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A B S T R A C T

Atrial fibrillation (AF) is prevalent in hypertension and elevated angiotensin II (Ang II); however, the me-
chanisms by which Ang II leads to AF are poorly understood. Here, we investigated the basis for this in mice
treated with Ang II or saline for 3 weeks. Ang II treatment increased susceptibility to AF compared to saline
controls in association with increases in P wave duration and atrial effective refractory period, as well as re-
ductions in right and left atrial conduction velocity. Patch-clamp studies demonstrate that action potential (AP)
duration was prolonged in right atrial myocytes from Ang II treated mice in association with a reduction in
repolarizing K+ currents. In contrast, APs in left atrial myocytes from Ang II treated mice showed reductions in
upstroke velocity and overshoot, as well as greater prolongations in AP duration. Ang II reduced Na+ current
(INa) in the left, but not the right atrium. This reduction in INa was reversible following inhibition of protein
kinase C (PKC) and PKCα expression was increased selectively in the left atrium in Ang II treated mice. The
transient outward K+ current (Ito) showed larger reductions in the left atrium in association with a shift in the
voltage dependence of activation. Finally, Ang II caused fibrosis throughout the atria in association with changes
in collagen expression and regulators of the extracellular matrix. This study demonstrates that hypertension and
elevated Ang II cause distinct patterns of electrical and structural remodeling in the right and left atria that
collectively create a substrate for AF.

1. Introduction

Atrial fibrillation (AF) is highly prevalent in the setting of hy-
pertension, where 60–80% of individuals with AF also have high blood
pressure [1]. Hypertension, which affects> 30% of the global popu-
lation (i.e. > 1.3 billion people) [2,3], is associated with activation of

the renin-angiotensin system and elevated angiotensin II (Ang II) and
has been linked to AF [4–7]. Nevertheless, the mechanisms by which
hypertension and Ang II lead to AF are complex and incompletely un-
derstood. As a result, current therapeutic approaches for AF, which
remains the most commonly encountered cardiac arrhythmia [5], are
limited and patients with AF remain at risk for stroke and heart failure
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as well as a compromised quality of life.
AF is thought to occur due to triggered activity in the setting a

proarrhythmic substrate [5,8]. A substrate for AF may be created due to
electrical and/or structural remodeling in the atria. The morphology of
the atrial action potential (AP) is a critical determinant of atrial elec-
trophysiology and alterations in AP morphology due to electrical re-
modeling can contribute to the initiation and/or maintenance of AF [5].
Specifically, the upstroke of the AP, which is determined by the Na+

current (INa, carried by NaV1.5 channels) [9] is a major determinant of
conduction velocity [10]. Changes in atrial INa and AP upstroke velocity
can affect atrial conduction velocity and thus the wavelength of re-
entry (defined as the product of conduction velocity and atrial re-
fractory period) [5]. Repolarization of the AP is affected by the balance
between a number of ionic currents, including the L-type Ca2+ current
(ICa,L) [9] and several K+ currents such as the transient outward K+

current (Ito, carried by KV4.2/4.3 channels), the ultra rapid delayed
rectifier K+ current (IKur, carried by KV1.5 channels), a steady state K+

current (IKss, carried by KV2.1 channels) and, depending on species,
rapid and slow components of the delayed rectifier K+ current (IKr and
IKs) [11]. Alterations in one or more of these currents can impair re-
polarization (i.e. prolong the AP) and cause triggered activity in the
form of early afterdepolarizations (EADs), which can initiate AF [5].

In addition to electrical remodeling in atrial myocytes, a substrate
for AF can also arise due to structural remodeling in association with
increases in atrial size and atrial fibrosis [5]. Enhanced fibrosis, which
can occur in association with an increase in collagen deposition or al-
terations in extracellular matrix remodeling by matrix metalloprotei-
nases (MMPs) and their inhibitors (TIMPs) [12], can be proarrhythmic
because fibrosis can disrupt connectivity between myocytes and impair
normal electrical conduction, thereby decreasing the wavelength of re-
entry [13].

The goal of the present study was to investigate atrial electro-
physiology and the basis for AF in the setting of hypertension induced
by elevated Ang II. Our data demonstrate that Ang II treated mice are
highly susceptible to induced AF in association with impaired atrial
conduction. Impaired conduction occurred due to distinct patterns of
electrical and structural remodeling in the right and left atria.

2. Methods

An expanded Methods section is provided in the Data Supplement.

2.1. Mice

This study used male wildtype C57Bl/6 mice between the ages of
10–15weeks. Mice were treated with saline or Ang II (3 mg/kg/day) for
3 weeks using osmotic minipumps (Alzet) implanted subcutaneously.
All experimental procedures were approved by the University of
Calgary Animal Care and Use Committee and the Dalhousie University
Committee for Laboratory Animals and were in accordance with the
guidelines of the Canadian Council on Animal Care.

2.2. Blood pressure and echocardiography

Blood pressure was measured in conscious, restrained mice by tail-
cuff plethysmography (IITC Life Sci). Cardiac structure was assessed by
echocardiography in mice anesthetized by isoflurane inhalation (2%)
using a Vevo 3100 ultrasound machine (Fujifilm VisualSonics).

2.3. In vivo electrophysiology and arrhythmia studies

Surface ECGs were measured in anesthetized mice (2% isoflurane
inhalation) using 30 gauge subdermal needle electrodes (Grass
Technologies). In conjunction, a 1.2F octapolar electrophysiology ca-
theter (Transonic) was inserted into the right heart via an incision in the
jugular vein and used to assess inducibility of AF during burst pacing

[14,15]. AF was defined as a rapid and irregular atrial rhythm (fi-
brillatory baseline in the ECG) with irregular RR intervals lasting at
least 1 s on the ECG. AF was categorized into three groups:< 5 s (brief);
5–30 s (non-sustained); > 30s (sustained) in order to assess severity of
AF when induced, as has been done previously [15,16]. Atrial and AV
node effective refractory periods (AERP, AVERP) were measured using
S1-S2 pacing protocols in which the heart was paced at a cycle length of
100ms (S1) followed by an extra stimulus (S2) at progressively shorter
cycle lengths as previously described [14,15]. Correct catheter place-
ment was ensured by obtaining a sole ventricular signal in the distal
lead and predominant atrial signal in the proximal lead. Body tem-
perature was maintained at 37 °C using a heating pad for these studies.
Additional details are provided in the Data Supplement.

2.4. High resolution optical mapping

To study activation patterns and electrical conduction in the atria,
high resolution optical mapping was performed in isolated atrial pre-
parations using methods we have described in detail previously
[14,17–19]. Atrial preparations were immobilized using blebbistatin
(10 μM) [20]. Changes in fluorescence were captured using the voltage
sensitive dye Di-4-ANEPPS (10 μM) and a high speed EMCCD camera at
~900 frames/s. Spatial resolution was 67×67 μm/pixel. All experi-
ments were performed at 35 °C. Data were analyzed using custom
software written in Matlab. Further details are available in the Data
Supplement.

2.5. Patch-clamping of isolated atrial myocytes

Right and left atrial myocytes were isolated from mice by enzymatic
digestion as we have described previously [21,22]. These myocytes
were used to record APs using the perforated patch-clamp technique or
the whole cell patch-clamp technique. INa, IK, and ICa,L were recorded
using the whole cell patch-clamp technique. The solutions and experi-
mental protocols for each of these approaches are available in the Data
Supplement.

2.6. Western blotting

Right and left atrial samples were used to measure the protein ex-
pression of protein kinase Cα (PKCα), KV4.2, KV4.3, KV1.5 and KChIP2
as well as GAPDH as the loading control. The procedures for these
experiments are provided in the Data Supplement.

2.7. Quantitative PCR

Quantitative gene expression was measured in the right and left
atria as we have previously described [14,15]. Intron spanning primers
for SCN5a (NaV1.5), KCND2 (KV4.2), KCND3 (KV4.3) and KCNIP2
(KChIP2), KCNA5 (KV1.5) Col1a2 (collagen type I), Col3a1 (collagen
type III), transforming growth factor β (TBFβ), matrix metalloprotei-
nases 2 and 9 (MMP2, MMP9) and tissue inhibitor of metalloproteinases
1–4 (TIMP1, TIMP2, TIMP3, TIMP4) as well as GAPDH and β-actin
(reference genes) were used. Experimental protocols and primer se-
quences are in the Data Supplement.

2.8. Collagen staining and collagen assay

Interstitial collagen was assessed using picrosirius red (collagen)
and fast green (myocardium) staining of paraffin embedded sections
(3 μm) through the right and left atria. The level of fibrosis was quan-
tified using ImageJ software as previously described [14,15]. Total
collagen content was measured in right and left atria using a hydro-
xyproline assay (Sigma-Aldrich) according to kit instructions.
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2.9. Statistical analysis

All data are presented as means ± SEM. Data were analyzed using
Fischer's exact test, Student's t-test, two-way ANOVA with Tukey's
posthoc test or two-way repeated measures ANOVA with Tukey's
posthoc test as indicated in each figure legend. P < 0.05 was con-
sidered significant.

3. Results

3.1. Effects of Ang II on atrial structure and atrial arrhythmogenesis

Initially, we measured the effects of Ang II treatment on blood
pressure and cardiac structure and function. Supplemental Fig. S1 de-
monstrates that 3 weeks of Ang II treatment increased (P < 0.05)
systolic and diastolic blood pressure while saline treated controls ex-
hibited no differences (P=1.00) in blood pressure. Echocardiography
assessment (Fig. 1A, Supplemental Table 1) demonstrates that Ang II
treatment caused a hypertrophic response characterized by an increase
(P < 0.05) in thickness of the left ventricular anterior wall and a re-
duction (P < 0.05) in left ventricular internal diameter. Importantly,
echocardiography also demonstrates increases (P < 0.05) in maximum
and minimum left atrial area (Fig. 1B–D). These data demonstrate that
Ang II treatment causes hypertension and ventricular hypertrophy as
well as atrial enlargement.

Next, we used an intracardiac electrophysiology catheter to assess
susceptibility to AF during burst pacing (Fig. 2A) in anesthetized mice
treated with saline or Ang II. These studies show that 50% of Ang II
treated mice were induced into AF compared to only 7% of saline
treated mice (Fig. 2B). Furthermore, the duration of arrhythmia was
very brief, lasting less that 5 s in the one saline treated mouse that was
induced into AF. In contrast, 43% of Ang II treated mice induced into

AF were in arrhythmia for> 5 s and 14% were in AF for longer than
30 s (Fig. 2C, Supplemental Table 2).

Additional assessment of atrial electrophysiology revealed that P
wave duration (Fig. 2D) and atrial effective refractory period (AERP,
Fig. 2E) were prolonged (P < 0.05) in Ang II treated mice. Further-
more, P-R interval and AV node effective refractory period (AVERP)
were also increased (P < 0.05), while the P-R segment (measured from
the end of the P wave to the start of the R wave) was not changed
(P=0.86), following Ang II treatment (Supplemental Table 3). These
data demonstrate that Ang II treatment results in an increase in in-
ducibility and severity of AF in association with impaired atrial con-
duction and altered atrial electrophysiology.

The prolongations in P wave duration and P-R interval were in-
trinsic to the atria and independent of the autonomic nervous system as
illustrated in ECG recordings following autonomic nervous system
blockade in intact anesthetized mice (Supplemental Fig. S2A). These
studies demonstrate that autonomic blockade with an intraperitoneal
injection of atropine and propranolol (10mg/kg each) prolonged
(P < 0.05) P wave duration (Supplemental Fig. S2B) and P-R interval
(Supplemental Fig. S2C). Intrinsic P wave duration and P-R interval
after blockade remained longer (P < 0.05) in Ang II treated mice
compared to saline controls.

The effects of Ang II on atrial conduction and electrophysiology
were further investigated using high resolution optical mapping in
isolated atrial preparations. Representative activation maps (Fig. 3A)
illustrate that conduction time across the atria is slower in Ang II
treated hearts. Summary data show that cycle length in Ang II treated
hearts is longer (P < 0.05) than in saline treated controls (Fig. 3B) and
that right (Fig. 3C) and left (Fig. 3D) atrial conduction velocities are
reduced (P < 0.05) following Ang II treatment. Since HR is reduced in
Ang II treated mice in vivo and cycle length is prolonged in isolated
atrial preparations, we also measured atrial conduction velocities in

Fig. 1. Echocardiography in mice treated with Ang
II. A, Representative M-mode images measured from
the short axis at baseline and after 3 weeks of Ang II
treatment. Refer to Supplemental Table 1 for a
summary of echocardiography measurements. B,
Representative images used to assess left atrial area
in Ang II treated mice. Bars on left side of panels A
and B represent contrast intensity. Scale bars on right
side of panel A and B are measures of distance in
mm. C and D, Summary of the effects of Ang II on
left atrial maximum (C) and minimum (D) area.
*P < 0.05 vs. baseline by Student's t-test; n=5
mice per group.
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atrial preparations paced at a cycle length of 125ms to account for rate
dependent effects. These measurements confirm that right (Fig. 3E) and
left (Fig. 3F) atrial conduction velocities are reduced (P < 0.05) fol-
lowing Ang II treatment independently of beating rate. Thus, our stu-
dies in vivo with and without autonomic nervous system blockade as
well as optical mapping in atrial preparations confirm that atrial con-
duction is impaired by Ang II treatment.

We also measured right and left atrial AP duration in optical APs
derived from our mapping studies (Fig. 3G). These data demonstrate
that AP duration at 20% repolarization (APD20; Fig. 3H) and 70% re-
polarization (APD70, Fig. 3I) was prolonged (P < 0.05) in Ang II

treated mice. Atrial AP morphology was further investigated in isolated
myocytes as described below.

3.2. Effects of Ang II on atrial myocyte electrophysiology

To investigate the mechanisms for the effects of Ang II on AF in-
ducibility and atrial electrophysiology, we measured AP morphology in
right and left atrial myocytes isolated from saline or Ang II treated mice
(Fig. 4A and B). Consistent with the hypertrophic response elicited by
Ang II, left atrial myocytes displayed an increase (P < 0.05) in cell
capacitance following Ang II treatment (Fig. 4C). On the other hand,

Fig. 2. Atrial fibrillation and atrial electrophysiology
in Ang II treated mice. A, Representative surface
(top) and intracardiac atrial (bottom) ECGs illus-
trating the induction of AF in an Ang II treated
mouse following burst pacing in the right atrium.
Recordings on the left illustrate the ECG during sinus
rhythm (SR), the burst pacing period, the induction
of AF, and the spontaneous reversion back to SR.
Recordings on the right illustrate ECG patterns
during AF. B, Summary of inducibility of AF in saline
and Ang II treated mice. Numbers in parentheses
indicate the number of mice induced into AF.
*P=0.03 vs. saline by Fisher's exact test. C,
Summary of the duration of AF in the saline and Ang
II treated mice that were induced into AF. Refer to
Supplemental Table 2 for additional AF analysis. D,
Summary of P wave duration in mice treated with
saline or Ang II. E, Summary of AERP in mice treated
with saline or Ang II. For panels D and E *P < 0.05
vs. saline by Student's t-test; n=15 saline and 18
Ang II treated mice. Refer to Supplemental Table 3
for additional ECG and atrial electrophysiology
analysis.
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Fig. 3. Atrial electrical conduction properties in mice treated with Ang II. A, Representative activation maps in isolated atrial preparations from mice treated with
saline or Ang II. The right atrial appendage is on the right side of the image. Red colour indicates the earliest activation time. Scale bars are 3 mm. B, Summary of
cycle length in atrial preparations from saline and Ang II treated mice in sinus rhythm. C and D, right and left atrial conduction velocities in preparations from mice
treated with saline or Ang II in sinus rhythm. E and F, right and left atrial conduction velocities in preparations paced at a cycle length of 125ms. *P < 0.05 vs.
saline by Student's t-test; n=5 atrial preparations per group. G, Representative right and left atrial optical APs from saline and Ang II treated mice. H and I,
Summary data showing AP duration at 20% repolarization (APD20, H) and 70% repolarization (APD70, I). *P < 0.05 vs. saline; +P < 0.05 vs. right atrial by two-
way ANOVA with Tukey's posthoc test; n=5 per group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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there was no difference (P=0.90) in capacitance in right atrial myo-
cytes from saline and Ang II treated mice (Fig. 4C).

AP recordings revealed distinct patterns of electrical remodeling in
right and left atrial myocytes following Ang II treatment. Specifically,
Ang II had no effect on AP upstroke velocity (Vmax; P=0.35) or AP
overshoot (OS; P=0.45) in right atrial myocytes (Fig. 4D, Supple-
mental Table 4). In contrast, AP Vmax (P=0.01) and OS (P=0.004)

were reduced following Ang II treatment in left atrial myocytes
(Fig. 4D, Supplemental Table 5). Furthermore, APD20 (Fig. 4E), APD50

(Fig. 4F) and APD90 (Fig. 4G) were increased (P < 0.05) in Ang II
treated right and left atrial myocytes; however, these prolongations in
APD were greater (P < 0.05) in left atrial myocytes (see also Supple-
mental Table 5).

To determine the basis for these changes in AP morphology, we

Fig. 4. Right and left atrial action potential morphology in mice treated with Ang II. A and B, Representative stimulated APs in isolated right (A) and left (B) atrial
myocytes from mice treated with saline or Ang II. Cell capacitances for representative recordings are as follows. Right atrial/saline: 31.6 pF; right atrial/Ang II:
48.1 pF; left atrial/saline: 51.9 pF; left atrial/Ang II: 74.5 pF. C, Summary of cell capacitance in right and left atrial myocytes from saline or Ang II treated mice. D,
Summary of AP Vmax in right and left atrial myocytes from saline or Ang II treated mice. E–G, Summary of APD20 (E), APD50 (F) and APD90 (G) in right and left atrial
myocytes from saline or Ang II treated mice. For all panels *P < 0.05 vs. saline, +P < 0.05 vs. right atrium by two-way ANOVA with Tukey's posthoc test, n=14
saline and 12 Ang II treated myocytes for the right atrium, n=14 saline and 15 Ang II treated myocytes for the left atrium. Refer to Supplemental Tables 4 and 5 for
additional analysis of AP morphology.
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Fig. 5. Effects on Ang II treatment on atrial sodium current. A, Voltage clamp protocol used to measure INa. B, Representative INa recordings in right atrial myocytes
from saline and Ang II treated mice. Cell capacitances for representative recordings are as follows. Right atrial/saline: 52 pF; right atrial/Ang II: 62 pF. C, INa IV curves
in right atrial myocytes from saline and Ang II treated mice. D, Summary INa activation curves in right atrial myocytes from saline and Ang II treated mice. For panels
C and D n=13 saline and 12 Ang II treated right atrial myocytes. E, Representative INa recordings in left atrial myocytes from saline and Ang II treated mice. Cell
capacitances for representative recordings are as follows, left atrial/saline: 33 pF; left atrial/Ang II: 57 pF. F, INa IV curves in left atrial myocytes from saline and Ang
II treated mice. G, Summary INa activation curves in left atrial myocytes from saline and Ang II treated mice. For panels F and G n=17 saline and 18 Ang II treated
myocytes. *P < 0.05 vs. saline at each membrane potential by two-way repeated measures ANOVA with Tukey's posthoc test. Refer to Supplemental Table 6 for a
summary of INa activation kinetics.
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measured INa under voltage clamp conditions (Fig. 5A) in right and left
atrial myocytes from saline and Ang II treated mice. Consistent with the
lack of a difference in right atrial Vmax, INa in right atrial myocytes
(Fig. 5B) was unaffected by Ang II. Specifically, IV curves demonstrate
no differences (P=0.25) in INa density (Fig. 5C) and activation curves
show that conductance density was not affected (P=0.65) by Ang II
(Fig. 5D). Analysis of INa activation kinetics confirmed there were no
differences in maximum conductance (Gmax, P=0.22) or the voltage
for 50% channel activation (V1/2(act), P=0.30) in Ang II treated right
atrial myocytes (Supplemental Table 6). Conversely, Ang II treatment
potently reduced INa in left atrial myocytes (Fig. 5E). IV analysis con-
firms that INa density (Fig. 5F) and INa conductance (Fig. 5G) were re-
duced (P < 0.05) in left atrial myocytes from Ang II treated mice.
Furthermore, analysis of INa activation kinetics shows that Gmax

(P < 0.001) was reduced in association with a right shift (P=0.03) in
V1/2(act) (Supplemental Table 6). A reduction in left atrial INa is con-
sistent with the reductions in left atrial AP Vmax and OS.

Subsequently, we investigated the mechanisms for the selective re-
duction in left atrial INa following Ang II treatment. Na+ channel
function and biophysics are importantly regulated by protein kinase C
(PKC) [23]. Furthermore, pathologically elevated Ang II has been
shown to cause an increase in PKC activity [24]. Accordingly, we hy-
pothesized that enhanced PKC activity may underlie the reduction in
left atrial INa in Ang II treated mice. We first tested this by dialyzing left
atrial myocytes from Ang II treated mice with the PKC inhibitor bi-
sindolylmaleimide 1 [25] (BIM 1, 1 μM, Fig. 6A). For controls, INa
measurements were made from Ang II treated myocytes not receiving
BIM 1 from the same myocyte isolations as those used for BIM 1 studies.
Summary IV curves illustrate that BIM 1 potently reversed (P < 0.05)
the reduction in left atrial INa density (Fig. 6B) and increased
(P < 0.05) INa conductance (Fig. 6C) compared to untreated (control)
Ang II treated myocytes. Following BIM 1 application INa density
(Fig. 6B, P=0.76) and INa conductance (Fig. 6C, P=0.65) were not
different from saline controls. Analysis of INa activation kinetics de-
monstrates that BIM 1 application increased (P < 0.001) Gmax and
shifted (P < 0.05) the V1/2(act) to more negative membrane potentials
(Supplemental Table 7). Following BIM 1 application, Gmax (P=0.97)
and V1/2(act) (P=0.51) were also not different from saline controls.
BIM1 had no effect on INa in left atrial myocytes from saline treated
mice (Supplemental Fig. S3A). Specifically, summary IV curves (Sup-
plemental Fig. S3B) and activation curves (Supplemental Fig. S3C)
show that BIM1 did not affect INa density (P=0.94) or INa conductance
(P=0.96) in saline treated left atrial myocytes. Furthermore, analysis
of INa activation kinetics demonstrates that BIM1 had no effects on Gmax

(P=0.81) or V1/2(act) (P=0.78) in saline treated mice (Supplemental
Table 8).

Next we measured the expression of PKCα in the right and left atria
from saline and Ang II treated mice using Western blotting (Fig. 6D).
These studies demonstrate that Ang II treatment resulted in an increase
(P < 0.05) in PKCα expression in the left atrium, but not in the right
atrium (P=1.00). The mRNA expression of SCN5a, the gene under-
lying NaV1.5, was not affected (P=0.97) by Ang II in right or left atria
(Fig. 6E). Collectively, these data demonstrate that the Ang II mediated
reduction in left atrial INa occurs in association with enhanced PKC
activity specifically in the left atrium.

The next series of experiments investigated the ionic and molecular
mechanisms underlying the Ang II mediated prolongation of the AP in
right and left atrial myocytes. We first focused on repolarizing K+

currents and measured IK between −100 and+ 80mV using voltage
clamp protocols with and without a pre-pulse to −40mV to inactivate
Ito [26,27] (Fig. 7A and B). Summary IV curves illustrate that peak IK
from recordings without the pre-pulse was reduced (P < 0.05) in Ang
II treated right atrial myocytes (Fig. 7C). IV curves for peak IK measured
from recordings with an inactivating pre-pulse (Fig. 7D) demonstrate
that IK remains reduced (P < 0.05) in Ang II treated right atrial
myocytes, although to a smaller extent than that seen in recordings

without the pre-pulse. Accordingly, IV relationships for the difference
current between protocols with and without the inactivating pre-pulse,
which is a representation of Ito, show that Ito is reduced (P < 0.05) in
right atrial myocytes from Ang II treated mice (Fig. 7E). This is clearly
evident in the representative IK recordings without the pre-pulse, which
show a pronounced reduction in early peak outward IK in Ang II treated
myocytes.

IK was also investigated in left atrial myocytes from saline and Ang
II treated mice using the same voltage clamp protocols (Fig. 7B). The
representative recordings again show that the early peak outward IK in
recordings without a pre-pulse are largely absent in Ang II treated left
atrial myocytes. Summary IK IV curves for recordings without the pre-
pulse (Fig. 7F) and with the pre-pulse (Fig. 7G) show that repolarizing
IK is reduced (P < 0.05) in Ang II treated left atrial myocytes. Fur-
thermore, Ito, measured as the difference current between protocols,
was reduced (P < 0.05) in left atrial myocytes from Ang II treated mice
(Fig. 7H).

The degree of reduction in Ito elicited by Ang II was directly com-
pared in right and left atrial myocytes (Supplemental Fig. S4A).
Summary data illustrate that the reduction in Ito density (measured at
+50mV) was greater (P < 0.05) in left atrial myocytes compared to
right atrial myocytes (Supplemental Fig. S4B). A larger reduction in Ito
in left atrial myocytes is consistent with the greater increase in AP
duration in left atrial myocytes from Ang II treated mice.

Ito activation kinetics were assessed by fitting a Boltzmann function
to measurements of Ito conductance derived from the data in Fig. 7E
and H. These data (Supplemental Fig. S4C–H) demonstrate that Ang II
causes a right shift (P < 0.05) in the Ito activation curve in right and
left atrial myocytes. Consistent with this, the voltage at which 50% of
channels are activated (V1/2(act)) was shifted (P < 0.05) to more po-
sitive values in right (Supplemental Fig. S4D) and left (Supplemental
Fig. S4G) atrial myocytes. Consistent with the greater reduction in Ito in
the left atrium, the Ito V1/2(act) in Ang II treated left atrial myocytes
(35.2 ± 2.3mV) was more positive (P < 0.05) than in Ang II treated
right atrial myocytes (15.7 ± 7.4mV).

Next, we measured the mRNA and protein expression of key Ito
related genes, including KCND2 and KCND3 (underlie KV4.2 and KV4.3)
as well as KCNIP2 (underlies the β subunit KChIP2) [28]. The mRNA
expression of KCND2, KCND3 and KCNIP2 was assessed in the right and
left atria from saline and Ang II treated mice (Supplemental Fig.
S5A–C). KCND2, KCND3, and KCNIP2 were each reduced (P < 0.05) in
the left atrium in Ang II treated mice. On the other hand, expression of
these genes was not altered in the right atrium following Ang II treat-
ment. Western blotting experiments demonstrate that, despite some
alterations in mRNA expression, there was no difference in the protein
expression of KV4.2, KV4.3 or KChIP2 in the right or left atria following
Ang II treatment (Supplemental Fig. S5D–F).

In addition to Ito, repolarization in the atria is importantly affected
by an ultrarapid delayed rectifier K+ current (IKur) mediated by KV1.5
channels. IKur can be measured as the component of repolarizing K+

current sensitive to 4-aminopyridine (4-AP; 100 μM) [26,29]. We
measured 4-AP sensitive IKur in right and left atrial myocytes from
saline and Ang II treated mice (Supplemental Fig. S6A). Summary data
demonstrate that 4-AP sensitive IK was larger (P < 0.05) in saline
treated left atrial myocytes and reduced (P < 0.05) to similar levels in
both right and left atrial myocytes after Ang II treatment (Supplemental
Fig. S6B). This indicates that IKur is reduced in both atria by Ang II. The
mRNA expression of KCNA5 (underlies KV1.5) was not altered
(P=0.348) by Ang II in the right atrium and was increased (P < 0.05)
by Ang II in the left atrium (Supplemental Fig. S6C). Nevertheless,
Western blotting (Supplemental Fig. S6D) demonstrates that Ang II had
no effects on expression of KV1.5 protein in the right atrium (P=0.38)
or left atrium (P=0.60).

L-type Ca2+ channels also play a role in determining AP duration.
Accordingly, we measured ICa,L in right and left atrial myocytes from
saline and Ang II treated mice (Supplemental Figs. S7A and S7B).
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Summary IV curves demonstrate that ICa,L density was not affected in
right (P=0.53, Supplemental Fig. S7C) or left (P=0.80, Supplemental
Fig. S7D) atrial myocytes from Ang II treated mice. Similarly, Ang II
treatment had no effects on ICa,L conductance in right (P=0.52,
Supplemental Fig. S7E) or left (P=0.78, Supplemental Fig. S7F) atrial
myocytes. Analysis of activation kinetics further confirms that Ang II
had no effect on atrial ICa,L (Supplemental Table 9).

3.3. Effects of Ang II on atrial fibrosis

Structural remodeling was investigated by measuring interstitial
atrial fibrosis using picrosirius red staining in the right and left atria in
saline and Ang II treated mice (Fig. 8A). Summary data demonstrate
that Ang II treatment increased (P < 0.05) atrial fibrosis similarly in
the right and left atria (Fig. 8B). Collagen content in the atria was
further quantified using hydroxyproline assays in the right and left
atria. Collagen content was increased (P < 0.05) in both atria of Ang II

Fig. 6. Effects of protein kinase C inhibition on INa in Ang II treated mice. A, Representative INa recordings in Ang II treated left atrial myocytes following dialysis
with the PKC inhibitor BIM 1 (1 μM) and in control myocytes. Cell capacitances for representative recordings are as follows. Ang II: 40 pF; Ang II+ BIM 1: 50 pF. BIM
1 was dialyzed into the myocytes via the patch-clamp pipette for 5min before recording. Voltage clamp protocol is as shown in Fig. 5A. B, Summary left atrial INa IV
curves for saline, Ang II and Ang II with BIM 1 dialysis. C, Summary left atrial INa activation curves for saline, Ang II and Ang II with BIM 1 dialysis. For panels B and C
*P < 0.05 vs. saline, +P < 0.05 vs. Ang II at each membrane potential by two-way repeated measures ANOVA with Tukey's posthoc test, n=12 saline, 14 Ang II
and 10 Ang II+BIM 1 left atrial myocytes. Refer to Supplemental Table 7 for a summary of INa activation kinetics. D, Expression of PKCα protein in the right and left
atria from saline and Ang II treated mice. *P < 0.05 vs. saline, +P < 0.05 vs. right atrium by two-way ANOVA with Tukey's posthoc test; n=6 atria per group. E,
mRNA expression of SCN5a in the right and left atria of saline and Ang II treated mice. Ang II had no effect (P=0.97) on expression of SCN5a in the right or left atria.
Data analyzed by two-way ANOVA with Tukey's posthoc test, n=7–8 atria per group.
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Fig. 7. Effects of Ang II on atrial potassium currents. A and B, Representative K+ current recordings in right (A) and left (B) atrial myocytes from saline and Ang II
treated mice. Currents were recorded with and without a pre-pulse to −40mV to inactivate Ito as shown in the voltage clamp protocols at bottom of panels A and B.
Cell capacitances for representative recordings are as follows. Right atrial/saline: 37.1 pF; right atrial/Ang II: 40 pF; left atrial/saline: 46.5; left atrial/Ang II: 63.5 pF.
C, Summary right atrial IK IV curves measured at the peak of the IK recordings without the pre-pulse (recordings on the left in panel A). D, Summary right atrial IK IV
curves measured at the peak of the IK recordings with the pre-pulse (recordings on the right in panel A). E, Summary right atrial IK IV curves for the difference current
between C and D, which is a measure of Ito. For panels C-E *P < 0.001 vs. saline at each membrane potential by two-way repeated measures ANOVA with Tukey's
posthoc test, n=17 saline and 19 Ang II treated right atrial myocytes. F, Summary left atrial IK IV curves measured at the peak of the IK recordings without the pre-
pulse (recordings on the left in panel B). G, Summary left atrial IK IV curves measured at the peak of the IK recordings with the pre-pulse (recordings on the right in
panel B). H, Summary left atrial IK IV curves for the difference current between F and G, which is a measure of Ito. For panels F–H *P < 0.001 vs. saline at each
membrane potential by two-way repeated measures ANOVA with Tukey's posthoc test, n=10 saline and 17 Ang II treated left atrial myocytes.

Fig. 8. Effects of Ang II on interstitial fibrosis in the atria. A, Representative images demonstrating patterns of interstitial fibrosis by picrosirius red staining
(collagen fibres stained red) in the right and left atria from saline and Ang II treated mice. B, Summary of interstitial fibrosis in the right and left atria from saline and
Ang II treated mice. *P < 0.001 vs. saline by two-way ANOVA with Tukey's posthoc test, n=6 atria per group. C, Summary of total collagen content in the right and
left atria from saline and Ang II treated mice by hydroxyproline assay. *P=0.005 vs. saline by Student's t-test. There were no differences (P=0.44) in collagen
content between right and left atria. n=6–7 samples for each group. D–L, Summary of the mRNA expression of collagen I (D), collagen III (E), TGFβ (F), MMP2 (G),
MMP9 (H), TIMP1 (I), TIMP2 (J), TIMP3 (K) and TIMP4 (L) in the right (RA) and left (LA) atria in saline and Ang II treated mice. *P < 0.001 vs. saline; +P < 0.05
vs. right atrium by two-way ANOVA with Tukey's posthoc test, n=6–8 samples per group. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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treated mice (Fig. 8C).
We also measured the expression of mRNAs for genes involved in

collagen production and extracellular matrix regulation, including
matrix metalloproteinases (MMPs) and their inhibitors (TIMPs).
Measurements were made in the right and left atria from mice treated
with saline or Ang II. First, we measured expression of collagen type I
(Col1a2; Fig. 8D) and collagen type III (Col3a1; Fig. 8E), which are the
major interstitial collagens in the myocardium [30,31]. While Col1a2
(P=0.29) and Col3a1 (P=0.34) expression were not affected by Ang
II in the right atrium, these collagen mRNAs were increased
(P < 0.001) in the left atrium following Ang II treatment. TGFβ
(Fig. 8F) was not altered (P=0.52) by Ang II in the right or left atria.
Next, we measured expression of MMP2 and MMP9, which are gelati-
nases that degrade collagens [12]. MMP2 was reduced (P < 0.05) in
right atrium, but increased (P < 0.05) in the left atrium following Ang
II treatment (Fig. 8G). MMP9 was reduced (P < 0.05) in the right and
left atria by Ang II treatment (Fig. 8H). Finally, we measured the ex-
pression of TIMPs 1–4. TIMP1 expression was unchanged (P=0.08) in
the right atrium, but elevated (P < 0.05) in the left atrium after Ang II
treatment (Fig. 8I). TIMP2 expression was not affected (P=0.07) by
Ang II in the right or left atria (Fig. 8J). TIMP3 expression was reduced
(P < 0.05) in the right and left atria after Ang II treatment. TIMP4 was
not altered (P=0.36) by Ang II in the right or left atria (Fig. 8L). These
data suggest that Ang II induced atrial fibrosis involves changes in
collagen gene expression and/or alterations in extracellular matrix re-
modeling by MMPs and TIMPs (see Discussion).

4. Discussion

Our study demonstrates that mice induced into hypertension in the
setting of enhanced Ang II are highly susceptible to AF, which was
longer lasting compared to saline treated controls. This is consistent
with human data indicating that elevated Ang II is linked to AF [4,5]
and that enhancing angiotensin converting enzyme 2 (ACE2) activity,
which opposes the effects of Ang II [32], protects against atrial re-
modeling [33]. Our assessment of P wave duration and AERP in vivo, as
well as atrial conduction by high resolution optical mapping, indicate
substantial alterations in atrial electrophysiology in Ang II treated mice,
which we investigated in detail. These studies demonstrate that Ang II
causes distinct patterns of electrical and structural remodeling in the
right and left atria and provide novel insight into the cellular and
molecular mechanisms for these alterations, thereby advancing our
understanding of the basis for increased susceptibility to AF in the
presence of pathologically elevated Ang II signaling.

Ang II caused extensive electrical remodeling, in association with
changes in atrial AP morphology. Importantly, the changes in AP
morphology were distinct in the right and left atria. Specifically, in
right atrial myocytes, the major effect of Ang II treatment was an in-
crease in AP duration. Other measurements of AP morphology were
unaltered. Furthermore, cell capacitance was not affected in right atrial
myocytes from Ang II treated mice. In contrast, left atrial myocytes
showed a much greater prolongation of the AP as well as a substantial
reduction in Vmax and OS. Left atrial myocytes also displayed increased
capacitance indicating the development of hypertrophy in these cells.
This is consistent with our echocardiography data illustrating an in-
crease in left atrial area after Ang II treatment. Thus, our experiments
revealed that Ang II induced electrical remodeling is substantially more
extensive in the left atrium compared to the right, which was previously
unknown.

The reduction in left atrial, but not right atrial Vmax was associated
with a reduction in INa specifically in the left atrium. This reduction in
left atrial INa occurred in association with a right shift in the voltage
dependence of channel activation, which was reversed by inhibiting
PKC. This is consistent with previous studies that have shown that PKC
can modulate INa in ventricular myocytes and in heterologous expres-
sion systems [23,24,34,35]. We confirmed that PKCα, in particular, was

significantly elevated in the left atrium, but not the right atrium, from
Ang II treated mice. The PKC inhibitor we used (BIM 1) is not selective
for PKCα; therefore, we cannot rule out contributions from other PKC
isoforms; however, the robust Ang II induced increase in expression of
PKCα specifically in the left atrium suggests an important role for this
PKC isoform. The mRNA expression of SCN5a was not affected by Ang II
indicating that elevated PKC activity is a major mechanism by which
Ang II affects atrial INa. The reduction in left atrial INa in Ang II treated
mice could contribute to the slowing of atrial conduction, which would
decrease the wavelength of re-entry and favor AF.

Our investigations into the basis for the prolongation of the AP in
Ang II treated mice revealed that Ito is reduced in right and left atrial
myocytes, with the reduction in the left atrium being significantly
larger than in the right atrium. This reduction in Ito occurred in asso-
ciation with significant changes in activation kinetics, suggesting that
Ang II treatment leads to alterations in biophysical properties of the
channels (KV4.2, KV4.3) that underlie Ito. IKur (measured as 4-AP sen-
sitive IK) was also reduced in both atria. This suggests that Ito and IKur
are critically involved in the delayed repolarization in the atria fol-
lowing Ang II treatment. Right and left atrial ICa,L, on the other hand,
was not affected by Ang II treatment.

Interestingly, our study shows that genes related to Ito, including
KCND2, KCND3 and KCNIP2, were reduced in the left atrium, but were
unaltered in the right atrium after Ang II treatment. This prompted us to
investigate the expression of KV4.2, KV4.3 and KChIP2 by Western
blotting. Surprisingly, we found no differences in expression of these
proteins that underlie Ito in either atria after Ang II treatment. Similarly,
despite some changes in mRNA expression of KCNA5, Ang II had no
effect on protein expression of KV1.5. Thus, the Ang II induced reduc-
tions in atrial Ito and IKur are not explained by changes in overall
channel expression. These data suggest that the change in activation
kinetics is a major contributor to the Ang II mediated reduction in Ito.
Consistent with this, the V1/2(act) in Ang II treated left atrial myocytes
was more positive than in Ang II treated right atrial myocytes.
Nevertheless, it is possible other factors also contribute to the changes
in K+ currents observed following Ang II treatment. For example, it is
possible that Ang II may affect K+ channel trafficking, thereby reg-
ulating the number of functional channels in the plasma membrane and
that this could contribute to the reduction in atrial Ito and IKur. This
hypothesis is based on studies demonstrating that Ang II can promote
the internalization of Kv4.3 channels [36]. Similarly, prior studies have
shown that Ang II promotes internalization of K+ channels in other cell
types [37]. Additional studies are required to determine whether the
effects of Ang II on atrial Ito and IKur involve changes in channel traf-
ficking. Atrial repolarization and IK is also determined by KV2.1 chan-
nels; however, the role of these channels was not investigated in the
present study. A reduction in Ito/IKur and a prolongation of the atrial AP
could increase the likelihood of EADs, which could contribute to the
increased susceptibility to AF in Ang II mediated hypertension [38].

The observation that Ang II induced electrical remodeling was more
extensive in the left atrium may have implications for understanding
the increased susceptibility to AF in vivo. Although it can involve both
atria, it is generally thought that AF is more commonly initiated in the
left atrium [39–42]. This can involve the pulmonary vein-left atrial
junction, but also other regions of the left atrium, including the left
atrial appendage [39,41,43]. We observed more severe electrical re-
modeling in the left atrium, including a reduction in AP upstroke ve-
locity and greater prolongation of AP duration, which may contribute
substantially to the increased susceptibility to AF and is consistent with
the left atrium playing a critical role in AF generation and maintenance
observed clinically. Interestingly, a prior study in human patients with
persistent AF demonstrated left-to-right differences in inward rectifier
K+ current [44] further supporting the idea that differential remodeling
in the left and right atria is a factor in the development of AF. The basis
for more severe electrical remodeling in left atrial myocytes is not
known; however, it was notable that cell capacitance was increased
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(indicating cellular hypertrophy) in left atrial, but not right atrial
myocytes from Ang II treated mice. This suggests that, unlike the left
atrium, the right atrium did not develop Ang II induced hypertrophy;
however, as we did not assess right atrial size by echocardiography,
additional studies will be needed to further assess this. Thus, our data
suggest that overall disease development and/or progression is en-
hanced in the left atria. The basis for these regional differences war-
rants further study.

Our optical mapping studies demonstrated that conduction velocity
was reduced in the right and left atrium following Ang II treatment;
however, AP Vmax and INa were reduced only in left atrial myocytes.
This suggested that additional factors contribute to the slowing of atrial
conduction. Accordingly, we also measured the effects of Ang II on
atrial fibrosis and found that interstitial fibrosis and collagen content
were increased in both the right and left atria. The increase in atrial
fibrosis occurred in association with a number of gene expression
changes. Notably, expression of collagen I and collagen III was in-
creased in the left atrium, but not the right atrium. TGFβ, a well known
driver of collagen gene expression and fibrosis [6,45] was not altered in
either atria following Ang II treatment; however, TIMP1, which has
recently been shown to contribute to Ang II mediated ventricular fi-
brosis by increasing collagen gene expression independent of effects on
MMPs [46], was increased in the left atrium of Ang II treated mice. This
suggests that TIMP1 may play a role in the increased collagen gene
expression in the left atrium following Ang II treatment. We also ob-
served reductions in TIMP3 in the right and left atria of Ang II treated
mice. TIMP3 knockout mice have been shown to develop ventricular
fibrosis due to post-translational stabilization and deposition of col-
lagens by matricellular proteins [47]; thus, reductions in right and left
atrial TIMP3 may be profibrotic in the atria through related mechan-
isms to those identified in the ventricles. Finally, we observed reduc-
tions in the expression of MMP2 in the right atrium as well as MMP9 in
both atria. Reductions in MMPs could alter the balance between MMP
and TIMP activity leading to impaired breakdown of collagens in the
extracellular matrix and increased interstitial fibrosis [12,30]. Thus,
our findings suggest that the increases in right and left atrial fibrosis in
Ang II treated mice could occur due to a number of alterations, in-
cluding increases in collagen gene expression as well as changes in the
expression of MMPs and/or TIMPs. Additional studies will be needed to
determine the specific mechanisms and relative importance of these
different signaling molecules.

Determining the mechanisms that underlie Ang II mediated atrial
fibrosis will be important as increases in atrial fibrosis would be ex-
pected to contribute to a slowing of conduction throughout the right
and left atria in Ang II treated mice. When considered collectively, our
findings suggest that the substrate for AF is created by both a reduction
in atrial INa (particularly in the left atrium) and enhanced fibrosis
throughout the atria (right and left). These alterations could combine to
substantially slow electrical conduction in the atria and impair normal
conduction patterns, thereby favoring the maintenance of AF.

Comparing our findings with other studies further supports the
conclusion that Ang II mediated hypertension elicits distinct effects on
atrial electrophysiology and arrhythmogenesis. For example, chronic
Ang II treatment has been shown to reduce the expression of KCND2
and KCND3 in the left ventricle; however, KChIP2 was unaltered and Ito
density was not affected [48]. Also, ventricular hypertrophy induced by
transverse aortic constriction does cause a reduction in left ventricular
Ito density; however, this occurred due to cardiomyocyte hypertrophy.
Expression of KCND2, KCND3 and KChIP2 were unaffected in the left
ventricle following aortic constriction [49]. In contrast to our findings
with Ang II treatment, transverse aortic constriction did not alter the
expression of KCND2 or KCND3 in the atria (unspecified region) [50].
Finally, transverse aortic constriction does cause atrial enlargement,
but, in contrast to our findings in Ang II treatment, was not associated
with increased atrial (unspecified region) fibrosis [50]. Thus, Ang II
mediated hypertension distinctly reduces atrial, but not ventricular Ito,

and promotes atrial fibrosis, by mechanisms that are distinct from those
observed in other conditions associated with increased afterload and
cardiac hypertrophy such as aortic constriction.

The effects of Ang II in the heart are complex and the basis for AF in
Ang II mediated hypertension are likely to be multifactorial. Consistent
with this, recent studies have shown that changes in the im-
munoproteasome and oxidative stress can each contribute to the in-
creased susceptibility to AF during Ang II treatment [6,51]. One con-
sequence of oxidative stress is the oxidation and pathological activation
of Ca2+/calmodulin-dependent protein kinase II (CaMKII), which has
been linked to Ang II mediated AF [51]. Furthermore, CaMKII can
modulate the activity of ion channels including Na+ and K+ channels
[52]. Accordingly, it will be important to investigate the role of CaMKII
(including phosphorylated or oxidized forms) in the context of our
findings in future studies. It should also be noted that, while our Ang II
treatment protocol led to hypertension and hypertrophy with fibrosis,
mice did not develop systolic heart failure. Nevertheless, hypertrophy
and fibrosis, if left uncorrected, can ultimately lead to heart failure,
which itself is associated with the occurrence of AF [5]. Thus, the de-
velopment and progression of AF in these settings can be complex. Our
study addresses some of these issues and further enhances our under-
standing of Ang II mediated changes in the atria that lead to a substrate
for AF and show that electrical and structural remodeling are prevalent
in the atria following Ang II treatment. Our study identifies INa, Ito, and
IKur as critical ion channels involved in electrical remodeling and also
shows that atrial fibrosis develops in association with changes in ex-
pression of genes involved in collagen production and extracellular
matrix regulation. We also identify PKCs (including PKCα) as a novel
molecular target involved in Ang II mediated electrical remodeling in
the left atrium. These may represent new therapeutic targets for the
treatment of AF in Ang II mediated hypertension. As several of these
proteins are also present in the ventricular myocardium, it may be
important to consider approaches to modulate these targets selectively
in the atria.

The mechanisms leading to AF in general are still incompletely
understood, but are thought to involve triggered activity in the setting
of a substrate that favours re-entry [5]. The likelihood of re-entry oc-
curring is increased when the wavelength is reduced. As discussed
above, several of the alterations we observed are consistent with this
theory of arrhythmogenesis. The increases in AP duration in right and
left atria of Ang II treated mice could lead to EADs, which can trigger
AF [5]. Furthermore, increased fibrosis in both atria and reduced INa in
the left atria can lead to slow conduction (as we observed), which can
shorten the wavelength of re-entry [5]. On the other hand, longer APs,
while favoring triggered activity, can also increase atrial refractoriness
(observed in our in vivo studies), which could lessen the likelihood of
re-entry. As we clearly observed increased susceptibility and severity of
AF in Ang II treated mice, more work will be needed to determine the
extent to which triggered activity and/or electrical re-entry underlie AF
in this model.

In conclusion, this study demonstrates that Ang II mediated hy-
pertension increases the incidence and severity of AF in association
with distinct patterns of structural and electrical remodeling in the
atria. Specifically, electrical remodeling was more severe and more
complex in the left atrium compared to the right atrium. Structural
remodeling due to increased atrial fibrosis was present throughout the
right and left atria. Increases in AP duration in the right and left atria
could increase the likelihood of triggered activity (EADs) that could
initiate AF while impaired atrial INa and enhanced atrial fibrosis are
consistent with the slowing of atrial conduction that could shorten the
wavelength of re-entry and lead to the maintenance of a substrate for
AF. Our study identifies novel molecular changes that underlie these
alterations. Additional experiments will help determine which of these
could be used therapeutically to treat AF in Ang II mediated hy-
pertension.
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Data Supplement 

 

Supplemental Methods 

Mice 

 Male wildtype mice were treated with saline or Ang II (3 mg/kg/day) for 3 weeks via 

osmotic minipumps (Alzet model 1004). To implant these osmotic pumps mice were 

anesthetized by isoflurane inhalation (2%). Osmotic pumps were inserted subcutaneously via a 

mid-scapular incision.  

 

In vivo electrophysiology 

A 1.2 French octapolar electrophysiology catheter containing 8 electrodes spaced 0.5 

mm apart was used for intracardiac pacing experiments as we have described previously [1,2]. 

Inducibility of AF was studied using burst pacing in the right atrium [1,2]. We used 3 trains of 2 s 

burst pacing as follows: the first 2 s burst was given at a cycle length of 40 ms with a pulse 

duration of 5 ms. Following 3 min of stabilization a second 2 s burst was applied at a cycle 

length 20 ms with a pulse duration of 5 ms. After another 3 min of stabilization the final 2 s burst 

was given at a cycle length of 20 ms with a pulse duration of 10 ms. AF was defined as a rapid 

and irregular atrial rhythm (fibrillatory baseline in the ECG) with irregular RR intervals lasting at 

least 1 s on the surface ECG. All ECG data were acquired using a Gould ACQ-7700 amplifier 

and Ponemah Physiology Platform software (Data Sciences International) as we have described 

previously [1,2]. Body temperature was maintained at 37˚C using a heating pad.  

 

High resolution optical mapping 

To study patterns of electrical conduction in the mouse atria we used high resolution 

optical mapping in atrial preparations as we have done previously [2-4]. To isolate our atrial 

preparation mice were administered a 0.2 ml intraperitoneal injection of heparin (1000 IU/ml) to 
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prevent blood clotting and were then anesthetized by isoflurane inhalation and cervically 

dislocated. Hearts were excised into Krebs solution (35°C) containing (in mM): 118 NaCl, 4.7 

KCl, 1.2 KH2PO4, 12.2 MgSO4, 1 CaCl2, 25 NaHCO3, 11 glucose and bubbled with 95% O2/5% 

CO2 in order to maintain a pH of 7.4. The atria were dissected away from the ventricles and 

pinned in a dish with the epicardial surface facing upwards (towards the imaging equipment). 

The superior and inferior vena cavae were cut open so that the crista terminalis could be 

visualized and the preparation could be pinned out flat. 

The atrial preparation was superfused continuously with Krebs solution (35°C) bubbled 

with 95% O2/5% CO2 and allowed to equilibrate for at least 30 min. During this time the 

preparation was treated with the voltage sensitive dye di-4-ANEPPS (10 µM) for ~15 min and 

blebbistatin (10 µM) was added to the superfusate to suppress contractile activity [5,6]. 

Blebbistatin was present throughout the duration of the experiments in order prevent motion 

artifacts during optical mapping.  

 Di-4-ANEPPS loaded atrial preparations were illuminated with light at a wavelength of 

520 – 570 nM using an EXFO X-cite fluorescent light source (Lumen Dynamics). Emitted light 

(590 – 640 nM) was captured using a high speed EMCCD camera (Evolve 128, Photometrics). 

Data were captured from an optical field of view of 8 x 8 mm2 at a frame rate of ~900 frames/s 

using Metamorph software (Molecular Devices). The spatial resolution was 67 x 67 µm for each 

pixel. Magnification was constant in all experiments and no pixel binning was used. 

 All optical data were analyzed using custom software written in Matlab. Pseudocolor 

electrical activation maps were generated from measurements of activation time at individual 

pixels as defined by assessment of dF/dtmax. In all cases background fluorescence was 

subtracted.  Local conduction velocity (CV) was quantified specifically in the right atrial 

myocardium (within the right atrial appendage) and the left atrial myocardium (with in the left 

atrial appendage) using an established approach previously described [3,7,8]. Briefly, activation 

times at each pixel from a 7 x 7 pixel array were determined and fit to a plane using the least 
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squares fit method. The direction on this plane that is increasing the fastest represents the 

direction that is perpendicular to the wavefront of electrical propagation and the maximum slope 

represents the inverse of the speed of conduction in that direction. With a spatial resolution of 

67 x 67 μM per pixel, the area of the 7 x 7 pixel array was 469 x 469 μM. Thus, using this 

method, we computed maximum local CV vectors in the atrial region of interest. Optical APs 

were assessed by measuring the change in fluorescence as a function of time at individual 

pixels within the right and left atria.  

 

Isolation of mouse atrial myocytes 

The procedures for isolating mouse atrial myocytes have been described previously 

[9,10] and were as follows. Mice were administered a 0.2 ml intraperitoneal injection of heparin 

(1000 IU/ml) to prevent blood clotting. Following this, mice were anesthetized by isoflurane 

inhalation and then sacrificed by cervical dislocation. The heart was excised into Tyrode’s 

solution (35ºC) consisting of (in mM) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 MgCl2, 1.8 CaCl2, 5.55 

glucose, and 5 HEPES, with pH adjusted to 7.4 with NaOH. The right or left atrial appendage 

was dissected from the heart and cut into strips, which were transferred and rinsed in a ‘low 

Ca2+, Mg2+ free’ solution containing (in mM) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 0.2 CaCl2, 50 

taurine, 18.5 glucose, 5 HEPES and 1 mg/ml bovine serum albumin (BSA), with pH adjusted to 

6.9 with NaOH. Atrial tissue was digested in 5 ml of ‘low Ca2+, Mg2+ free’ solution containing 

collagenase (type II, Worthington Biochemical Corporation), elastase (Worthington Biochemical 

Corporation) and protease (type XIV, Sigma Chemical Company) for 30 min. Then the tissue 

was transferred to 2.5 ml of modified KB solution containing (in mM) 100 potassium glutamate, 

10 potassium aspartate, 25 KCl, 10 KH2PO4, 2 MgSO4, 20 taurine, 5 creatine, 0.5 EGTA, 20 

glucose, 5 HEPES, and 0.1% BSA, with pH adjusted to 7.2 with KOH. The tissue was 

mechanically agitated using a wide-bore pipette. This procedure yielded individual right or left 

atrial myocytes that were stored in KB solution until experimental use within 6 hours of isolation. 
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Solutions and electrophysiological protocols 

Stimulated action potentials (APs) were recorded using either the perforated patch-

clamp technique or the whole cell patch-clamp technique. There were no differences in AP 

parameters between perforated and whole cell configurations. To record APs the recording 

chamber was superfused with a normal Tyrode’s solution (22 – 23ºC) containing (in mM) 140 

NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, and 5 glucose, with pH adjusted to 7.4 with NaOH. 

The pipette filling solution contained (in mM) 135 KCl, 0.1 CaCl2, 1 MgCl2, 5 NaCl, 10 EGTA, 4 

Mg-ATP, 6.6 Na-phosphocreatine, 0.3 Na-GTP and 10 HEPES, with pH adjusted to 7.2 with 

KOH. Amphotericin B (200 µg/ml) was added to this pipette solution to record APs with the 

perforated patch clamp technique. 

For recording INa atrial myocytes were superfused with a modified Tyrode’s solution (22 

– 23°C) containing the following (in mM): 130 CsCl, 5 NaCl, 5.4 TEA-Cl, 1 MgCl2, 1 CaCl2, 10 

HEPES, 5.5 glucose, (pH 7.4, adjusted with CsOH). Nitrendipine (10 µM) was added to the 

superfusate to block ICa,L. The pipette solution for INa contained (in mM): 120 CsCl, 5 NaCl, 1 

MgCl2, 0.2 CaCl2, 10 HEPES, 5 MgATP, 0.3 Na-GTP, 5 BAPTA (pH 7.2, adjusted with CsOH). 

INa was recorded using 50 ms voltage clamp steps between -100 and 10 mV from a holding 

potential of -120 mV. A modified, sodium-free Tyrode’s solution was used to recorded ICa,L. This 

solution contained (in mM): 145.5 TEA-Cl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 5.5 glucose 

adjusted to pH 7.4 with CsOH. The internal pipette solution used to record ICa,L contained (in 

mM): 135 CsCl, 5 NaCl, 1 MgCl2, 0.2 CaCl2, 5 EGTA, 0.3 Na-GTP, 4 Mg-ATP, 6.6 Na-

phosophocreatine, and 10 HEPES adjusted to pH 7.2 with CsOH. The voltage clamp protocol 

used to record ICa,L was a series of voltage clamp steps from -60 to +80 mV in 10 mV 

increments for 250 ms, returning to a holding potential of -70 mV between each step.  

INa and ICa,L activation kinetics were determined by calculating chord conductance (G) 

with the equation G=I/(Vm-Erev), where Vm represents the depolarizing voltages and Erev is the 
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reversal potential measured from the current-voltage relationships of ICa,L or INa. Maximum 

conductance (Gmax) and V1/2 of activation for ICa,L and INa were determined using the following 

function: G=[(Vm-Vrev)][Gmax][-1/[(1+exp((Vm-V1/2)/k))+1]]. 

 Potassium currents (IK) were recorded in the whole cell configuration using the normal 

Tyrode’s solution and pipette solutions used to record APs. To record total potassium currents 

(no pre-pulse), cells were held at -80 mV then IK was recorded using voltage clamp steps (500 

ms duration) between -120 and +80 mV in 10 mV increments. To record potassium currents 

with an inactivating pre-pulse (to inactivate Ito), cells were given a 200 ms pre-pulse to -40 mV 

immediately followed by 500 ms voltage clamp steps from -120 to +80 mV from a holding 

potential of -80 mV. For these recordings with and without a pre-pulse recordings, IK was 

measured at the peak current for each voltage step. Ito was calculated as the difference current 

between the recordings with and without a pre-pulse [11,12]. Ito activation kinetics were 

determined by calculating chord conductance from these difference current measurements, 

normalizing to maximum conductance, and fitting the data with a Boltzmann function.  

 IKur, as carried by Kv1.5 channels, was measured as the component of IK sensitive to 4-

aminopyradie (4-AP; 100 µM). The voltage clamp protocol for measuring IKur included a pre-

pulse to -40 mV for 200 ms to inactivate Ito immediately followed by a 500 ms step to +30 mV 

before returning to a holding potential of -80 mV. Peak currents at baseline, in the presence of 

4-AP, and after washout were measured. 

 Micropipettes were pulled from borosilicate glass (with filament, 1.5 mm OD, 0.75 mm 

ID, Sutter Instrument Company) using a Flaming/Brown pipette puller (model p-87, Sutter 

Instrument Company). The resistance of these pipettes was 4 – 8 MΩ when filled with recording 

solution. Micropipettes were positioned with a micromanipulator (Burleigh PCS-5000 system) 

mounted on the stage of an inverted microscope (Olympus IX71). Seal resistance was 2 – 15 

GΩ. Rupturing the sarcolemma in the patch for voltage clamp experiments resulted in access 

resistances of 5 – 15 MΩ. Series resistance compensation averaged 80 – 85% using an 
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Axopatch 200B amplifier (Molecular Devices). For perforated patch clamp experiments access 

resistance was monitored for the development of capacitative transients upon sealing to the cell 

membrane with Amphotericin B in the pipette. Typically, access resistance became less than 25 

MΩ within 5 min of sealing onto the cell, which was sufficient for recording stimulated APs in 

current clamp mode. Data were digitized using a Digidata 1440 and pCLAMP 10 software 

(Molecular Devices) and stored on computer for analysis. No junction potential corrections were 

applied in our analyses. All patch-clamp studies were conducted at room temperature, which 

must be noted when considering these results in the context of studies performed in vivo.  

 

Western blotting  

Protein samples were extracted from the right or left atrial appendage. Tissue was pre-

cooled in liquid nitrogen, ground into a powder, and incubated in modified RIPA buffer (50 mM 

Tris, 150 mM NaCl, 25 mM sucrose, 1 mM EDTA, 1% Triton, 0.1% SDS) containing 0.5 mM 

DTT (1,4-Dithiothreitol, Roche) and Protease Inhibitor Cocktail (Sigma-Aldrich) for 1 hour on ice. 

Preparations were centrifuged at 10 000 rpm at 4ºC for 10 minutes. Protein concentrations were 

measured using a Bio-Rad DC™ Protein Assay Kit II (Bio-Rad Laboratories). Protein samples 

(20 µg/lane) were separated by 7.5% SDS-polyacrylamide gels (SDS-PAGE) and transferred 

onto a BioTraceTM NT Nitrocellulose Transfer Membrane (VWR). A protein concentration of 40 

μg/lane and a 15% SDS-PAGE gel was used for KChIP2 western blot experiments. Next, the 

membrane was blocked with 1% casein in Tris-buffered saline (TBS; Bio-Rad Laboratories) for 

1 hour and incubated a PKCα (1:500, Cell Signaling Technology), KV4.2 (1:500, Alomone Labs), 

KV4.3 (1:500, Alomone Labs), KV1.5 (1:500, Alomone Labs), or KChIP2 (1:500, Alomone Labs) 

primary antibody overnight at 4ºC. The membrane was washed 3 times in TBST (TBS with 1% 

Tween 20 (Bio-Rad Laboratories)) and incubated with goat anti-rabbit IgG StarBright Blue 700 

(1:5000, Bio-Rad Laboratories) and hFAB Rhodamine Anti-GAPDH IgG (1:3000, Bio-Rad 
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Laboratories) for 1 hour at room temperature. The membrane was washed 3 times with 1% 

TBST then imaged using the ChemiDocTM MP Imaging System (Bio-Rad Laboratories). 

 

Quantitative PCR 

Total RNA was isolated from right or left atrial appendages using a PureZOLTM RNA 

Isolation Reagent and the AurumTM Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad 

Laboratories) as per kit instructions. RNA samples were eluted from the spin column in 40 µL 

elution buffer. RNA yield and purity were assessed using a Nanodrop. All samples had a 

A260/A280 of over 2.0 and therefore were free of DNA contamination. RNA integrity was assessed 

by observing 28S and 18S rRNA subunits using the Experion RNA StdSens Analysis Kit (Bio-

Rad Laboratories). Next, cDNA (20 ng/µL) was synthesized using the iScriptTM cDNA Synthesis 

Kit (Bio-Rad Laboratories). Reactions were performed in a Bio-Rad MyCycler thermal cycler 

using the following protocol: 5 min of priming at 25ºC followed by reverse transcription for 30 

min at 42ºC then 5 min at 85ºC to inactivate reverse transcriptase.   

All qPCR reactions were run in duplicate in 10 µL reactions that contained the following: 

4 µL sample cDNA, 5.6 µL GoTaq® qPCR Master Mix (Promega), and 0.4 µL primers. Primers 

were reconstituted to a final concentration of 100 µM with nuclease free water and stored at -

20ºC until use. Primers were diluted to 10 µM for qPCR reactions. RT-qPCR reactions were 

performed using the CFX386 TouchTM Real-Time PCR Detection System (Bio-Rad) using the 

following protocol: Taq polymerase was activated for 2 min at 95ºC followed by 39 cycles of 

denaturing for 15 s at 95ºC, annealing for 30 s at 60ºC, and extension for 30s at 72ºC. This was 

followed by melt curve analysis from 65-95ºC in 0.5ºC increments. Data were analyzed using 

the 2-ΔΔC
T method using the CFX Manager Software version 3.1 (Bio-Rad). Gene expression 

was normalized to GAPDH and β-actin. Primer sequences are listed in Supplemental Table 10 

below. 
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Supplemental Figures 
 
 
 
 
 
 
 
 

 
 

Supplemental Figure S1. Blood pressure in mice treated with Ang II. Measurements of 
systolic (A) and diastolic (B) blood pressure at baseline and following 3 weeks of saline or Ang 
II treatment. *P<0.05 vs. baseline within treatment group, +P<0.05 vs. saline at 3 week time 
point by two-way ANOVA with Tukey’s posthoc test, n=16 mice for saline and 17 mice for Ang 
II.  
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Supplemental Figure S2. Effects of autonomic nervous system blockade on P wave 
duration and P-R interval in mice treated with Ang II. A, Representative ECGs in 
anesthetized mice treated with saline or Ang II at baseline and after an intraperitoneal injection 
of atropine and propranolol to block the autonomic nervous system. B, Summary of the effects 
of autonomic blockade on P wave duration in saline and Ang II treated mice. C, Summary of the 
effects of autonomic blockade on P-R interval in saline and Ang II treated mice. *P<0.05 vs. 
baseline, +P<0.05 vs. saline by two-way ANOVA with Tukey’s posthoc test, n=6 saline and 11 
Ang II treated mice.  
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Supplemental Figure S3. Effects of protein kinase C inhibition on INa in saline treated 
mice. A, Representative INa recordings in saline treated left atrial myocytes in control conditions 
and after dialysis with the PKC inhibitor BIM 1 (1 µM). Cell capacitances for representative 
recordings are 49 pF for control and 57 pF for BIM 1. Voltage clamp protocol is as shown in 
Figure 5A. B, Summary INa IV curves in control conditions and after BIM1 application in left atrial 
myocytes isolated from saline treated mice. C, Summary INa activation curves in control 
conditions and after application of BIM 1 for left atrial myocytes isolated from saline treated 
mice. There were no effects of BIM 1 on INa density (P=0.94) or INa conductance (P=0.96) in 
saline treated mice; data analyzed by two-way repeated measures ANOVA with Tukey’s 
posthoc test; n=7 myocytes for control and 6 for BIM 1. Refer to Supplemental Table 8 for a 
summary of INa activation kinetics.    
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Supplemental Figure S4. Comparison of the effects of Ang II on Ito in right and left atria. 
A, Representative Ito recordings at +50 mV in right and left atrial myocytes from mice treated 
with saline or Ang II. Cell capacitances for representative recordings are as follows. Right 
atrial/saline: 50.7 pF; right atrial/Ang II: 40 pF; left atrial/saline: 52.2: left atrial/Ang II: 110.1 pF. 
B, Summary of Ito density at +50 mV in right and left atrial myocytes from saline and Ang II 
treated mice. *P<0.05 vs. saline, +P<0.05 vs. right atrium by two-way ANOVA with Tukey’s 
posthoc test, n=17 right atrial/saline myocytes, 19 right atrial/Ang II myocytes, 10 left 
atrial/saline myocytes and 17 left atrial/Ang II myocytes. C, Ito activation curves for right atrial 
myocytes. *P<0.05 vs. saline by two-way ANOVA with Tukey’s posthoc test; n=16 saline and 15 
Ang II treated myocytes. D, Summary of the effects of Ang II on Ito V1/2(act) in right atrial 
myocytes. *P<0.05 by Student’s t-test. E, Summary of the effects of Ang II on Ito slope factor (k) 
in right atrial myocytes. F, Ito activation curves for left atrial myocytes. *P<0.05 vs. saline by two-
way ANOVA with Tukey’s posthoc test; n=7 saline and 7 Ang II treated myocytes. G, Summary 
of the effects of Ang II on Ito V1/2(act) in left atrial myocytes. *P<0.05 by Student’s t-test. H, 
Summary of the effects of Ang II on Ito slope factor (k) in left atrial myocytes.  
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Supplemental Figure S5. Effects of Ang II on potassium channel gene and protein 
expression in the right and left atria. A-C, mRNA expression of KCND2 (A), KCND3 (B) and 
KCNIP2 (C) in right and left atria from saline and Ang II treated mice. *P<0.05 vs. saline, 
+P<0.05 vs. right atrium. Ang II had no effect on expression of KCND2 (P=1.000), KCND3 
(P=0.384) or KCNIP2 (P=0.923) in the right atrium. Data analyzed by two-way ANOVA with 
Tukey’s posthoc test, n=7 for right atrium/saline, 8 for right atrium/Ang II, 8 for left atrium/saline 
and 8 for left atrium/Ang II. D-E, Protein expression of KV4.2 (D), KV4.3 (E) and KChIP2 (F) in 
right and left atria from saline and Ang II treated mice. Ang II had no effect on expression of 
KV4.2 (P=0.084), KV4.3 (P=0.995) or KChIP2 (P=0.070) in the right or left atria. Data analyzed 
by two-way ANOVA with Tukey’s posthoc test; n=6 for each group.  
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Supplemental Figure S6: Effects of Ang II IKur in right and left atria. A, Representative IK 
recordings at +30 mV illustrating the effects of 4-AP (100 µM), which inhibits KV1.5 mediated K+ 
current, in right and left atrial myocytes from mice treated with saline or Ang II. Cell 
capacitances for representative recordings are as follows. Right atrial/saline: 33.8 pF; right 
atrial/Ang II: 67 pF; left atrial/saline: 35.5 pF; left atrial/Ang II: 66.6 pF. B, Summary of the 
effects of Ang II on amplitude of the 4-AP sensitive K+ current. *P<0.05 vs. saline; +P<0.05 vs. 
right atrial by two-way ANOVA with Tukey’s posthoc test; n=20 myocytes for right atrial/saline, 
14 for right atrial/Ang II, 12 for left atrial/saline and 9 for left atrial/Ang II. C, mRNA expression of 
KCNA5 in right and left atria from saline and Ang II treated mice. *P<0.05 vs. saline; +P<0.05 vs. 
right atrium by two-way ANOVA with Tukey’s posthoc test; n=7 for right atrium/saline, 8 for right 
atrium/Ang II, 8 for left atrium/saline and 8 for left atrium/Ang II. D, Protein expression of KV1.5 
in the right and left atria from saline and Ang II treated mice. *P<0.05 vs right atrium. Ang II had 
no effect of KV1.5 expression in right (P=0.38) or left (P=0.60) atria. Data analyzed by two-way 
ANOVA with Tukey’s posthoc test; n=9 samples for each group.   
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Supplemental Figure S7. Effects of Ang II treatment on atrial calcium current. A and B, 
Representative ICa,L recordings in right (A) and left (B) atrial myocytes from saline and Ang II 
treated mice. Cell capacitances for representative recordings are as follows. Right atrial/saline: 
37.6 pF; right atrial/Ang II: 46.4 pF; left atrial/saline: 53.5; left atrial/Ang II: 64.9 pF. C and D, 
Summary ICa,L IV curves in right (C) and left (D) atrial myocytes from saline and Ang II treated 
mice. Ang II had no effect on ICa,L density in right (P=0.53) or left (P=0.80) atrial myocytes by 
two-way repeated measures ANOVA with Tukey’s posthoc test. E and F, Summary ICa,L 
activation curves in right (E) and left (F) atrial myocytes from saline and Ang II treated mice. Ang 
II had no effect on ICa,L conductance in right (P=0.52) or left (P=0.78) atrial myocytes by two-way 
repeated measures ANOVA with Tukey’s posthoc test, n=13 myocytes for right atrial/saline, 15 
for right atrial/Ang II, 11 for left atrial/saline and 10 for left atrial/Ang II. Refer to Supplemental 
Table 9 for a summary of ICa,L activation kinetics.   



15 
 

 
Supplemental Table 1: Echocardiographic measurements in mice treated with Ang II for 3 
weeks   

 baseline Ang II P value 

LVAWd (mm) 0.72 ± 0.06 1.01 ± 0.02* 0.008 
LVPWd (mm) 0.85 ± 0.09 0.91 ± 0.04 0.39 
LVIDd (mm) 4.15 ± 0.18 4.09 ± 0.13 0.84 
LVAWs (mm) 1.26 ± 0.06 1.01 ± 0.02* 0.02 
LVPWs (mm) 1.35 ± 0.13 1.40 ± 0.12 0.76 
LVIDs (mm) 2.98 ±0.08 2.40 ± 0.20* 0.03 
EF (%) 58.8 ± 1.7 64.8 ± 7.9 0.66 
LA areamax (mm2) 5.64 ± 0.29 8.64 ± 1.07* 0.02 
LA areamin (mm2) 3.23 ± 0.35 6.80 ± 1.14* 0.03 

LVAW, left ventricular anterior wall thickness;  LVPW, left ventricular posterior wall thickness; 
LVID, left ventricular internal diameter. LVAW, LVPW and LVID measurements were made 
during systole (s) and diastole (d). EF, ejection fraction; LA areamax, maximum left atrial area; LA 
areamin, minimum left atrial area.  Data are means ± SEM; n=5 mice; *P<0.05 vs. baseline by 
Student’s t-test.  

 
 
 
        Supplemental Table 2: Duration of arrhythmia in saline and Ang II treated  
        mice that were induced into atrial fibrillation 

 saline Ang II 

< 5s 100% (1/1) 43% (3/7) 
5-30 s 0% 43% (3/7) 
>30 s 0% 14% (1/7) 

        Numbers in parentheses indicate the number of mice in each group. 
 
 
 
 
 

     Supplemental Table 3: ECG intervals in mice treated with saline or Ang II 

 saline Ang II P value 

Heart rate (beats/min) 553 ± 8 513 ± 12* 0.01 
R-R interval (ms) 108.8 ± 1.4 118.3 ± 3.1* 0.03 
P wave (ms) 25.3 ± 0.6 32.6 ± 0.9* <0.001 
P-R interval (ms) 43.3 ± 0.8 51.4 ± 1.3* 0.003 
P-R segment (ms) 18.2 ± 0.9 17.0 ± 1.2 0.86 
AERP 29.0 ± 0.4 34.4 ± 1.3* 0.002 
AVERP 49.4 ± 1.6 57.3 ± 2.5* 0.04 

     P-R interval measured from beginning of P wave to R wave. P-R segment  
     measured from end of P wave to R wave. Data are means ± SEM; n = 15  
     saline and 18 Ang II treated mice. *P<0.05 vs. saline by Student’s t-test.  
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Supplemental Table 4: Action potential parameters in right atrial myocytes from mice treated 
with saline or Ang II 

 saline Ang II P value 

RMP (mV) -78.6 ± 0.5 -78.9 ± 0.6 0.74 
Vmax (V/s) 150.6 ± 5.2 143.2 ± 5.7 0.35 
OS (mV) 67.4 ± 2.9 63.7 ± 3.8 0.45 

APD20 (ms) 1.7 ± 0.2 3.3 ± 0.5 <0.001 
APD50 (ms) 10.3 ± 1.4 21.2 ± 3.2* 0.004 
APD70 (ms) 23.7 ± 3.6 42.9 ± 5.8* 0.006 
APD90 (ms) 54.6 ± 6.3 84.0 ± 7.2* 0.005 

RMP, resting membrane potential; Vmax, AP upstroke velocity; OS, overshoot; APD20, AP 
duration at 20% repolarization; APD50, AP duration at 50% repolarization; APD70, AP duration at 
70% repolarization; APD90, AP duration at 90% repolarization. *P<0.05 vs. saline by Student’s t-
test; n=14 for saline and 12 for Ang II. 
 
 
 
 
 
Supplemental Table 5: Action potential parameters in left atrial myocytes from mice treated 
with saline or Ang II 

 saline Ang II P value 

RMP (mV) -77.6 ± 0.7 -77.4 ± 1.0 0.91 
Vmax (V/s) 146.7 ± 9.0 115.6 ± 7.5* 0.01 
OS (mV) 67.2 ± 3.7 51.7 ± 3.3* 0.004 

APD20 (ms) 1.5 ± 0.2 5.7 ± 1.1 <0.001 
APD50 (ms) 7.9 ± 0.7 30.5 ± 4.3* <0.001 
APD70 (ms) 14.5 ± 1.5 61.6 ± 6.2* <0.001 
APD90 (ms) 44.6 ± 3.6 117.5 ± 7.7* <0.001 

RMP, resting membrane potential; Vmax, AP upstroke velocity; OS, overshoot; APD20, AP 
duration at 20% repolarization; APD50, AP duration at 50% repolarization; APD70, AP duration at 
70% repolarization; APD90, AP duration at 90% repolarization. *P<0.05 vs. saline by Student’s t-
test; n=14 for saline and 15 for Ang II. 
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Supplemental Table 6: INa kinetics in right and left atrial myocytes from Ang II treated mice 

 Gmax (pS/pF) P value V1/2(act) (mV) P value k (mV) P value 

right atrial 
saline (n=13) 

1316.7 ± 17.1  
0.22 

-50.5 ± 0.5  
0.30 

4.3 ± 0.1  
0.53 

right atrial 
Ang II (n=12) 

1270.0 ± 19.2 -49.6 ± 0.7 3.1 ± 0.6 

left atrial  
saline (n=17) 

1236.2 ± 8.6  
<0.001 

-53.5 ± 0.9  
0.03 

3.0 ± 0.3  
0.07 

left atrial 
Ang II (n=18) 

827.1 ± 13.1* -50.6 ± 0.9* 3.8 ± 0.2 

Gmax, maximum conductance, V1/2(act), voltage at which 50% of channels are activated; k, slope 
factor. *P<0.05 vs. control value as indicated in the table cell immediately above, n values are 
as indicated in parentheses for each group. Data analyzed by Student’s t-test. 
 
 
Supplemental Table 7: Effects of PKC inhibition on INa kinetics in left atrial myocytes from Ang 
II treated mice 

 Gmax (pS/pF) V1/2(act) (mV) k (mV) 

saline (n=12) 1154.6 ± 13.4 -54.4 ± 1.1 2.7 ± 0.4 

Ang II (n=14) 843.2 ± 14.3* -49.9 ± 0.9* 3.9 ± 0.2* 

Ang II + BIM 1 (n=10) 1048.8 ± 11.9+ -54.0 ± 1.5+ 3.1 ± 0.2 

Gmax, maximum conductance, V1/2(act), voltage at which 50% of channels are activated; k, slope 
factor. *P<0.05 vs. saline, +P<0.05 vs. Ang II, n values are as indicated in parentheses for each 
group. Data analyzed by one way ANOVA with Tukey’s posthoc test. 
 
 
Supplemental Table 8: Effects of PKC inhibition on INa kinetics in left atrial myocytes from 
saline treated mice 

 Gmax (pS/pF) V1/2(act) (mV) k (mV) 

Control (n=7) 972.0 ± 54.5 -52.8 ± 1.7 2.8 ± 0.6 

BIM1 (n=6) 948.9 ± 79.0 -53.6 ± 2.0 3.2 ± 0.4 

Gmax, maximum conductance, V1/2(act), voltage at which 50% of channels are activated; k, slope 
factor. BIM 1 had no effect on Gmax (P=0.81), V1/2(act) (P=0.78) or k (P=0.64); data analyzed by 
Student’s t-test, n values are as indicated in parentheses for each group. 
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Supplemental Table 9: ICa,L kinetics in right and left atrial myocytes from Ang II treated mice 

 Gmax (pS/pF) P value V1/2(act) (mV) P value k (mV) P value 

right atrial 
saline (n=13) 

40.6 ± 1.9  
0.24 

-5.1 ± 0.9  
0.38 

6.3 ± 0.4  
0.68 

right atrial 
Ang II (n=15) 

42.2 ± 2.7 -3.6 ± 1.3 6.8 ± 0.6 

left atrial  
saline (n=11) 

47.0 ± 2.2  
0.81 

-3.2 ± 1.0  
0.15 

6.0 ± 0.4  
0.86 

left atrial 
Ang II (n=10) 

45.9 ± 5.1 -1.8 ± 1.0 6.0 ± 0.3 

Gmax, maximum conductance, V1/2(act), voltage at which 50% of channels are activated; k, slope 
factor. *P<0.05 vs control value as indicated in the table cell immediately above, n values are as 
indicated in parentheses for each group. Data analyzed by Student’s t-test. 
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Supplemental Table 10: Quantitative PCR primers 

Gene  
Gene 

product 
Primer Sequence 

(5’→ 3’) 
Amplicon 

length (bp) 

SCN5a NaV1.5 
Forward: GGAGTACGCCGACAAGATGT 
Reverse: ATCTCGGCAAAGCCTAAGGT 

171 

KCND2 KV4.2 
Forward: GCAAGCGGAATGGGCTAC 
Reverse: TGGTTTTCTCCAGGCAGTG 

126 

KCND3 KV4.3 
Forward: CCTAGCTCCAGCGGACAAGA 

Reverse: CCACTTACGTTGAGGACGATCA 
60 

KCNIP2 KChIP2 
Forward: AACTATCCACGGTGTGCCAC 
Reverse: GGACATTCGTTCTTGAAGCCT 

112 

KCNA5 KV1.5 
Forward: TTATTCTTATGGCTGACGAGTGC 
Reverse: AAGGCACCAATAGTACATCCCAG 

204 

Col1a2 
Collagen 

type I 
Forward: GCGGACTCTGTTGCTGCTTGC 
Reverse: GACCTGCGGGACCCCTTTGT 

125 

Col3a1 
Collagen 
type III 

Forward: AGATCCGGGTCCTCCTGGCATTC 
Reverse: CTGGTCCCGGATAGCCACCCAT 

194 

TGFβ TGFβ 
Forward: CGAGGTGACCTGGGCACCATCCATGAC 
Reverse: CTGCTCCACCTTGGGCTTGCGACCCAC 

405 

MMP2 MMP2 
Forward: CCACGTGACAAGCCCATGGGGCCC 
Reverse: GCAGCCTAGCCAGTCGGATTTGATG 

486 

MMP9 MMP9 
Forward: TCGCGTGGATAAGGAGTTCTC 

Reverse: ATGGCAGAAATAGGCTTTGTCTTG 
82 

TIMP1 TIMP1 
Forward: CAGATACCATGATGGCCCCC 

Reverse: CGCTGGTATAAGGTGGTCTCG  
190 

TIMP2 TIMP2 
Forward: CCAGAAGAAGAGCCTGAACCA 
Reverse: GTCCATCCAGAGGCACTCATC 

112 

TIMP3 TIMP3 
Forward: GGCCTCAATTACCGCTACCA 

Reverse: CTGATAGCCAGGGTACCCAAAA 
135 

TIMP4 TIMP4 
Forward: TGCAGAGGGAGAGCCTGAA 

Reverse: GGTACATGGCACTGCATAGCA 
80 

GAPDH GAPDH 
Forward: AATGGGGTGAGGCCGGTGCT 
Reverse: CACCCTTCAAGTGGGCCCCG 

87 

β-actin β-actin 
Forward: CACCCTTCAAGTGGGCCCCG 
Reverse: CACCCTTCAAGTGGGCCCCG 

227 
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