
Journal of the American Heart Association

J Am Heart Assoc. 2022;11:e023974. DOI: 10.1161/JAHA.121.023974 1

 

ORIGINAL RESEARCH

Atrial Electrical Remodeling in Mice With 
Cardiac- Specific Overexpression of 
Angiotensin II Type 1 Receptor
Julie Demers, MSc*; Anh- Tuan Ton, PhD*; François Huynh, MSc*; Simon Thibault, BSc;  
Anique Ducharme , MD; Pierre Paradis , PhD; Mona Nemer, PhD; Céline Fiset , PhD

BACKGROUND: Elevated angiotensin II levels are thought to play an important role in atrial electrical and structural remodeling 
associated with atrial fibrillation. However, the mechanisms by which this remodeling occurs are still unclear. Accordingly, we 
explored the effects of angiotensin II on atrial remodeling using transgenic mice overexpressing angiotensin II type 1 receptor 
(AT1R) specifically in cardiomyocytes.

METHODS AND RESULTS: Voltage- clamp techniques, surface ECG, programmed electrical stimulations along with quantitative 
polymerase chain reaction, Western blot, and Picrosirius red staining were used to compare the atrial phenotype of AT1R mice 
and their controls at 50 days and 6 months. Atrial cell capacitance and fibrosis were increased only in AT1R mice at 6 months, 
indicating the presence of structural remodeling. Ca2+ (ICaL) and K+ currents were not altered by AT1R overexpression (AT1R 
at 50 days). However, ICaL density and CaV1.2 messenger RNA expression were reduced by structural remodeling (AT1R at 
6 months). Conversely, Na+ current (INa) was reduced (−65%) by AT1R overexpression (AT1R at 50 days) and the presence of 
structural remodeling (AT1R at 6 months) yields no further effect. The reduced INa density was not explained by lower NaV1.5 
expression but was rather associated with an increase in sarcolemmal protein kinase C alpha expression in the atria, suggest-
ing that chronic AT1R activation reduced INa through protein kinase C alpha activation. Furthermore, connexin 40 expression 
was reduced in AT1R mice at 50 days and 6 months. These changes were associated with delayed atrial conduction time, as 
evidenced by prolonged P- wave duration.

CONCLUSIONS: Chronic AT1R activation leads to slower atrial conduction caused by reduced INa density and connexin 40 
expression.
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Atrial fibrillation (AF) is the most common sus-
tained cardiac arrhythmia, affecting 1% to 4% of 
the world’s population, and increases the risk of 

strokes and mortality.1 Substantial atrial electrophysio-
logical and structural remodeling are associated with 
AF.2 Indeed, changes in atrial ionic currents and con-
nexins can affect atrial conduction time, which, along 
with atrial fibrosis, can favor the development of AF. 
Chronic increase in angiotensin II (ANG II) levels, as 

commonly found in hypertension, have been identified 
as one of the major risk factors of AF, although under-
lying mechanisms are not completely understood.

ANG II, the main effector of the renin- angiotensin 
system (RAS), plays a key role in regulating phys-
iological processes within the cardiovascular sys-
tem. Its overactivity, mediated through the ANG II 
type 1 receptor (AT1R), can lead to several detri-
mental effects such as heart failure and ventricular 

Correspondence to: Céline Fiset, PhD, Research Center, Montreal Heart Institute, 5000 Bélanger, Montréal, Québec, Canada H1T 1C8. E- mail: celine.fiset@
umontreal.ca

*J. Demers, A.- T. Ton, and F. Huynh contributed equally to this article.

Supplemental Material for this article is available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.121.023974

For Sources of Funding and Disclosures, see page 14.

© 2022 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution- NonCommercial- NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non- commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0003-1681-9187
https://orcid.org/0000-0002-5692-1891
https://orcid.org/0000-0003-2309-4823
mailto:﻿
mailto:celine.fiset@umontreal.ca
mailto:celine.fiset@umontreal.ca
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.121.023974
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2022;11:e023974. DOI: 10.1161/JAHA.121.023974 2

Demers et al. Atrial Remodeling Induced by Angiotensin II

arrhythmias.3– 5 Accumulating evidence suggests 
that ANG II is also involved in atrial structural and 
electrical remodeling, which may act as triggers for 

the initiation and maintenance of AF.6,7 For instance, 
Xiao et al8 demonstrated in a mouse model that 
cardiac- specific overexpression of angiotensin- 
converting enzyme produces atrial enlargement 
causing AF. It has also been shown that patients 
with AF have increased angiotensin- converting en-
zyme and AT1R levels in the left atrium.9,10 In addi-
tion, angiotensin- converting enzyme inhibitors and 
angiotensin receptor antagonists have been shown 
to reduce the risk of developing AF in patients with 
heart failure, while other antihypertensive drugs 
have no effect.6,11,12 These data suggest that RAS 
may directly influence atrial structure and function 
and that the beneficial effects of RAS blockade may 
not be solely caused by hemodynamic effects.13– 15

Previously, using transgenic mice with cardiomyocyte- 
specific overexpression of ANG II type 1 receptor (AT1R 
mice), we investigated the influence of chronic AT1R ac-
tivation on ventricular electrophysiology. We found sig-
nificant ventricular electrophysiological remodeling, with 
a marked reduction of several K+ currents, as well as 
Na+ and L- type Ca2+ currents (INa and ICaL, respective-
ly).3,16– 18 Importantly, we demonstrated that there was 
no evidence of ventricular hypertrophy before the age of 
60 days in the AT1R mice; however, significant hypertro-
phy and fibrosis were present at 6 months of age with-
out any hemodynamic changes.3,5 We therefore used 
these mice at 2 different ages to distinguish the direct 
effects of AT1R overexpression (50  days) from the ef-
fects of hypertrophy (6 months) on electrical ventricular 
function.3,16– 18 Together, these studies indicate that the 
ventricular electrical remodeling observed in AT1R mice 
is attributable to AT1R signaling and not secondary to 
ventricular hypertrophy. In the present study, we hypoth-
esized that chronic AT1R activation also alters ionic cur-
rents in mouse atrial myocytes. Given that conduction 
delay is a common feature of AF, we also examined the 
effect of AT1R overexpression on connexin (Cx; Cx40 
and Cx43) expression. PR interval and P- wave duration 
were also determined to establish whether changes at 
the cellular level were reflected by a slower atrial conduc-
tion time. We then assessed whether the AT1R- induced 
atrial remodeling increased AF susceptibility using pro-
grammed electrical stimulation protocols (EPS).

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Animals
Heterozygous male C57BL/6 overexpressing AT1R 
mice aged 50±5 days (50 days; no hypertrophy) and 

CLINICAL PERSPECTIVE

What Is New?
• Using transgenic mice with cardiomyocyte- 

restricted overexpression of angiotensin II type 
1 receptor (AT1R), we showed that chronic 
angiotensin II stimulation impairs atrial electri-
cal conduction, Na+ current, and connexin 40 
expression.

• Moreover, AT1R overexpression increases sar-
colemmal protein kinase C alpha expression in 
atria. Since protein kinase C alpha activation re-
quires translocation to the sarcolemmal mem-
brane, these results strongly support the role of 
protein kinase C alpha in Na+ current reduction 
in atrial myocytes of AT1R mice.

• These changes occurred in the absence of 
hypertension and before the development of 
structural remodeling, thus highlighting the di-
rect effect of angiotensin II/AT1R signaling on 
the atria and in the pathophysiology of atrial 
fibrillation.

What Are the Clinical Implications?
• This study provides mechanistic insights on 

the atrial remodeling induced by angiotensin II, 
which may promote atrial fibrillation.

• Moreover, together with our previous work, 
these findings show that chronic AT1R activa-
tion has distinct electrophysiological effects in 
the atria compared with the ventricles.

• A better understanding of theses distinct regula-
tory mechanisms between the heart chambers 
could help develop more specific pharmaco-
logical tools and thus improve the management 
of cardiac arrhythmias.

Nonstandard Abbreviations and Acronyms

ANG II angiotensin II
AP action potential
AT1R angiotensin II type 1 receptor
Cx40 connexin 40
Cx43 connexin 43
EPS programmed electrical stimulation
PKC protein kinase C
PKCα protein kinase C alpha
qPCR quantitative polymerase chain reaction
RAS renin- angiotensin system
TBST Tris- buffered saline Tween- 20
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6 to 8 months (6 months; presence of hypertrophy) 
and age- matched male wild- type littermate con-
trols were used in this study. The generation of the 
AT1R mice was previously described.5 Briefly, human 
AGT1R was expressed under the control of the mu-
rine α- myosin heavy chain promoter, which directs 
transgene expression specifically in cardiomyocytes. 
Circulating levels of ANG II remain similar between 
controls and AT1R mice at both ages (Table). All ex-
periments were performed in accordance with the 
guidelines of the Canadian Council on Animal Care 
and the Guide for the Care and Use of Laboratory 
Animals published by the National Research Council 
(8th edition, National Academies 2011). Experiments 
were also approved by the Montreal Heart Institute 
Animal Care Committee (Protocol 2015- 80- 03, 2018- 
80- 01 and 2019- 80- 01).

Atrial Mouse Myocytes Isolation
Single atrial myocytes were isolated from the left 
atrium of mice by enzymatic dissociation as previ-
ously described.19,20 Left atrium was used as it has 
been described to be more susceptible to AF.2 Mice 
were administered heparin (100  U heparin [1000  U/
mL]) 15  minutes before removal of the heart to pre-
vent blood coagulation. Mice were then anesthetized 
by isoflurane inhalation and killed by cervical disloca-
tion. The hearts were rapidly removed and retrogradely 
perfused through the aorta (2 mL/min) on a modified 
Langendorff apparatus with the following solutions: 
(1) 5  minutes with HEPES- buffered Tyrode solution 
containing (in mmol/L): 130 NaCl, 5.4 KCl, 1 CaCl2, 1 
MgCl2, 0.33 Na2HPO4, 10 HEPES, and 5.5 glucose (pH 
adjusted to 7.4 with NaOH); (2) 10 minutes with a Ca2+- 
free Tyrode solution; (3) 35 minutes with a Tyrode solu-
tion containing 0.03 mmol/L Ca2+, 20 mmol/L taurine, 
0.1% BSA (Fraction V, Sigma Chemicals), and 73.7 U/
mL type II collagenase (Worthington); and (4) 5 minutes 
with a Kraft- Brühe solution containing (in mmol/L): 100 
K+- glutamate, 10 K+- aspartate, 25 KCl, 10 KH2PO4, 
2 MgSO4, 20 taurine, 5 creatine base, 0.5 EGTA, 5 
HEPES, 20 glucose, and 0.1% BSA (pH adjusted to 
7.2 with KOH). All solutions were maintained at 37±1 
°C. At the end of the perfusion, the left atrium was re-
moved and placed in Kraft- Brühe solution. The tissue 
was minced and triturated for 3 to 5 minutes in order to 
isolate individual atrial myocytes. Atrial myocytes cells 
were stored in Kraft- Brühe at 4 °C until being used 2 to 
6 hours later. Only rod- shaped myocytes were used for 
electrophysiological experimental studies.

Cellular Electrophysiology
The voltage- clamp protocols, recording methods, 
and data acquisition have already been described 

elsewhere.17,20,21 In brief, the myocytes were placed in a 
recording chamber (volume ≈200 μL) on the stage of an 
inverted microscope, and given 10 minutes to adhere to 
the bottom of the bath. The cells were perfused with a so-
lution at 2 mL/min. Pipettes were made from borosilicate 
glass (World Precision Instruments), and had resistances 
in the range of 2 to 4 MΩ when filled with pipette solutions. 
For INa measurements, cells were perfused with a solution 
containing (in mmol/L): 132.5 CsCl, 10 glucose, 1 MgCl2, 
1 CaCl2, 20 HEPES, and 5 NaCl (pH adjusted to 7.4 with 
CsOH). Patch pipettes were filled with the following solu-
tion (in mmol/L): 132.5 CsF, 5 NaCl, 5 Mg- ATP, 10 EGTA, 
and 5 HEPES (pH adjusted to 7.2 with CsOH).17,18,21 For 
K+ current and action potential (AP) measurements, cells 
were perfused with HEPES- buffered Tyrode solution as 
previously described.19,20 Patch pipettes were filled with 
the following solution (mmol/L): 110 K+- aspartate, 20 KCl, 
8 NaCl, 1 MgCl2, 1 CaC12, 10 BAPTA, 4 K2- ATP, and 10 
HEPES (pH adjusted to 7.2 with KOH).19,20 For L- type Ca2+ 
current recordings, atrial cells were perfused with a so-
lution containing (in mmol/L): 10 CsCl, 5.5 glucose, 0.5 
MgCl2, 2 CaCl2, 5 HEPES, and 145 TEACl (pH adjusted to 
7.4 with CsOH). Patch pipettes were filled with the follow-
ing solution (in mmol/L): 100 aspartic acid, 70 CsOH, 40 
CsCl, 2 MgCl2, 4 Mg- ATP, 10 EGTA, and 10 HEPES (pH 
adjusted to 7.2 with CsOH).16,22

Whole- cell current-  and voltage- clamp recordings 
were obtained using ruptured patch- clamp tech-
nique with an AxoPatch 200B patch- clamp amplifier 
(Molecular Devices). Only cells with a compensated 
series resistance (compensation set at 50%– 70%) of 
≤10  MΩ were kept for analysis. Voltage- clamp cur-
rents were low- pass filtered at 2  kHz with a 4- pole 
Bessel analog filter, digitized at 4 kHz to 10 kHz using 
a pCLAMP 10.2 (Molecular Device). Recorded mem-
brane potentials were corrected by −10  mV to com-
pensate for the liquid junction potential. Briefly, the 
peak INa was elicited by a series of 40- milliseconds 
test potentials varying from −90 to +15 mV in 5- mV in-
crements from a holding potential of −90 mV at a fre-
quency rate of 0.1 Hz.17 Total K+ current was elicited 
by a series of 500- milliseconds test potentials varying 
from −110 to +50- mV in 10- mV increments from a hold-
ing potential of −80 mV at a frequency rate of 0.1 Hz.20 
APs were recorded at a frequency rate of 4 Hz with 
whole- cell current- clamp protocol by injection of brief 
(2.5- 5   milliseconds) stimulus currents (0.4– 0.7  nA). 

Table. Circulating ANG II Levels Are Similar Between 
Controls and AT1R Mice at 50 d and 6 mo

Plasma ANG II 
concentration, ng/mL

50 d, 
mean±SEM (n) 6 mo, mean±SEM (n)

Controls 0.20±0.04 (5) 0.10±0.04 (6)

AT1R 0.15±0.07 (3) 0.13±0.03 (6)

ANG II indicates angiotensin II; and AT1R, angiotensin II type 1 receptor.
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L- type Ca2+ current (ICaL) was elicited by a series of 
250- milliseconds test potentials at a frequency of 0.1 
Hz varying from −50 mV to +60 in 5-  to 10- mV incre-
ments from a holding potential of −90 mV preceded 
by a prepulse of 50 milliseconds at −50 mV in order to 
inactivate INa and T- type Ca2+ current (ICaT).16,22 All cel-
lular electrophysiological experiments were performed 
at room temperature (20– 22 °C).

ELISA Experiments
Plasma concentrations of ANG II were measured using 
an Assay Max Human Angiotensin II Elisa Kit (AssayPro 
LLC), following the manufacturer’s instructions.

Surface ECG
Surface ECG recordings were obtained as previously 
described.3 Briefly, mice were anesthetized with isoflu-
rane (2%) and their body temperature was monitored 
and maintained at 37 °C using a heating pad. Platinum 
electrodes positioned subcutaneously were connected 
to a Biopac System MP100 (EMKA Technologies). 
Surface ECG in lead I configuration were recorded at a 
rate of 2 kHz for 5 minutes of continuous experimental 
recording. The signal was filtered at 100 Hz (low pass) 
and 60  kHz (notch filter). Data were analyzed using 
ECG auto 2.8 (EMKA Technologies). The P- wave and 
PR interval were calculated manually by a blinded ob-
server from signal- averaged ECG recordings (on 500– 
1000 cardiac cycles).

EPS Protocols
AF susceptibility was assessed using EPS in anaesthe-
tized mice (2% isoflurane). EPS protocols were used as 
previously described.23 Briefly, a heating pad was used 
to monitor and keep the mice body temperature at 37 
°C. A 1.2F or a 1.9F octapolar electrophysiology cath-
eter (Transonic Scisense Inc.), for 50- day and 6- month 
mice, respectively, was introduced into the heart via 
the right jugular vein and slowly lowered towards the 
right atria. Bipolar recordings were obtained from the 
distal 2 electrode pairs. Pacing of the right atrium was 
performed by triggering a stimulus at twice the dias-
tolic threshold using a custom- built computer- based 
stimulator (509 Stimulator, Grass- Telefactor). The in-
duction of arrhythmias was tested through 8- atrial 
burst stimulation protocols (5 seconds at S1S1: 50– 10, 
10- milliseconds stepwise reduction). AF was defined 
as a rapid, irregular atrial rhythm lasting for at least 
1  second, measured from the end of the last stimu-
lation burst- spike to the first sinus rhythm P- wave on 
the ECG. All mice underwent identical pacing stimula-
tion protocols in the same controlled conditions. “n” for 
EPS experiments were 50 days: controls 13 and AT1R 
12; and 6 months: controls 10 and AT1R 13.

Picrosirius Red
The atrial interstitial collagen was quantified using the 
Picrosirius red staining technique adapted from Boldt et 
al24 protocol. Mice were anesthetized with 2% isoflurane 
and then euthanized by cervical dislocation. The left atria 
were removed and fixed in 10% buffered formalin over-
night at 4 °C. The tissues were then embedded in paraf-
fin and cut longitudinally at a thickness of 8 µm using a 
microtome. The sections were deparaffinized in xylene 
and rehydrated in graded ethanol series before being 
stained using a Picrosirius red solution (0.1% Direct Red 
80 [Sigma- Aldrich Corp] in saturated aqueous picric acid) 
for 1 hour. Slides were washed twice with acidified water 
(0.5% acetic acid) and dehydrated before coverslipping 
with Permount medium (Fisher Chemical). The images 
of the sections were taken in brightfield using a Qicam 
optic camera (Teledyne Qimaging). Endocardium fibrosis 
quantification was performed using the software ImageJ.

Quantitative Polymerase Chain Reaction
Nppa (coding for atrial natriuretic peptide) and Cacna1c 
(coding for CaV1.2) messenger RNA (mRNA) quantifica-
tion was performed as previously published.3,16 Reverse 
transcription and quantitative polymerase chain reac-
tion (qPCR) were performed on total RNA isolated from 
left atria of control and AT1R mice. Total RNA was iso-
lated from the left atria with a RNeasy fibrous tissue kit 
(Qiagen) and treated with DNase I to prevent contamina-
tion by genomic DNA. Complementary DNA was synthe-
sized with a Maxima Reverse Transcriptase enzyme kit 
(Fermentas) and primers specific for the genes of inter-
est. qPCR was then performed using a DyNAmo Color 
Flash SYBR Green qPCR kit (Thermo Scientific) and a 
real- time polymerase chain reaction system (MX3005P 
QPCR system; Stratagene). Each sample was analyzed 
in triplicate and the analysis of mRNA expression was 
quantified relative to the mean level of 2 housekeeping 
genes (murine cyclophyllin and succinate dehydroge-
nase complex subunit A mRNA) signal. For these qPCR 
experiments, 2 left atria were used per sample (n).

qPCR experiments for the following genes: Gja5 (en-
coding Cx40), Gja1 (encoding Cx43), and Scn5a (encod-
ing NaV1.5) were performed according to the following 
protocols. In brief, total RNA was isolated from the left atria 
of controls and AT1R mice using Trizol Reagent (Sigma- 
Aldrich) and chloroform. Total RNA was then treated with 
DNase Kit Nucleospin RNA (Machery- Nagel) to prevent 
contamination by genomic DNA. Complementary DNA 
was synthesized with a High- Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems). qPCR experi-
ments were performed using Sybr Select Master Mix 
(Applied Biosystems) and a real- time polymerase chain 
reaction system (Quantstudio 3; Applied Biosystems). 
Primers specific for the genes of interest were used and 
relative mRNA expression was quantified according to 
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the 2−∆∆Ct analysis technique using the mean level of 
3 housekeeping genes (hypoxanthine- guanine phos-
phoribosyltransferase, β2 microglobulin, and cyclophilin 
mRNA), and the mean level of the corresponding con-
trols group. Each sample was analyzed in duplicate and 
1 left atrium was used per sample (n).

Sarcolemmal- Enriched Protein Isolation
Protocols used for sarcolemmal- enriched protein frac-
tion isolation and Western blot experiments have been 
previously described.3,17,25 In brief, atria were pooled 
and homogenized in an ice- cold extraction buffer 
that contained a mix of protease and phosphatase in-
hibitors. Preparation was centrifuged at 10  000g for 
10  minutes to remove cell debris. Supernatant was 
collected and centrifuged at 200 000g for 20 minutes. 
The pellet was resuspended in the KCl (0.6  mol/L)- 
supplemented homogenizing buffer and incubated for 
10 minutes to dissociate myofibrillar proteins. Samples 
were then centrifuged at 200 000g and pellets were 
washed 3 times with the homogenizing buffer and 
subsequently centrifuged at 200 000g. Samples were 
used as sarcolemmal- enriched proteins and preserved 
for short- time storage at −20 °C.

Western Blot Experiments
NaV1.5, Cx40, and Cx43 Western blot experiments 
were performed using 30 μg of protein isolated from 
both left and right atria of 8 mice (16 atria/n, n=3 per 
group, 24 mice per group). Protein concentration was 
assessed using a standard Bradford assay (Bio- Rad 
Laboratories). For each sample, 30 μg of protein were 
loaded in separate wells and separated in stain- free 
gel (TGX 7.5% Stain- Free; Bio- Rad Laboratories). 
Following migration, the gel stain- free photoactiva-
tion was performed using a ChemiDoc apparatus 
(Bio- Rad Laboratories). Proteins were then electro-
phorically transferred onto a polyvinylidene difluoride 
membrane. Membrane stain- free imaging was used 
to quantify total protein per sample and confirm uni-
formity of loading and transfer. The membranes for 
NaV1.5 were blocked in Tris- buffered saline Tween- 20 
solution (TBST) containing 5% nonfat dry milk for 
4  hours at room temperature, while the membranes 
for Cx40 and Cx43 were blocked in TBST containing 
5% BSA for 4 hours. Primary antibodies (ABCAM Anti- 
Nav [ab53724] 1:250; Invitrogen Anti- Cx40 [36– 4900] 
1:1000; Invitrogen Anti- Cx43 [71- 0700] 1:2500) were 
added to a TBST/5% nonfat dry milk or 5% BSA solu-
tion and incubated at 4 °C overnight. The membranes 
were washed in TBST/5% nonfat dry milk solution 
and then incubated for 2  hours with the horseradish 
peroxidase– conjugated secondary antibody at room 
temperature. Immunoreactive bands were detected 
using enhanced chemiluminescence reagents (ECL 

plus, Perkin Elmer) and bands were visualized in film- 
free chemiluminescence using the ChemiDoc appara-
tus. The total protein content in each lane, as revealed 
by the stain- free quantification, was determined and 
used to normalize the quantity of sarcolemmal protein 
immunoreactivity as concluded using Image Lab soft-
ware (Bio- Rad Laboratories). Figures S1 and S2 show 
stain- free imaging used for total protein quantification 
for NaV1.5, Cx40, and Cx43 Western blot normalization.

For protein kinase C (PKC) alpha (PKCα), 
sarcolemmal- enriched proteins from 50- day and 
6- month- old mice were isolated from left atrial tissues. 
At 50 days, 10 left atria were pooled per number (n=3 
per group for a total of 30 left atria per group). Protein 
concentration was assessed using the standard 
Bradford assay, and 10 μg of protein for each sample 
was loaded into separate wells and separated in a pre-
cast gradient stain- free gel (TGX 4%– 15% Stain- Free; 
Bio- Rad Laboratories). At 6 months, 7 left atria were 
pooled per number (n=3 per group for a total of 21 left 
atria per group). Because of the limited amount of ma-
terial available, protein assays were not performed. For 
each experimental condition, tissue was extracted at 
a constant ratio of sample buffer to tissue mass and, 
following centrifugation, the entire volume of sample 
extract was applied to the appropriate wells of 7.5% 
stain- free gels. Following migration, the gels stain- free 
photoactivation were performed using the ChemiDoc 
apparatus. Proteins were then electrophorically trans-
ferred onto a polyvinylidene difluoride membrane. 
Membrane stain- free imaging was used to quantify total 
protein per sample and confirm loading and transfer 
uniformity. The membranes were blocked in TBST con-
taining 5% nonfat dry milk for 2 hours at room tempera-
ture. Primary antibodies (PKCα 1:2000; Cell Signaling) 
were added to a TBST/3% nonfat dry milk solution and 
incubated at 4 °C overnight. The membranes were 
washed in TBST/5% nonfat dry milk solution and then 
incubated for 2 hours with the horseradish peroxidase– 
conjugated secondary antibody at room temperature. 
Immunoreactive bands were detected using enhanced 
chemiluminescence reagents (ECL plus, Perkin Elmer) 
and bands were visualized in film- free chemilumines-
cence using the ChemiDoc apparatus. The total pro-
tein content in each lane, as revealed by the stain- free 
quantification, was determined and used to normalize 
the quantity of sarcolemmal protein immunoreactivity 
as determined using Image Lab software (Bio- Rad 
Laboratories). Figure S3 shows stain- free imaging used 
for PKCα Western blot normalization.

Statistical Analysis
All of the results are expressed as mean±SEM, and 
“n” indicates the number of cells. Unpaired 2- tailed 
Student t test or Pearson chi- square test were used 
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when appropriate. Statistical analysis was performed 
using Origin 8.0 (OriginLab Corporation). A P value 
<0.05 was considered statistically significant.

RESULTS
Atrial Cellular Hypertrophy and Fibrosis in 
6- Month AT1R Mice
We first determined whether, using AT1R mice at 
50 days and 6 months, we could discriminate the ef-
fects of AT1R overexpression from those resulting from 
atrial structural remodeling. Figure 1A shows that atrial 
cell capacitance of 50- day AT1R mice (54.5±1.6 pF) was 
comparable to control mice (53.0±1.6 pF). However, in 
6- month AT1R mice, there was a 44% increase in cell 
capacitance (68.5±2.7  pF) compared with controls 
(47.9±1.3  pF). Nppa gene expression (encoding atrial 
natriuretic peptide) was comparable in 50- day AT1R 
and control mice, but a 2- fold increase in Nppa tran-
scripts was observed in 6- month AT1R mice compared 
with controls (*P<0.01) (Figure 1B). Atrial fibrosis was not 
different between left atrial tissues from 50- day AT1R 

(3.1%±0.8%) and control (3.6%±0.3%) mice. However, 
collagen deposits were significantly increased in 6- 
month AT1R mice (17.2%±2.5%) compared with con-
trols (3.7%±0.8%, *P<0.01) (Figure 1C and 1D). These 
data demonstrate clear evidence of hypertrophy at 
the cellular and molecular levels and the presence of 
fibrosis in the left atrium of AT1R mice at 6 months but 
not at 50 days. Thus, these age groups are suitable to 
discriminate the effects induced by AT1R overexpres-
sion from those secondary to structural remodeling. Of 
note, ANG II circulating levels were unchanged by AT1R 
overexpression (Table).

AT1R Overexpression Reduces Atrial INa 
Density in AT1R Mice
Data illustrated in Figure  2A show a clear reduction of 
≈65% of INa density in atrial myocytes from 50- day AT1R 
mice (at −40 mV: −9.6±1.4 pA/pF) relative to their age- 
matched controls (−27.1±2.1  pA/pF). In 6- month AT1R 
mice, INa density was reduced by 60% (at −40  mV, 
controls: −29.2±3.9  pA/pF; AT1R: −11.6±2.0  pA/pF) 
(Figure 2B). AT1R overexpression had no effects on the INa 
activation and inactivation kinetics properties (Figure 2C 

Figure 1. Structural remodeling is only present in angiotensin II type 1 receptor (AT1R) mice at 6 months.
A, Cell capacitance measurements in left atrial myocytes from 50- day (controls, n=60; AT1R, n=62 [P=0.1918]) and 6- month (controls, 
n=29; AT1R, n=20 [***P<0.0001]) mice indicate that cellular hypertrophy is only observed in 6- month AT1R mice. B, The relative 
messenger RNA (mRNA) expression of Nppa was unchanged between AT1R and control mice at 50 days (n=4; P=0.9517) but was 
increased in 6- month AT1R mice compared with controls (controls, n=3; AT1R, n=4 [**P=0.0050]). C, An example of Picrosirius red 
staining of paraffin- embedded left atrial sections of 50- day and 6- month controls and AT1R mice at 4× and 20× magnification. 
Collagen deposits are stained in red and myocardium in yellow. D, Interstitial fibrosis signal quantification (%) of 50- day and 6- month 
mice (n=3 per group) shows an increase only in 6- month AT1R mice (50 days, P=0.5685; 6 months, **P=0.0030). Statistical analysis of 
Figures 1 through 8 was performed using 2- tailed Student t test. Statistical significance interpretation: *P<0.05; **P<0.01; ***P<0.0001.
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through 2F), ruling out the possibility that change in these 
kinetics properties explained the reduced INa density.

AT1R Overexpression Has No Impact 
on Sodium Channel Expression But 
Increases Sarcolemmal PKCα Protein 
Expression
The cardiac Na+ channel gene transcript (Scn5a, encoding 
NaV1.5) was only reduced in 6- month AT1R mice (Figure 3A). 
However, the sarcolemmal protein expression of NaV1.5 
was similar in AT1R mice of both age groups compared with 
their respective controls (Figure 3B), indicating that change 
in sodium channel protein expression is not responsible for 
the lower INa density observed in AT1R mice.
PKCα is known to be activated by ANG II signaling26,27 
and to play major roles in cardiac electrophysiology, 

including modulation of NaV1.5.17,28 Notably, we pre-
viously demonstrated that ventricular INa is modulated 
by PKCα activity in AT1R mice.17 Since PKCα activation 
requires translocation to the sarcolemmal membrane, 
we compared the sarcolemmal expression of PKCα 
using Western blot analysis. Sarcolemmal PKCα lev-
els were higher in AT1R mice compared with controls 
at both 50  days and 6  months (7– 10 left atria were 
pooled per n, n=3 per group) (Figure 3C), suggesting 
that chronic AT1R stimulation induces PKCα activation.

Atrial Structural Remodeling Decreases 
ICaL Density in AT1R Mice
The ICaL density was comparable between 50- day AT1R 
(at 0 mV, −3.7±0.2 pA/pF) and control (−4.2±0.3 pA/
pF) mice (Figure  4A) and there was no significant 

Figure 2. Electrophysiological properties of Na+ current (INa) in left atrial myocytes of angiotensin II type 1 receptor (AT1R) 
and control mice.
A and B, (Left) Typical current recordings of INa in left atrial myocytes from controls and AT1R mice (voltage protocol shown in inset). 
The dotted lines indicate zero current in this figure. (Right) Mean INa current- voltage (I– V ) relationships show a reduction of INa density 
in AT1R at 50 days (controls, n=13; AT1R, n=14 [*P<0.05]) and 6 months (controls, n=15; AT1R, n=15 [*P<0.05]). C and D, At both ages, 
neither the voltage at half- maximal activation (V1/2) at 50 days (controls, −47.2±1.4 mV; AT1R, −46.6±1.3 mV [P=0.7721]) and 6 months 
(controls, −51.6±1.1 mV; AT1R, −50.8±1.5 mV [P=0.6488]) nor the slope factor at 50 days (controls, 6.0±0.5; AT1R, 5.2±0.3 [P=0.2208]) 
and 6 months (controls, 5.3±0.2; AT1R, 5.1±0.3 [P=0.5430]) were affected by AT1R overexpression. Activation kinetics parameters 
were obtained from the activation curves fitted to the Boltzmann equation. E and F, Summary tables show that inactivation kinetics 
are similar between controls and AT1R mice at both 50 days (at −35 mV, Tau fast: P=0.1676; Tau slow: P=0.3526) and 6 months (at 
−35 mV, Tau fast: P=0.1817; Tau slow: P=0.1813). Values represent mean±SEM and *P values <0.05 vs controls, with “n” in parenthesis.
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difference in mRNA expression of L- type Ca2+ chan-
nel gene (Cacna1c, encoding Cav1.2) between both 
groups (Figure 4C). However, data obtained in 6- month 
AT1R myocytes (Figure 4B) show that ICaL density was 
reduced (at 0  mV, AT1R: −3.6±0.2  pA/pF; controls: 
−5.4±0.4  pA/pF). Consistent with lower ICaL density, 
there was a 30% reduction of Cacna1c transcript in 6- 
month AT1R mice (*P<0.05) (Figure 4D). These results 
indicate that unlike INa, ICaL is not directly affected by 
the overexpression of AT1R. However, the presence of 
structural remodeling was associated with a reduced 
ICaL through Cacna1c transcriptional regulation.

Atrial K+ Currents Are Unchanged by AT1R 
Overexpression
In 50- day mice, the density of the outward (at +30 mV, 
controls: 18.6±2.2 pA/pF; AT1R: 15.1±1.3 pA/pF) and 
inward (at −110 mV, controls: −14.8±3.7 pA/pF; AT1R: 
−14.5±2.8  pA/pF) portion of total K+ current was 
similar between controls and AT1R atrial myocytes 
(Figure 5A). In 6- month mice, the outward portion of 

total K+ current was also similar between AT1R mice 
(at +30 mV, 12.6±0.8 pA/pF) and controls (at +30 mV, 
14.1±0.9  pA/pF) (Figure  5B). However, in 6- month 
AT1R mice, the inward portion of the K+ currents was 
reduced between −90 mV and −110 mV (at −110 mV, 
−17.8±1.7  pA/pF; n=9) compared with control mice 
(at −110 mV, −12.9±0.8 pA/pF; n=15 [*P=0.0464]). As 
these differences were observed only at voltages more 
negative than −90  mV, there was no impact on the 
resting membrane potential. Taken together, these re-
sults indicate that AT1R overexpression had no physi-
ological impact on atrial K+ currents.

Atrial Cx40 Expression Is Decreased in 
AT1R Mice
The transcript level of Cx40 (Gja5) was reduced by 76% 
in AT1R mice of both age groups (Figure 6A) and a sig-
nificant reduction in the mRNA expression of Cx43 (Gja1) 
was also observed in 50- day (31%) and 6- month (52%) 
AT1R mice (Figure 6C). The protein expression of Cx40 
was also reduced by AT1R overexpression (50  days: 

Figure 3. Angiotensin II type 1 receptor (AT1R) overexpression does not affect sodium channel protein expression, but 
increases protein kinase C alpha (PKCα) sarcolemmal protein expression.
A, Scn5a messenger RNA (mRNA) expression is similar at 50 days in AT1R mice compared with controls (n=6; P=0.1053) but is reduced 
at 6 months (n=6; ***P<0.0001). B, However, Nav1.5 protein expression is unaffected at both 50 days (16 atria/n, n=3; P=0.2474) and 
6 months (P=0.7086). C, Western blot analysis shows an increase in sarcolemmal PKCα protein expression in AT1R mice compared 
with controls at 50 days (10 left atria were pooled per n, n=3 per group; *P=0.0131) and at 6 months (7 left atria were pooled per n, 
n=3 per group; ***P<0.0001). Film- free chemiluminescence protein signal was normalized by the total protein content using stain- free 
quantification (see Figures S1 and S3 for corresponding stain- free images). Statistical significance interpretation: *P<0.05; **P<0.01; 
***P<0.0001.
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33%; 6 months: 48%) (Figure 6B). However, Cx43 pro-
tein expression levels remained similar between controls 
and AT1R mice of both ages (Figure 6D). These results 
indicate that changes in Cx40 expression, which is the 
main isoform responsible for atrial cell- to- cell coupling, 
occur before the development of structural remodeling.

AT1R Overexpression Alters Atrial Action 
Potential Waveform and Atrial Conduction
We examined the atrial AP waveform, specifically the AP 
amplitude and the maximal velocity of the AP upstroke 
(Vmax) in AT1R mice. The results show that both param-
eters were significantly reduced in atrial myocytes from 
50- day and 6- month AT1R mice (Figure 7). AP dura-
tions measured at 90% of repolarization and resting 
membrane potentials were similar between AT1R and 
control mice at both ages, consistent with the K+ cur-
rent data. Furthermore, surface ECG recordings reveal 
that P- wave duration and PR interval were significantly 
prolonged in 50- day AT1R mice and further increased 
in the presence of hypertrophy (Figure 8). These results 

demonstrate that the decrease in INa caused by AT1R 
overexpression leads to a reduction in AP amplitude 
and Vmax and that these alterations, associated with 
the lower Cx40 expression, delay atrial conduction 
time as evidenced by the prolonged P- wave duration 
and the corresponding prolongation of the PR interval.

AF Susceptibility in AT1R Mice
When subjected to the same EPS protocols, 50- day 
AT1R mice developed AF slightly more often than 
control mice (controls, 38.5%; AT1R, 50% [P=not 
significant]) (Figure  9), suggesting that AT1R- induced 
electrical remodeling tends to favor AF. In 6- month 
AT1R mice, the presence of structural remodeling fur-
ther increased AF susceptibility (controls, 40%; AT1R, 
69.2% [P=not significant]).

DISCUSSION
To determine whether ANG II directly influences atrial 
electrophysiological function, we used transgenic 

Figure 4. L- type Ca2+ current (ICaL) density and Cacna1c messenger RNA (mRNA) expression are 
reduced only by hypertrophy.
A and B, (Left) Typical ICaL recordings in left atrial myocytes of controls and angiotensin II type 1 receptor 
(AT1R) mice (voltage protocol shown in inset). (Right) Mean ICaL I– V curve show a reduction of ICaL density 
in AT1R only at 6 months (controls, n=28; AT1R, n=26 [*P<0.05]), whereas the current density is similar 
at 50  days (controls, n=21; AT1R, n=25 [P=0.12]). C and D, Cacna1c mRNA expression in AT1R mice 
compared with controls was similar at 50 days (controls, n=3; AT1R, n=4 [P=0.8247]) and reduced at 
6 months (n=4; *P=0.0399).
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mice with cardiomyocyte- specific overexpression of 
ANG II type 1 receptor (AT1R mice) before (50 days) 
and after (6 months) the development of atrial struc-
tural remodeling. Our results suggest that chronic 
AT1R activation reduced INa through PKCα activation. 
Moreover, Cx40 expression was also decreased in 
AT1R mice, independently of structural remodeling. 

These alterations were associated with delayed atrial 
conduction and a relative increase in AF susceptibility.

Earlier studies have associated different heart dis-
eases with a modulation of NaV1.5 channel by PKC 
isoforms.17,26,27 We have previously been able to demon-
strate that PKCα activation selectively downregulates INa 
in the ventricles of AT1R mice, while other PKC isoforms 

Figure 5. K+ currents in left atrial myocytes of controls and angiotensin II type 1 receptor (AT1R) 
mice.
A and B, (Left) Typical recordings of total K+ currents in left atrial myocytes of controls and AT1R mice in 
both age groups obtained with the voltage protocol shown in inset. (Right) Mean K+ I– V relationships show 
no difference in K+ currents between controls and AT1R mice at 50 days (controls, n=17; AT1R, n=13). At 
6 months, there was no difference in the density of the outward K+ current between the 2 groups, but a 
significant reduction in the inward current (IK1) between −110 mV and −90 mV (6 months: controls, n=15; 
AT1R, n=9) was observed in AT1R mice.
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were not involved.17 PKCα is an effector present in the 
ANG II- AT1R signaling pathway that is translocated to 
the membrane when activated.26,29 The kinase proxim-
ity allows the phosphorylation of NaV1.5 channel, result-
ing in a decrease of INa density.17 Studies have shown 
that the use of a selective PKCα translocation blocker 
or PKC inhibitors restored INa density to control levels 
and that PKC activators such as PMA reduced INa.

17,28,29 
Here, we showed increased PKCα expression in sarco-
lemmal protein isolated from atrial tissues of AT1R mice, 
suggesting that chronic AT1R stimulation leads to PKCα 
translocation and activation. These data, along with 
previous reports, strongly support the role of PKCα in 
reducing INa density in the atrial myocytes of AT1R mice. 
Additionally, this regulation occurs before the devel-
opment of structural remodeling, similarly to what has 
been observed in the ventricles of AT1R mice.17

We found that Scn5a mRNA expression was re-
duced only in 6- month AT1R mice, suggesting that its 

transcription is only regulated by structural remodel-
ing, but without an effect on NaV1.5 protein expression 
or additional effect on INa density. The fact that atrial 
structural remodeling is often already present in pa-
tients with AF and experimental models probably ex-
plains the reduction in Scn5a expression reported in 
some studies.24,30

In our study, we found that among the different 
atrial ionic currents and connexins examined, only ICaL 
was decreased by the AT1R- induced atrial structural 
remodeling. Consistent with our results, Alvin et al31 
found that volume overload hypertrophy reduced ICaL 
in rat myocytes and that 3  weeks of treatment with 
captopril, an angiotensin- converting enzyme inhibi-
tor, restored current density. Earlier studies, including 
ours, have reported an association between ANG II 
activity and lower ICaL density. Indeed, we previously 
observed a reduced ICaL density (and CaV1.2 expres-
sion) in ventricular myocytes from AT1R mice.16,18 

Figure 6. Connexin 40 (Cx40) expression was reduced in angiotensin II type 1 receptor (AT1R) mice of both age groups but 
Connexin 43 (Cx43) protein expression was not affected.
A, Atrial Gja5 (Cx40) messenger RNA (mRNA) expression was reduced at both ages in AT1R mice (50 days and 6 months, n=6; 
*P<0.0001). B, Cx40 protein expression was reduced in AT1R mice compared with their respective controls at 50 days and also tended 
to be reduced at 6 months (50 days, *P=0.0057; 6 months, P=0.0660 [n=3 per group]) (see Figures S1 and S2 for stain- free images). 
C, Quantitative polymerase chain reaction results showed a reduction in Gja1 (Cx43) mRNA expression in 50- day and 6- month AT1R 
mice (50 days, *P=0.0068; 6 months, *P=0.0002; n=6 per group). D, However, Cx43 protein expression was not changed by AT1R 
overexpression (50 days, P=0.8846; 6 months, P=0.8606; n=3 per group). Film- free chemiluminescence protein signal was normalized 
by the total protein content using stain- free quantification (see Figure S2 for stain- free images). Statistical significance interpretation: 
*P<0.05; **P<0.01; ***P<0.0001.
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Moreover, Laszlo et al32 have shown that the use of 
enalapril (an angiotensin- converting enzyme inhibitor), 
increased ICaL density in rabbit atrial myocytes, but 
could not revert the decrease in ICaL density caused 
by rapid atrial pacing. Their results suggest that the 
benefits of RAS inhibition may depend on the involve-
ment of RAS activation in the underlying mechanisms 
of AF generation.33,34 Alternatively, the reduction of ICaL 
can be a compensatory mechanism in response to the 
increased cytosolic Ca2+ concentration following rapid 
atrial pacing, rendering the use of enalapril ineffective.

It has been reported that increased local produc-
tion of ANG II in the heart leads to atrial morphological 
changes.8 In addition, using a transgenic mouse model 

combining AT1R overexpression and angiotensinogen 
knockout (to block the synthesis of ANG II), Yasuda et 
al35 found an increase in atrial dilatation accompanied 
by fibrosis, and these effects were prevented by can-
desartan, an AT1R antagonist. Here, we showed that 
younger mice overexpressing AT1R had longer atrial 
conduction time, independent of structural remodel-
ing, which led to a slight increase in AF vulnerability. 
However, the presence of structural remodeling found 
in older AT1R mice further delayed atrial conduction, 
and leads to more episodes of AF. This is not surpris-
ing given that fibrosis worsens conduction heteroge-
neity, thereby promoting reentrant circuits and hence 
arrhythmias. It should be noted that atrial remodeling 

Figure 7. Action potential (AP) parameters of controls and angiotensin II type 1 receptor (AT1R) 
mice at 50 days and 6 months.
Typical AP recorded from isolated atrial myocytes of (A) 50- day (controls, n=14– 15; AT1R, n=10) and (B) 
6- month (controls, n=21; AT1R, n=15) mice. Associated tables show measurements of AP parameters 
(mean±SEM). AP amplitude (APA) and maximal velocity of AP upstroke (Vmax) were reduced at both ages 
by AT1R overexpression (APA: 50  days, *P=0.0012; 6  months, *P=0.0295) (Vmax: 50  days, *P=0.0002; 
6 months, *P<0.0001), while the AP duration at 90% of repolarization (APD90) and the resting membrane 
potential (RMP) were similar between AT1R and control mice (50 days, P=not significant; 6 months, P=not 
significant).

A B

Figure 8. Alteration of ECG parameters related to atrial conduction control and angiotensin II 
type 1 receptor (AT1R) mice at 50 days and 6 months.
Typical recording of surface ECG from controls and AT1R mice at 50 days (A) and at 6 months (B). The 
associated tables show mean±SEM values of PR interval and P- wave duration. AT1R overexpression is 
associated with prolonged PR interval (50 days, *P<0.0001; 6 months, *P=0.0008) and P- wave duration 
(50  days and 6  months, *P<0.0001) in surface ECG at both 50  days (controls, n=11; AT1R, n=7) and 
6 months (n=9 per group).
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induced by ANG II signaling was independent of he-
modynamic changes, thus highlighting the direct ef-
fect of RAS on the heart and in AF pathophysiology. 
Recently, Jansen et al28 reported that ANG II– mediated 
hypertension was associated with significant atrial re-
modeling in mice and enhance AF vulnerability. Similar 
to our findings, they found that atrial conduction was 
impaired in association with a reduction in INa medi-
ated by PKCα. However, they described a more severe 
phenotype, with reduction of atrial K+ currents, more 
pronounced atrial fibrosis, and a significant increase in 
AF occurrence. Their results suggest that in addition 
to the direct effects of ANG II, the presence of hyper-
tension and related hemodynamic changes result in 
more severe electrical and structural remodeling.

This study reveals significant differences between 
atrial and ventricular remodeling mediated by chronic 
AT1R activation. We previously showed that ventricular 
Ca2+ and K+ currents were both reduced in AT1R mice 
independently of hypertrophy.3,16– 18 Interestingly, in atrial 
myocytes, these ionic currents are not directly influenced 

by ANG II signaling. In fact, our results show that atrial K+ 
currents are unaffected by AT1R overexpression or struc-
tural remodeling, whereas ICaL is reduced only second-
ary to structural remodeling. These findings indicate that 
chronic AT1R activation regulates these ionic currents 
differently depending on the heart chamber. However, 
our studies show that chronic AT1R stimulation would 
reduce INa through PKCα activation in both ventricles and 
atria.17 A better understanding of these distinct regula-
tory mechanisms between the heart chambers could 
help develop more specific pharmacological tools and 
thus improve the management of cardiac arrhythmias.

There are some limitations to our study. Although we 
have provided supporting evidence for a role of PKCα in 
decreasing INa density in atrial myocytes of AT1R mice, 
the detailed mechanism of this effect has not been in-
vestigated here. However, in our previous study, strong 
evidence established the effect of PKCα on INa in AT1R 
ventricular myocytes.17 Sarcolemmal PKCα expression 
was found to be elevated in AT1R ventricles in Western 
blot analysis and immunofluorescence imaging, which 

Figure 9. Angiotensin II type I receptor (AT1R) overexpression tends to favor atrial fibrillation (AF) 
vulnerability.
A, Typical recordings of surface ECG and intracardiac electrophysiological recordings (iECG) on a 
6- month mouse that experienced an AF episode after a burst pacing protocol followed by a return to 
normal sinus rhythm (NSR). B, Although the increase did not reach statistical significance, AF incidence 
was slightly increased in 50- day AT1R mice and more markedly at 6 months. Pearson’s chi- square test 
was used to assess statistical significance.
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also showed co- localization between PKCα and sar-
colemmal NaV1.5 in AT1R ventricular myocytes.17 
Functional data on the effect of PKCα on INa were ob-
tained in human- induced pluripotent stem cell– derived 
cardiomyocytes treated with ANG II, whereas concom-
itant treatment with a PKCα translocation inhibitor pre-
vented the effect of ANG II.17 Along with these studies, 
the findings reported here showing that INa reduction is 
accompanied by higher PKCα expression in the sarco-
lemmal protein of AT1R atria, strongly suggest that the 
same mechanism also applies. Nevertheless, to fully 
delineate the mechanism, future studies could extend 
the findings reported here to include immunofluores-
cence imaging on atrial myocytes, similar to what we 
have done in the ventricles.

CONCLUSIONS
This study shows that cardiac- specific AT1R overex-
pression decreased atrial INa and connexins expression, 
which slowed atrial electrical conduction. Importantly, 
these changes occurred in the absence of hypertension 
and before the development of atrial structural remode-
ling. This study provides mechanistic insights into ANG II– 
induced atrial remodeling that can favor AF development.
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SUPPLEMENTAL MATERIAL 
 
 



Figure S1. Stain-free blots used to normalize Nav1.5 and Cx40 expression.  

 

 

 

Each well was loaded with 30 μg of sarcolemmal proteins (from 50 days and 6 months 

and visualised using Stain-free technology on a ChemiDoc apparatus. Quantification of all 

bands visible in each well were used to normalize the expression of the proteins of 

interest (Figure 3 for Nav1.5 and Figure 6 for Cx40). 

 
 

 

 



Figure S2. Stain-free blots used to normalize Cx43 expression. 

 

Sarcolemmal proteins (30 μg/well) isolated from 50 days (left) and 6 months (right) were 

visualised using Stain-free technology on a ChemiDoc apparatus. Quantification of all 

visible bands in each well was used to normalize expression the protein of interest, Cx43 

(Figure 6). 

 

 

 

 



Figure S3. Stain-free blots used to normalize PKCα expression.  

 

 

 

At 50 days (left), 10 μg of sarcolemmal proteins isolated for left atria were loaded in each 

well and visualized using Stain-free technology on a ChemiDoc apparatus. At 6 months, 

all volume of the protein extracts were loaded on the gel. Quantification of all bands 

visible in each well were used to normalize the expression of the protein of interest, PKCα 

(Figure 3). 

 


