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Aims Binary transgenic (BT) mice with doxycycline (DOX)-suppressible cardiac-specific overexpression of endothelin-1
(ET-1) exhibit progressive heart failure (HF), QRS prolongation, and death following DOX withdrawal. However,
the molecular basis and reversibility of the electrophysiological abnormalities in this model were not known.
Here, we assess the mechanisms underlying ET-1–mediated electrical remodelling, and its role in HF.

Methods
and results

BT vs. non-BT littermate controls were withdrawn from DOX and serially studied with ultrasound biomicroscopy,
octapolar catheters, multielectrode epicardial mapping, histopathology, western blot, immunohistochemistry, and
qRT–PCR. Abnormalities in ventricular activation and –dV/dt were detected as early as 4 weeks after transgene
activation, when the structure and function of the heart remained unaffected. By 8 weeks of ET-1 overexpression,
biventricular systolic and diastolic dysfunction, myocardial fibrosis, and cardiomyocyte hypertrophy were observed.
Intracardiac and epicardial electrograms revealed prolonged conduction and ventricular activation, reduced 2dV/dt,
and abnormal atrioventricular nodal function. Within 4 weeks of ET-1 induction, connexin 40 (Cx40) protein and
Cx43 mRNA, protein, and phosphorylation levels were reduced by 36, 64, 93, and 69%, respectively; Nav1.5
mRNA and protein levels were reduced by 30 and 50%, respectively, as was Na+ channel conductance. Importantly,
the associated electrophysiological abnormalities at this time point were reversible upon suppression of ET-1
overexpression and completely prevented the development of structural and functional remodelling.

Conclusion ET-1-mediated electrical remodelling correlates with reduced Cx40, Cx43, and Nav1.5 expression and decreased
Na+ channel conductance and precedes HF. The sequence and reversibility of this phenotype suggest that a
primary abnormality in electrical remodelling may contribute to the pathogenesis of HF.
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1. Introduction
Endothelin-1 (ET-1), a 21 aa potent vasoconstrictive peptide, is impli-
cated in the pathogenesis of several cardiovascular diseases such as
heart failure (HF) and atherosclerosis.1 ET-1 acts in an autocrine or
paracrine fashion to participate in inflammation, fibrosis, cardiac
hypertrophy, and electrical remodelling.2 ET-1 has also been shown

to play a role in disrupting gap-junctional intercellular communi-
cation3 –5 and to modulate ion channels.6 –10

To investigate the role of ET-1 in the pathophysiology of cardiovas-
cular disease, we developed a mouse model enabling temporal and
spatial regulation of ET-1. We generated transgenic mice with con-
ditional cardiac-specific overexpression of human ET-1 (hET-1) by
crossing mice harbouring the tetracycyline transactivator (tTA)
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under control of the a-myosin heavy chain promoter, with a line har-
bouring a tTA-responsive, and thus doxycycline (DOX)-regulated
(DOX-off), transgene for hET-1.11 We have previously reported
that this model is associated with an inflammatory cardiomyopathy
characterized by increased cytokines, left ventricular (LV) dilatation,
contractile dysfunction, progressive widening of QRS, HF, and death
following DOX withdrawal.11 What was not known is whether
ET-1 was acting primarily as a cytokine-mediating inflammation and
fibrosis or as a modulator of ion channel/electrical properties. We
posited that this model provides a unique opportunity to assess the
role of electrical remodelling in the initiation and progression of HF.

We now describe the temporal progression and precise nature of
ET-1-induced electrical remodelling and determine that the sub-
sequent development of a structural cardiomyopathy can be pre-
vented by inhibiting further synthesis of ET-1 at a stage when only
electrophysiological abnormalities are manifest.

2. Methods

2.1 Animals
Experiments conformed to protocols approved by the University Health
Network Animal Use and Care Committee and to the Guide for Care and
Use of Laboratory Animals (NIH Publication #85-23, revised 1996).

Binary transgenic mice (BT: ET+/tTA+) and non-binary transgenic
control littermates (NBT: ET+/tTA2; ET2/tTA+; ET2/tTA2) were admi-
nistered DOX (200 mg/L) in drinking water from conception until
weaning (3-week age). Experiments were conducted in mice withdrawn
from DOX for 4 weeks (Group I), 8 weeks (Group II), or after 4
weeks of DOX removal with DOX re-administered for an additional 4
weeks (Group III, Figure 1). Following the acquisition of electrophysiologi-
cal, haemodynamic, ultrasound biomicroscopy (UBM), or epicardial
mapping data, mice were sacrificed by cervical dislocation. Hearts were
either excised and snap frozen for RNA/protein extraction or perfusion-
fixed for histopathology and immunohistochemistry.

2.2 Electrophysiology
Mice were anaesthetized with ip ketamine 100 mg/kg (MTC Pharmaceuti-
cals, Cambridge, Ontario, Canada) and xylazine 10 mg/kg (Bayer Inc., Eto-
bicoke, Ontario, Canada) and kept on a heating pad to maintain body
temperature. Intracardiac electrograms were recorded with a 2 F octapo-
lar electrode catheter (NuMED Inc., Hopkinton, NY, USA) to acquire
atrial-His (AH) and His-ventricle (HV) intervals (Figure 2A). Atrioventricu-
lar Wenckebach (AVWENK), 2:1 AV block cycle lengths (AV2:1), and AV
effective refractory periods (AVERP) were acquired during right atrial
pacing.12 Ventricular tachycardia (VT)/ventricular fibrillation (VF) induc-
tion was examined via right ventricular (RV) over-drive pacing and RV
pacing with 12 basic stimuli followed by up to three extra decremental
test steps as described.12 Simultaneous surface electrocardiograms

Figure 1 Schematic of experimental design. Mice were kept on DOX from conception until 3 weeks of age, then either withdrawn from DOX for 4
weeks (Group I), for 8 weeks (Group II), or withdrawn from DOX for 4 weeks followed by DOX re-administration for an additional 4 weeks (Group
III). After the treatment periods, terminal experiments (intracardiac/epicardial mapping, ultrasound biomicroscopy, or LV invasive haemodynamics)
were followed by histopathology, western blot, immunohistochemistry, and qRT–PCR on LV tissue samples.
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(sECGs) were recorded to acquire PR, QRS, RR, and RV–LV intervals
(from the onset of RV activation in intracardiac electrograms to the end
of the QRS complex in the sECG). The heart weight to body weight
ratio (HW/BW) was calculated as a measure of hypertrophy.

2.3 Haemodynamics
Pressure tracings were recorded in mice anaesthetized with isoflurane
(1.5%) using a 1.4 F Millar catheter.13 All data were analysed using an
acquisition system (Sonometrics, London, Ontario, Canada).

2.4 Ultrasound biomicroscopy
A Vevo 770 (VisualSonics Inc., Toronto, Ontario, Canada) UBM with a
transducer frequency of 30 MHz was used to acquire M-mode and
Doppler recordings in mice anaesthetized with 1.5% isoflurane. Protocols
to assess cardiac structures and function were as described.14

2.5 Epicardial mapping
Mice were anaesthetized with isoflurane (1.5%) and ventilated with air. Body
temperature was maintained by a heating pad. Thoracotomy was performed
to enable the application of a flexible 64 microelectrode array (4 × 16) with

an interelectrode spacing of 800 mm on the epicardial surface (Figure 3A).
The array was positioned around the heart in two orientations (Figure 3B
and C). Unipolar electrograms were acquired with a custom-made software
at 5k samples/s per channel, resulting in a time resolution of 0.2 ms, filtered
with a high-pass and a low-pass filters of 0.5 and 1 kHz, and amplified with a
gain of 500 using MEA1060 (Multi Channel Systems, Reutlingen, Germany).
The sampling frequency was sufficient to determine the local activation time
and generate accurate activation maps. A custom-made software was used
to measure the atrial-to-ventricular activation time (Figure 3B), ventricular
activation time, and ventricular activation with repolarization time
(Figure 3C). Matlab (version 2007b) was used to calculate 2dV/dt
and produce isochronal activation maps. The moment of local activity
was determined as the time at which the electrogram signal increased
significantly above background noise.

2.6 Quantitative real-time reverse-
transcription–polymerase chain reaction
RNA from the LV was extracted using an ice-cold TRIzol reagent (Invitro-
gen, Burlington, Ontario, Canada), DNased, and reverse-transcribed with
Superscript III (Invitrogen). cDNA was subjected to real-time PCR using

Figure 2 Electrophysiological evaluation reveals electrical defects in mice overexpressing ET-1 after 8–10 weeks of transgene induction. (A)
Representative His bundle electrograms in BT vs. NBT mice. (B) Baseline conduction intervals, surface ECG parameters, HW/BW, and RV–LV con-
duction times in BT vs. NBT mice. (C ) AVWENK, AV2:1, and AVERP in BT vs. NBT mice during RA pacing. *P , 0.05, **P , 0.01. BT, binary transgenic;
NBT, non-binary transgenic; AH, atrial-His; HV, His-ventricle; AVWENK, AV Wenckebach; AV2:1, 2:1 AV block cycle lengths; AVERP, AV effective refrac-
tory periods.
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the ABI Prism 7900 sequence detection system, version 2.3 (Applied Bio-
systems, Streetsville, Ontario, Canada), with SYBR green. Mouse-specific
primers for GAPDH, IL–6, alpha-subunit of the cardiac Na+ channel
(Nav1.5), connexin 40 (Cx40), Cx43, Cx45, alpaha1C-subunit of the
L-type Ca2+ channel (Cav1.2), sarcoplasmic reticulum Ca2+ ATPase
(SERCA2a), and primers for hET–1 were used11,15 –17 (see Supplemen-
tary material online, Table S1). Relative standard calibration curves were
generated for each primer set with cDNA produced from one mouse
heart. The mRNA level of each gene was normalized to that of
GAPDH. All samples for each primer set were run together in duplicates.

2.7 Western blot
LV tissue was homogenized in ice-cold 1% SDS, 5 mM EDTA, 1 mM PMSF,
1× protease inhibitor cocktail, and 1× phosphatase inhibitor (Sigma-
Aldrich, Oakville, Ontario, Canada). Twenty micrograms of protein
extract were run on 4–12% SDS–PAGE, transferred to PVDF membrane,
blocked in 5% non-fat dry milk in TBS-T (Tris base, NaCl, 0.1% Tween 20,
pH 7.6) for 1 h, and incubated overnight at 48C in TBS-T with 5% BSA
containing primary rabbit Abs against Cx43 and phospho-Cx43
(p-Cx43) (Ser368; Cell Signaling, Danvers, MA, USA), Cx45 (Invitrogen),

Figure 3 Temporal progression and prevention of electrical remodelling in mice overexpressing ET-1. Illustration of 4 × 16 microelectrode array
(A), and placement of array while recording epicardial electrograms (B and C). (D) Ventricular isochronal activation maps in BT vs. NBT mice in Group
II accompanied by representative epicardial electrograms from microelectrodes located at 4.5 and 4.14. (E) Earliest atrial-to-ventricular activation time,
ventricular activation time, ventricular activation with repolarization time, and 2dV/dt measured in sinus rhythm in BT and NBT mice in Group I (BT:
n ¼ 14, NBT: n ¼ 24), Group II (BT: n ¼ 21 NBT: n ¼ 42), and Group III (BT: NBT: n ¼ 7). *P , 0.05, **P , 0.01.
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Cx40 (Millipore, Billerica, MA, USA), Nav1.5 (Sigma-Aldrich), and Cav1.2
(Alomone Laboratories, Jerusalem, Israel), or a primary mouse Ab
against SERCA2a (Novus Biologicals, Littleton, CO, USA). Immunoreactiv-
ity was detected with chemiluminescence (Perkin Elmer, Woodbridge,
Ontario, Canada), using a horseradish peroxidase-conjugated secondary
goat anti–rabbit Ab ( Pierce, Nepean, Ontario, Canada) in 5% non-fat
dry milk in TBS-T for 30 min. Densitometry was performed using Quan-
tity One (Bio-Rad, Hercules, CA, USA). GAPDH was used as a loading
control to normalize protein samples. All samples from each group
were run together.

2.8 Histopathology and immunohistochemistry
Details are provided in Supplementary material online. Sections were
stained with Picrosirius Red. Fibrosis was quantified in three endocardial
areas of the LV free wall from each section with ImageScope software
(v9 algorithm, v10.2.2.2319, Aperio Technologies, Vista, CA, USA) to
quantify the area of positively stained pixels. Cardiomyocyte cross-
sectional area was measured at the level of the nucleus using Infinity
Analyze (version 5.0.2, Lumenera Corporation, Ottawa, Ontario,
Canada). Ten images from each Cx43- and p-Cx43-stained section
were analysed with ImageScope to quantify the area of positively
stained pixels.

2.9 Isolation of cardiomyocytes
and patch-clamp recordings
These details are provided in Supplementary material online.

2.10 Statistical analysis
Data are presented as mean+ SE. Comparisons between BT vs. NBT in
Groups I, II, or III were done by Student’s t-tests using SPSS v12 (SPSS,
Chicago, IL, USA).

3. Results

3.1 Electrical defects in mice with
cardiac-specific ET-1 overexpression
All experimental groups studied and assays undertaken are summar-
ized in Figure 1. To explore the electrophysiological basis for the
QRS prolongation noted in our ET-1 overexpression model,11 intra-
cardiac mapping was performed in BT and NBT controls 8 weeks
after withdrawal from DOX at weaning (Figure 2A). Confirming pre-
vious findings, PR, QRS, and HW/BW were increased in BT vs.
NBT mice (Figure 2B). Invasive His bundle electrograms revealed
that BT mice have slowed AH conduction, without affecting HV inter-
vals (Figure 2B). Prolonged QRS in BT mice without significant changes
in HV conduction was explained by prolonged RV–LV conduction
time in BT vs. NBT littermates (Figure 2B). To investigate the basis
of prolonged AH times in BT mice, we performed RA pacing and
determined that AVWENK, AV2:1, and AVERP cycle lengths were pro-
longed in BT mice (Figure 2C). RV pacing protocols to provoke VT/
VF failed to induce sustained ventricular arrhythmia in any Group II
mice. These data suggest that the extensive AV nodal and interventri-
cular conduction abnormalities are associated with chronic cardiac
ET-1 overexpression.

3.2 Electrical remodelling is triggered as
early as 4 weeks after ET-1 overexpression
Catheter size limitations in our system restrict intracardiac mapping to
mice .20 g body weight. As such, this technique was not applicable in
younger animals. Instead, a flexible multielectrode array was wrapped

around the heart enabling epicardial mapping and characterization
of the progression of specific electrophysiology parameters in ET-1
overexpressing mice as young as 4-week post-weaning (Figure 3). Ear-
liest atrial-to-ventricular activation time (from the onset of right atrial
activation to the onset of ventricular activation evaluated from one
heart beat), ventricular activation time (from earliest-to-latest ventri-
cular activation evaluated from one heart beat), ventricular activation
and repolarization time (from earliest ventricular activation to latest
ventricular repolarization acquired from one heart beat), and 2dV/
dt (maximum negative rate of change of voltage in ventricular electro-
grams from one heart beat) were studied in sinus rhythm and during
pacing. Significant ventricular conduction delays were observed as
early as 4-week post-DOX withdrawal (Group I). Both ventricular
activation time (9.4+0.3 vs. 8.3+ 0.3 ms, P , 0.01) and ventricular
activation with repolarization time (23.3+ 0.8 vs. 17.6+0.3 ms,
P , 0.01) were prolonged and 2dV/dt was reduced (80.3+2.5 vs.
89.6+3.2 V/s, P , 0.05) in BT vs. NBT mice in sinus rhythm
(Figure 3E) and after pacing for 160 ms (data not shown).

Consistent with data obtained from intracardiac catheters, BT mice
8 weeks after DOX withdrawal (Group II) manifest more substantive
abnormalities. Earliest atrial-to-ventricular activation time (76.8+7.6
vs. 48.2+2.0 ms, P , 0.01), ventricular activation time (15.5+ 1.4 vs.
8.4+ 0.3 ms, P , 0.01), as well as ventricular activation and repolar-
ization time (37.7+3.5 vs. 19.3+0.5 ms, P , 0.01) were all pro-
longed, and 2dV/dt (25.2+4.4 vs. 88.2+2.7 V/s, P , 0.01) was
reduced, in BT vs. NBT mice in sinus rhythm (Figure 3D and E) and
after pacing for 160 ms (data not shown). Together, these results
suggested that ET-1 mediates a progressive decline in ventricular
conduction.

3.3 HF develops by 8 weeks of ET-1
overexpression
UBM and LV haemodynamics were used to study heart function in
mice 4- to 8-week post-DOX withdrawal. Systolic blood pressure
(SBP), LVSP, +dP/dt, and 2dP/dt were assessed by Millar catheters
(Table 1), whereas peak velocity of blood flow in the main pulmonary
artery and aorta, peak RV and LV E/A ratios, and FS% were evaluated
by UBM (Table 2). No obvious structural/functional differences were
observed in BT mice after 4 weeks of ET-1 overexpression (Group I).
In contrast, and consistent with ‘clinical’ evidence of HF, BT mice
exhibited severe structural and functional abnormalities by 8 weeks
of transgene induction (Group II, Tables 1 and 2). LV systolic dysfunc-
tion was exemplified by reduced SBP (78.7+1.5 vs. 96.1+
2.4 mmHg, P , 0.01), peak velocity of aortic flow (655+ 91 vs.
943+ 34 mm/s, P , 0.01), FS% (14.4+ 2.4 vs. 27.0+ 1.7, P ,

0.01), and +dP/dt (1214+222 vs. 2728+ 137 mmHg/s, P , 0.01)
(Tables 1 and 2). LV diastolic dysfunction was manifest as reduced
2dP/dt (1578+246 vs. 3198+24 mmHg/s, P , 0.01) and elevated
peak LV E/A ratio (10.8+2.2 vs. 1.5+0.1, P , 0.01) (Tables 1 and
2). Significant RV systolic (reduced flow in the main pulmonary
artery; 404+38 vs. 686+ 68 mm/s, P , 0.01) and diastolic dysfunc-
tion (elevated peak RV E/A ratio; 6.5+1.0 vs. 0.6+ 0.0, P , 0.01)
was also observed (Table 2). The development of HF also correlated
with increased interleukin–6 mRNA expression, reduced Cx45
mRNA expression with no appreciable difference at the protein
level, and reduced SERCA2a mRNA and protein expression
(Figure 4A, B, E, F, and M). Consistent with these results, histopathol-
ogy of heart sections from mice 4- and 8-week post-ET-1
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overexpression showed that fibrosis (6.4+0.5 vs. 1.1+0.1%, P ,

0.01) (Figure 5) and hypertrophy (3793+74 vs. 3540+ 69 mm2,
P , 0.01; BT: n ¼ 223 vs. NBT: n ¼ 244 cells) were present only
after 8 weeks of ET-1 overexpression.

3.4 ET-1-mediated electrical remodelling
correlates with reduced Cx43, p-Cx43,
Cx40, Nav1.5, and Na1 channel
conductance
To define the molecular basis for ET-1-induced electrical remodelling,
we examined the mRNA/protein expression levels of genes involved
in action potential generation and propagation through the myocar-
dium (Figure 4). Western blot analysis revealed that total Cx43
protein, p-Cx43 to total Cx43 protein ratio, and Cx40 protein
were reduced by 93, 69, and 36%, respectively, in BT vs. NBT mice
as early as 4-week post-ET-1 overexpression (Group I, Figure 4H, L,
and N ). qRT–PCR showed that high levels of hET-1 (transgene)
mRNA expression also correlated with significantly reduced mRNA
levels of Cav1.2 (72%), Cx40 (63%), Cx43 (64%), and Nav1.5 (30%)
by 4 weeks of transgene induction (Group I, Figure 4C, G, I, and K ).
At 8 weeks of ET-1 overexpression, Cav1.2, Cx40, Cx43, Cx45, and
Nav1.5 mRNA expression were reduced by 72, 69, 88, 61, and
64%, respectively (Group II, Figure 4C, E, G, I, and K ), with the
p-Cx43 to total Cx43 protein ratio, Cav1.2, Cx40, and Nav1.5

protein levels being 54, 69, 54, and 71% lower in BT vs. NBT mice
(Group II, Figure 4D, H, J, and N ).

Immunohistochemistry was performed to explore the nature of
disordered Cx43 expression. In agreement with western blot
data, Cx43 and p-Cx43 stainings were greatly reduced in BT mice
after only 4 weeks of ET-1 overexpression when compared with
NBT controls (Cx43: 3.7+ 0.3 vs. 9.9+ 1.1%, P , 0.01; p-Cx43:
2.2+ 0.3 vs. 7.8+ 0.6%, P , 0.01) and further reduced after 8
weeks of ET-1 overexpression (Cx43: 0.2+ 0.0 vs. 7.9+ 0.2%,
P , 0.01; p-Cx43: 0.2+ 0.0 vs. 6.3+ 0.3%, P , 0.01) (Figure 6). Fur-
thermore, improper localization (i.e. lateralization) of Cx43 and
p-Cx43 was observed in BT mice at the earliest stage (4 weeks,
Group I), which became most severe with more prolonged ET-1
overexpression (8 weeks, Group II) (Figure 6A and B). Confirming
the ability of ET-1 to directly reduce Cx43 levels in our model,
exogenous ET-1 (10 nM) reduced Cx43 expression in neonatal
mouse ventricular myocytes in vitro (see Supplementary material
online, Figure S1).

To determine the functional consequence of reduced Nav1.5
expression, Na current was recorded in LV myocytes isolated from
mice 4 weeks post-DOX withdrawal (Group I). Na+ channel conduc-
tance was reduced (0.17+0.01 vs. 0.21+0.01 s, P , 0.05) with no
difference in cell capacitance (133.94+ 8.50 vs. 126.50+7.37 pF,
P ¼ NS) in BT (n ¼ 18) vs. NBT (n ¼ 24) (see Supplementary
material online, Figure S2).
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Table 1 Progression and prevention of cardiac structural and functional abnormalities as evaluated by invasive
haemodynamics

Parameter Group I Group II Group III

BT (n 5 5) NBT (n 5 10) BT (n 5 6) NBT (n 5 4) BT (n 5 3) NBT (n 5 4)

HW/BW (mg/g) 4.78+0.19 4.91+0.10 8.24+0.66* 5.83+0.23 7.47+0.95 6.50+0.33

SBP (mmHg) 99.6+4.7 91.9+2.1 78.7+1.5** 96.9+3.3 99.7+2.5 107.0+4.7

LVSP (mmHg) 108.6+8.5 94.9+3.2 66.5+7.1* 94.2+2.0 110.6+1.3 110.7+5.2

+dP/dt (mmHg/s) 2255+170 2572+146 1214+222** 2778+180 2452+128 2548+96

2dP/dt (mmHg/s) 2703+207 2872+145 1578+246** 3198+42 3422+298 3585+183

HW/BW, heart weight to body weight ratio; SBP, arterial systolic blood pressure; LVSP, LV systolic blood pressure; +dP/dt, peak positive and negative first derivatives of the LV pressure.
*P , 0.05.
**P , 0.01.
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Table 2 Progression and prevention of cardiac dysfunction as evaluated by ultrasound biomicroscopy

Parameter Group I Group II Group III

BT (n 5 6) NBT (n 5 6) BT (n 5 6) NBT (n 5 6) BT (n 5 4) NBT (n 5 4)

MPA PV (mm/s) 702+14 735+41 404+38** 686+68 815+45 742+36

Ao PV (mm/s) 945+39 790+70 655+91** 944+35 980+28 1057+82

RV E/A 0.60+0.03 0.67+0.12 6.54+0.97* 0.59+0.02 0.68+0.05 0.68+0.01

LV E/A 1.68+0.09 1.59+0.15 10.77+2.17** 1.55+0.08 2.02+0.23 1.60+0.13

FS% 28.2+0.7 29.4+1.4 14.4+2.4** 27.0+1.7 26.3+1.1 24.8+2.1

MPA, main pulmonary artery; PV, peak velocity; Ao, aorta; RV, right ventricle; E/A, ratio of peak early to atrial diastolic inflow velocities; FS, fractional shortening.
*P , 0.05.
**P , 0.01.
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Figure 4 Reduced LV Cx43, Cx40, and Nav1.5 expression in mice as early as 4 weeks after ET-1 induction. mRNA and protein expression of
SERCA2a (A and B), Cav1.2 (C and D), Cx45 (E and F), Cx40 (G and H ), Nav1.5 (I and J ), and Cx43 (K and L); as well as hET-1 mRNA (M),
p-Cx43/total Cx43 protein (N ), IL-6 mRNA (O), and representative western blots of LV of BT and NBT mice within Groups I– III (P). n ¼ 6–8
for qRT–PCR, and n ¼ 3–6 for western blot, for each genotype per group. *P , 0.05, **P , 0.01. SERCA2a, sarcoplasmic reticulum Ca2+–
ATPase; Cav1.2, a1C–subunit of the L-type Ca2+ channel; Cx, connexin; Nav1.5, a-subunit of the cardiac Na+ channel; hET-1, human–ET-1; IL-6,
interleukin-6.
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3.5 Inhibiting ET-1 expression at the onset
of electrical remodelling prevents
progression to HF
To determine whether inhibiting synthesis of ET-1 at the onset of
ET-1-induced electrical remodelling will be effective in preventing
the lethal phenotype, DOX was re-introduced 4 weeks after trans-
gene induction and maintained for 4 weeks. At the end of this
period, epicardial mapping, UBM, haemodynamics, histopathology,
western blot, immunohistochemistry, and qRT–PCR were used to
evaluate the effects of therapy. Re-introducing DOX at the onset of
electrical remodelling completely prevented the development of the
electrical, structural, and functional decline seen with age-matched
BT mice maintained off DOX (Figures 3 and 4; Tables 1 and 2). Impor-
tantly, the reduced expression levels of Cx43 and Nav1.5 that corre-
lated with the onset of electrical remodelling at 4 weeks of ET-1
overexpression were nearly all normalized with re-administration of
DOX (Figures 4 and 6). These data suggest that in this unique
model, electrical remodelling precedes overt manifestations of HF
and that the latter may be prevented by the reversal of the former.

4. Discussion
Cardiac electrical remodelling has traditionally been considered a con-
sequence of HF.18 Here, we present evidence that cardiac-specific

overexpression of the vasoactive agent ET-1 induces a progressive
systemic cardiac conduction defect ‘prior’ to the development of
HF. We have shown that as little as 4 weeks of ET-1 excess in the
heart can trigger reduced Cx43, Cx40, and Nav1.5 expression,
reduced Na+ channel conductance, and slow ventricular conduction,
whereas the overall structure and contractile function of the heart
remain essentially normal. If the ET-1 overexpression is left ‘on’, the
scope and severity of the cardiac electrical dysfunction progress and
overt HF develops by 8 weeks of ET-1 overexpression. Importantly,
turning ‘off’ ET-1 overexpression at the onset of electrical remodelling
was able to reverse the electrical dysfunction and prevent the devel-
opment of HF.

4.1 Role of ET-1 in electrical remodelling
The cardiac voltage–gated sodium channel Nav1.5 and the dominant
gap junction channel in the working ventricular myocardium Cx43 are
the key determinants of electrical impulse propagation.19 Our study
suggests that cardiac overexpression of ET-1 leads to impaired con-
duction (Figure 3) via Cx43 and Nav1.5 remodelling (Figure 4).
Although a recent in vitro study found that ET-1 led to ‘increased’
levels of Cx43 protein in neonatal rat ventricular myocytes, they,
like us, also found ‘reduced’ intensity and expression of Cx43 associ-
ated with ‘reduced’ conduction velocity.5 In agreement with our find-
ings of reduced Cx43 phosphorylation at Ser368 correlating with
impaired conduction, dephosphorylation of Cx43 at PKC consensus
sites has been shown to impair gap junction conductance.20 In astro-
cytes, ET-1 causes reduced Cx43 expression and gap-junctional inter-
cellular communication associated with activated ETB receptors.21

Also, a study recently showed that a loss of Cx43 protein in rabbit
LV myocytes similar to that shown in our model (40–70%) was
associated with markedly reduced cell coupling.22

In addition, studies have shown that tumour necrosis factor a

(TNFa), Na+/H+ exchange isoform–1, and activated c-Src may be
linked with impaired Cx43 activity. TNFa has been shown to reduce
Cx43 promoter activity in a rat myoblast cell line,23 Na+/H+ exchange
isoform–1 was shown to negatively regulate Cx43 expression through
a JNK1/2-dependent pathway in neonatal rat ventricular myocytes,24

and activated c-Src has been shown to reduce gap–junctional intercel-
lular communication via tyrosine phosphorylation of Cx43.25 In human
ovarian carcinoma cells, ET-1-mediated gap junction uncoupling and
reduced Cx43 expression are linked with increased tyrosine phos-
phorylation by c-Src via activated ETAR4. As ET-1 stimulates TNFa in
macrophages26 and activates the Na+/H+ exchange isoform–17 and
c-Src27 in neonatal rat ventricular myocytes, it is possible that TNFa,
Na+/H+ exchange isoform–1, or c-Src mediates the gap junction
remodelling observed in our ET-1 overexpressing mice.

Cx43 is normally located at the intercalated disk (ID) in a multipro-
tein complex with N-cadherin and Nav1.5 in ventricular myocytes,
presumably working in collaboration for effective electrical coupling
between cardiomyocytes. However, in human and animal models of
HF, Cx43 mRNA and protein expression is reduced, and Cx43
dephosphorylation and lateralization are increased.28 Unlike the
reduced Cx43 levels seen in human HF, changes in Cx45 levels that
accompany HF have been inconsistent.29,30 The Purkinje fibres iso-
lated from a canine model of ventricular tachy-pacing-induced HF
exhibited delayed His–Purkinje conduction, decreased mRNA and
protein expression of Nav1.5 and Cx43, reduced Cx43 phosphoryl-
ation, and increased lateralization of Cx43.31 Studies have shown
that the association of Cx43 with zonula occludens-1 is increased in

Figure 5 Myocardial fibrosis appears after 8 weeks of ET-1 over-
expression. Representative Picrosirius Red-stained heart sections (A)
and % fibrosis (B) from BT and NBT mice in Groups I– III (n ¼ 4–5
per genotype per group). **P , 0.01.
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human HF32 and Cx43 lateralization and subsequent loss of Cxs from
the ID is linked with increased association of zonula occludens-1 with
activated c-Src.33 However, in these studies, changes in Cx43
expression and localization were observed ‘after’ HF developed.
Indeed, we believe that the current study represents the first
report of how these changes in Cx43 localization can ‘precede’ HF,
and how their reversal may prevent progression to HF.

Na+ channel a- and b-subunits are localized to t-tubules and the
ID. Nav1.5 channels located at the ID are thought to play a key role
in propagation of the action potential between cells, whereas Na+

channels in t-tubules are involved in linking depolarization of the
cell membrane with contraction. Scn5a (Na+ type 5a–subunit)
encodes the pore-forming a-subunit of the voltage-gated Nav1.5
channel. Interestingly, only tyrosine phosphorylated b1-subunits are
found with Nav1.5 at the ID,34 and normal functioning Nav1.5 requires
dystrophin at the ID as dystrophin-deficient mice have severely com-
promised levels of Nav1.5 expression and increased QRS duration.35

HF is also associated with reduced INa, a down-regulation of native
Nav1.5 mRNA, an up-regulation of two non-functional C-terminal
splice variants, and reduced Nav1.5 protein.36 Mutations in Scn5a

gene have been linked with impaired conduction and are associated
with Lenègre disease, the Brugada syndrome, and long QT syn-
drome.37 Indeed, Scn5a+/2 mice develop impaired conduction, fibro-
sis, and diminished and disturbed distribution of Cx43.38 A link
between ET-1 overexpression and Nav1.5 down-regulation can also
be hypothesized based on our knowledge of ET-1 acting via
NFkB-mediated transcription,39 and a report of NFkB (p50) binding
to and repressing activity of the Scn5a promoter.40

4.2 Electrical remodelling in the
pathogenesis of HF
Electrical remodelling as a trigger for HF development as yet has not
been firmly established. Studies have suggested that left bundle branch
block may mediate LV dysfunction;41 however, the molecular mechan-
ism is unknown. Gap junction/ion channel remodelling leading to
mechanical dysfunction in the heart represents a novel concept in
the pathogenesis of HF. As electrical remodelling (Figure 3) and
related molecular changes precede structural and functional remodel-
ling (Figure 4), and as these events were reversible by suppressing ET-1

Figure 6 Prolonged ET-1 overexpression leads to progressive loss and lateralization of Cx43 and p-Cx43. Four weeks of ET-1 overexpression led
to reduced Cx43 and p-Cx43 staining, whereas 8 weeks of overexpression caused reduced and lateralized Cx43 and p-Cx43 staining. Representative
Cx43 (A) and p-Cx43 (B) staining of heart sections and % of Cx43 (C) and p-Cx43 staining (D) in BT and NBT mice from Groups I– III (n ¼ 2–5 per
genotype per group). **P , 0.01.

ET-1-induced electrical remodelling 631
 at U

niversity of T
oronto Library on M

arch 1, 2011
cardiovascres.oxfordjournals.org

D
ow

nloaded from
 

http://cardiovascres.oxfordjournals.org/


overexpression, our model supports the view that electrical remodel-
ling at a molecular level can contribute to HF. The alternative
interpretation is that ET-1 induces electrical remodelling first, and
subsequently causes cardiac structural and functional deterioration
through an entirely unrelated mechanism. The inability to selectively
prevent the electrical remodelling-mediated molecular changes
(reductions in Cx43 and Nav1.5 expression) in mice overexpressing
ET-1 presents a limitation for our study. Although ET-1-induced cyto-
kine expression and fibrosis may also play a role in the pathogenesis of
HF in our model,11 the fact that the molecular and electrophysiologi-
cal changes described here preceded any evidence of contractile dys-
function obtained using highly sensitive measures argues against
later-stage inflammation and fibrosis being the only mechanisms
involved. However, these mechanisms may have exacerbated the con-
duction delays in mice with HF.

Recently, mutations in Scn5a have been described leading to dilated
cardiomyopathy with atrial/ventricular arrhythmia and impaired Ca2+

and Na+ homeostasis with mechanical dysfunction.42 Additionally,
mice expressing a mutant form of Csx/Nkx2.5 under the b-MHC pro-
moter develop conduction defects with down-regulation of Cx40/
Cx43 and HF.43 Although not emphasized in their report, the
sequence of events again suggests that conduction defects develop
‘prior’ to any structural remodelling. However, down-regulation of
Cx43 alone may be insufficient to cause HF as mice with
cardiac-restricted deletion of Cx43 develop impaired ventricular con-
duction, spontaneous arrhythmias, and sudden cardiac death, but not
overt HF.44 Taken together, these data lead us to propose that
electrical remodelling leading to HF require both reduced expression
and/or phosphorylation of Cx43 as well as impaired Nav1.5 function
at the ID.

In conclusion, our study suggests that in the heart, ET-1 leads to
impaired conduction via gap junction/ion channel remodelling. The
sequence and reversibility of this cardiomyopathy phenotype suggests
that a primary abnormality in electrophysiology may trigger sub-
sequent ventricular dysfunction and may represent a therapeutic
target in HF. This conceptual paradigm deserves closer examination
in human HF, particularly in conditions where early ‘electrical’ inter-
ventions may be tested for their ability to prevent the progression
to, or possibly even reverse, the manifestations of ventricular
dysfunction.
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Supplementary material is available at Cardiovascular Research online.
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