sadoshima and Izumo, 1996; Zou et al., 1998; Lampe
and Lau, 2004; Sovari et al., 2011). Particularly, it has
been recently reported that angiotensin II induces c-src
TK-mediated remodelling of Cx43, which leads to the
increase in sudden arrhythmic death (Sovari et al., 2011). We
therefore examined the tyrosine phosphorylation status and
protein amount of Cx43 in TAC- and sham-operated
AT1aR-KO and WT mice. We observed prominent tyrosine

phosphorylation of Cx43 and a substantial reduction in
tissue Cx43 protein levels in WT mice subjected to TAC
(Figure 5A and B). Both the TAC-induced increase in tyrosine
phosphorylation of Cx43 (Figure 5A and B) and the reduction
in the levels of Cx43 protein were diminished in AT1aR-KO
mice (Figure 5A and C). AT1aR-mediated signalling thus
appears to play a key role in a pressure overload-induced
increase in the tyrosine phosphorylation of Cx43 that leads
to diminished tissue levels of Cx43 protein (Toyofuku et al.,
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2001). It may be that the preservation of Cx43 underlies the
reduced arrhythmogenicity of chronic pressure overload in
AT1aR-KO mice.

Acute blockade of AT1R signalling decreased
induced ventricular tachyarrhythmias in mice
with chronic pressure overload
Finally, we tested whether acute pharmacological blockade of
AT1R signalling would decrease tachyarrhythmias induced in
mice with chronic pressure overload. We compared the
effects of vehicle to those of 0.3 mg·kg−1 EXP-3174, an active
metabolite of the AT1R blocker losartan, which reduced sys-
tolic BP as much as 10.2 mmHg in WT mice (Figure 6A).
Intravenous administration of EXP-3174 or vehicle to mice

after 4 weeks of TAC did not significantly affect heart rates
60 min after administration under anaesthesia (Figure 6B).
In addition, cardiac hypertrophy evaluated based on heart
weight-to-body weight ratios was similar in the two groups
(Figure 6C and Table 2). Meanwhile, the induction rate of VT
in the mice acutely administered EXP-3174 was significantly
lower than in the mice administered vehicle (Figure 6D and
Table 2). The CX43 protein level was decreased in mice sub-
jected to TAC with vehicle treatment (Figure 6E, left lane),
compared with sham-operated mice with vehicle treatment
(Figure 6, right lane). Acute EXP-3174 treatment restored the
decreased CX43 protein level in mice subjected to TAC
(Figure 6E, middle lane). The relative amount of Tyr265–
phosphorylated Cx43 to total Cx43 was tended to be
increased in mice subjected to TAC with vehicle treatment
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(Figure 6E, left lane) compared with that in sham-operated
mice (Figure 6E, right lane) and that in mice subjected to TAC
with EXP-3174 treatment (Figure 6E, middle lane). The result
is consistent with the results obtained in the experiments
using AT1aR-KO mice and suggests that acute EXP-3174 treat-
ment affected tyrosine phosphorylation of Cx43 and then
restored Cx43 protein levels, thereby reducing the increased
arrhythmogenicity in mice subjected to TAC. These results
suggest that acute inhibition of AT1R-mediated signalling can
provide a significant protective effect against induction of
VT in hypertrophied hearts, and further supports our
hypothesis that AT1R-mediated signalling directly modulates
arrhythmogenicity in hypertrophied ventricles.

Discussion and conclusions
The evidence suggests that angiotensin II signalling contrib-
utes to adverse electrical remodelling in patients with heart
failure. It has been shown that angiotensin II signalling plays
an important role in the structural remodelling of the heart
(e.g. cardiomyocyte hypertrophy and cardiac fibrosis), which
can contribute to the increase in arrhythmogenicity, during
the development and progression of cardiomyopathy.
However, it remained unclear whether this signalling makes a
direct contribution to the altered electrical properties that
increase cardiac arrhythmogenicity independently of struc-
tural remodelling. In the present study, we compared the
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susceptibility to arrhythmia of WT and AT1aR-deficient mice
following induction of cardiac hypertrophy through chronic
pressure overload. We found that AT1aR-KO mice with TAC
developed cardiac hypertrophy in exactly the same manner
as WT mice with TAC, as was seen previously in a study
of AT1aR-KO mice subjected to abdominal aortic banding
(Harada et al., 1998b). Nevertheless, induction of VT by
programmed stimulation was significantly diminished in
AT1aR-KO mice, as compared to WT mice. The overall ven-
tricular levels of several ion channel genes, including those
responsible for the INa, ICa-L, ITO, IK1, IKr and IK-ATP, were compa-
rable in the two genotypes, although the protein levels of
these ion channels and their spatial distribution throughout
the ventricles were not assessed in detail. We found that there
was significantly less tyrosine phosphorylation of Cx43 in
AT1aR-KO than WT mice subjected to TAC, and that levels of
Cx43 protein were better preserved in AT1aR-KO mice, which
would be expected to ameliorate the functional deterioration
of junctional conductance caused by loss of Cx43. Collec-
tively, these results demonstrate that AT1aR-mediated
signalling makes a direct contribution to the increase in
arrhythmogenicity in hypertrophied hearts independently of
structural remodelling, in addition to its potential effects on
the increased susceptibility to arrhythmias by promoting
structural remodelling.

Harada et al. (1998a) previously showed that the inci-
dence of arrhythmias is lower in AT1aR-KO than WT mice
following ischaemia-reperfusion. Although the mechanism
involved in reperfusion-induced arrhythmias, which occur in
an acute setting, may differ from the one underlying the
arrhythmogenicity induced by chronic pressure overload,
there is the possibility that a common molecular mechanism
underlies the anti-arrhythmogenic effects of AT1aR inhibi-
tion under both acute and chronic pathological conditions.
In this regard, the observed reduction in tyrosine phosphor-
ylation of ventricular Cx43 in AT1aR-KO mice is intriguing.
That acute blockade of AT1R signalling by EXP-3174, an
active metabolite of AT1R blocker losartan, significantly
reduced the induction rate of VT in mice with chronic pres-
sure overload supports this notion. Lynch et al. (1999) also
reported the acute anti-arrhythmic effect of EXP-3174 in
canine model of acute myocardial ischaemia. In this report,
however, the authors could not preclude the possible exist-
ence of AT1R-independent mechanisms underlying the anti-
arrhythmic effect of EXP-3174 (Lynch et al., 1999). Further
studies are necessary to assess the possible contribution of
AT1R-independent mechanism to the anti-arrhythmic effect
of EXP-3174 observed in this study. In addition, EXP-3174
reduced systolic BP as much as 10.2 mmHg in WT mice
(Figure 6A). There is another possibility that acute reduction
of systemic BP may influence the effect of EXP-3174 on mice
subjected to TAC.

Phosphorylation of Cx43 affects the function of gap junc-
tions (Warn-Cramer and Lau, 2004) largely by facilitating the
degradation of Cx43, which leads to functional deterioration
of the junction (Saffitz et al., 1999; Toyofuku et al., 2001;
Warn-Cramer and Lau, 2004). Such gap junctional dysfunc-
tion is thought to be involved in the increased arrhythmo-
genicity seen in models of chronic cardiac hypertrophy and
heart failure (Danik et al., 2004; Poelzing and Rosenbaum,
2004; van Rijen et al., 2004). Altered Cx43 phosphorylation is

also reportedly involved in the increased arrhythmogenicity
seen after ischaemia-reperfusion, although the precise
molecular mechanisms linking Cx43 phosphorylation and
arrhythmogenicity appear to differ in acute and chronic
disease models. Nonetheless, Cx43 may be the common
target of AT1aR-mediated signalling leading to increased
arrhythmogenicity in both acute and chronic pathological
conditions. Consistent with that idea, cardiac overexpression
of ACE in mice was shown to reduce Cx43 expression via c-src
TK-mediated pathways and increase susceptibility to cardiac
arrhythmias and sudden death in the absence of structural
remodelling (Xiao et al., 2004; Kasi et al., 2007; Sovari et al.,
2011). In addition, transgenic rats overexpressing human
renin and angiotensinogen also died from lethal arrhythmias,
and Cx43 disorganization was detected in the ventricles of
those rats (Fischer et al., 2007). All of these findings implicate
angiotensin II signalling in post-translational modification of
Cx43 that increases the arrhythmogenicity of diseased hearts.
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