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Atrial fibrillation (AF) is prevalent in diabetes mellitus (DM); how-
ever, the basis for this is unknown. This study investigated AF
susceptibility and atrial electrophysiology in type 1 diabetic Akita
mice using in vivo intracardiac electrophysiology, high-resolution
optical mapping in atrial preparations, and patch clamping in iso-
lated atrial myocytes. qPCR and western blotting were used to
assess ion channel expression. Akita mice were highly suscep-
tible to AF in association with increased P-wave duration and
slowed atrial conduction velocity. In a second model of type
1 DM, mice treated with streptozotocin (STZ) showed a similar
increase in susceptibility to AF. Chronic insulin treatment reduced
susceptibility and duration of AF and shortened P-wave dura-
tion in Akita mice. Atrial action potential (AP) morphology was
altered in Akita mice due to a reduction in upstroke velocity and
increases in AP duration. In Akita mice, atrial Na+ current (INa) and
repolarizing K+ current (IK) carried by voltage gated K+ (Kv1.5)
channels were reduced. The reduction in INa occurred in associ-
ation with reduced expression of SCN5a and voltage gated Na+

(NaV1.5) channels as well as a shift in INa activation kinetics.
Insulin potently and selectively increased INa in Akita mice without
affecting IK. Chronic insulin treatment increased INa in association
with increased expression of NaV1.5. Acute insulin also increased
INa, although to a smaller extent, due to enhanced insulin signal-
ing via phosphatidylinositol 3,4,5-triphosphate (PIP3). Our study
reveals a critical, selective role for insulin in regulating atrial INa,
which impacts susceptibility to AF in type 1 DM.

atrial fibrillation | diabetes mellitus | phosphoinositide 3-kinase |
action potential | Na+ current

A trial fibrillation (AF), the most common sustained arrhyth-
mia encountered clinically (1, 2), is highly prevalent in

diabetes mellitus (DM) (3–6). AF increases the risk of stroke
and death and has a substantial negative impact on quality of
life. While AF and DM share some common risk factors, it is also
clear that DM is an independent risk factor for the development
of AF (7, 8). Consistent with this, a longer duration of untreated
DM or poor glycemic control independently and significantly
increases the risk of developing AF (5, 9). Furthermore, AF is
clearly associated with a worse prognosis in diabetic patients,
greatly increasing the risk of adverse cardiovascular events and
all-cause mortality (3, 6). Despite these links, the mechanisms
leading to a substrate for AF in DM are not understood,
which likely contributes to the limited efficacy of current AF
therapies.

Type 1 DM, which affects up to 10% of the global dia-
betic population (10), is characterized by a lack of insulin
production due to the loss of pancreatic β cells that results
in hypoinsulinemia and hyperglycemia. Under normal condi-
tions, insulin binds to its receptor and activates the phospho-

inositide 3-kinase (PI3K) pathway (11, 12). Specifically, insulin
activates PI3Kα, which phosphorylates phosphatidylinositol 4,5-
bisphosphate (PIP2) to produce the second messenger phosph-
atidylinositol 3,4,5-triphosphate (PIP3). PIP3 mediates many key
effects of insulin, including in the heart (13, 14).

Electrical remodeling in the atria is known to be an important
contributor to the creation of a substrate for AF (15, 16). At the
cellular level, atrial action potential (AP) morphology is a major
determinant of atrial electrophysiology. The upstroke velocity of
the AP is determined by the Na+ current (INa), which is a major
contributor to atrial conduction velocity (17, 18). Cardiac INa is
primarily carried by voltage gated Na+ channels (NaV1.5), which
are encoded by the SCN5a gene. Alterations in atrial INa and
AP upstroke velocity can affect atrial conduction velocity and the
likelihood of electrical reentry, thereby affecting susceptibility to
AF (2, 15). Action potential duration (APD) and repolarization
of the AP are affected by the balance between several inward
and outward currents, including the L-type Ca2+ current (ICa,L)
and the late Na+ current (INa,L), and the activity of a number
of voltage gated K+ (Kv) channels, including, among others, the
transient outward K+ current (Ito; carried by KV4.2/4.3 channels)
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and the ultrarapid delayed rectifier K+ current (IKur; an atrial-
specific current carried by KV1.5 channels).

The goal of the present study was to investigate atrial electro-
physiology and the basis for AF in type 1 DM. Our studies were
conducted using the Akita mouse model of type 1 DM as well as
wild-type mice injected with streptozotocin (STZ) (19, 20). Each
of these is a well-validated model of type 1 DM (19). Our data
demonstrate that Akita and STZ-injected mice are highly suscep-
tible to induced AF. Furthermore, AF inducibility is reduced by
insulin treatment in Akita mice. Our mechanistic studies show
that AF in Akita mice is associated with alterations in atrial
AP morphology and that insulin has distinct acute and chronic
effects on AP morphology and INa in the atria.

Results
Susceptibility to AF in Type 1 Diabetic Mice. Burst pacing was used
to assess susceptibility to AF (Fig. 1A) in anesthetized wild-type
and Akita mice. Blood glucose was elevated in Akita mice com-
pared with wild types (SI Appendix, Fig. S1A). Strikingly, Akita
mice were highly susceptible to induced AF compared with wild-
type mice (Fig. 1B). The episodes of AF induced in two wild-type
mice were very brief, lasting less than 5 s (Fig. 1C). In contrast,
AF induced in Akita mice was longer in duration. Specifically,
62% of the Akita mice had AF between 5 and 30 s, and 23% of
Akita mice were induced into AF lasting longer than 30 s (Fig. 1C
and SI Appendix, Table S1). To ensure that these observations
were not specific to the Akita model of type 1 DM, we also
investigated AF susceptibility in a second model of type 1 DM
secondary to STZ injection in wild-type mice. STZ injection led
to hyperglycemia as indicated by increases in blood glucose (SI
Appendix, Fig. S2A). Furthermore, STZ-injected mice displayed
similar increases in AF inducibility (SI Appendix, Fig. S2 B and C)
and AF duration (SI Appendix, Fig. S2D and Table S2) to Akita

mice. Together, these data illustrate that both mouse models of
type 1 DM display increased susceptibility to AF.

Next, we assessed the effects of chronic insulin treatment on
AF burden in Akita mice. Insulin pellet implantation reduced
blood glucose levels in Akita mice to levels that were similar
to wild types, while placebo pellets had no effect on blood glu-
cose in Akita mice (SI Appendix, Fig. S1B). Following chronic
insulin treatment, only 25% of Akita mice were induced into AF
compared with 62% of placebo-treated Akita mice (Fig. 1D). In
addition, when AF was induced in insulin-treated Akita mice,
the episodes were brief, lasting less than 5 s in 83% of the mice.
No insulin-treated Akita mice had AF lasting longer than 30 s
(Fig. 1E and SI Appendix, Table S3). In contrast, 50% of placebo-
treated Akita mice demonstrated AF lasting longer than 5 s, and
in some cases, it lasted longer than 30 s (Fig. 1E and SI Appendix,
Table S3). These data demonstrate that chronic insulin treat-
ment reduced both the susceptibility and the duration of AF in
Akita mice.

We also examined the effects of acute insulin treatment on
AF in Akita mice. Acute intraperitoneal injection of insulin (5
to 10 U/kg) reduced blood glucose in Akita mice to values simi-
lar to wild-type mice within 30 to 45 min, while saline-injected
Akita mice were unaffected (SI Appendix, Fig. S1C). Acute
insulin injection had no effect on inducibility of AF in Akita
mice (Fig. 1F and SI Appendix, Table S4); however, the median
AF duration was lower in Akita mice following acute insulin
treatment (Fig. 1G).

Atrial Electrophysiology in Type 1 Diabetic Mice. P-wave duration
and P wave–R wave (PR) intervals were assessed in Akita mice
and STZ-treated mice. Compared with wild types, Akita mice
had prolonged P-wave duration (Fig. 2 A–C) and PR intervals (SI
Appendix, Table S5). P-wave duration and PR interval were also

Fig. 1. AF in untreated Akita mice and Akita mice treated with insulin. (A) Representative surface (Upper) and intracardiac atrial (Lower) ECGs showing
the induction of AF in an untreated anesthetized Akita mouse following burst pacing. (B) Inducibility of AF in untreated wild-type (WT) and Akita mice.
Numbers in parentheses indicate the number of mice induced into AF following burst pacing. *P < 0.05 by Fisher’s exact test. (C) Duration of AF in the WT
(n = 2) and Akita (n = 13) mice that were induced into AF. (D) Inducibility of AF in Akita mice treated chronically with insulin or placebo for 4 wk. *P < 0.05
vs. placebo by Fisher’s exact test. (E) Duration of AF in the placebo- (n = 13) and insulin-treated (n = 6) Akita mice that were induced into AF. (F) Inducibility
of AF in Akita mice treated acutely with insulin or saline. Data were analyzed by Fisher’s exact test. (G) Summary data demonstrating the duration of AF in
the saline- (n = 7) and insulin-treated (n = 5) Akita mice that were induced into AF. SI Appendix, Tables S1–S4 have additional AF analysis.
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Fig. 2. P-wave duration in untreated Akita mice and Akita mice treated with insulin. (A) Representative surface ECGs from untreated wild-type (WT) and
Akita mice. (B) Overlay of ECGs from WT and Akita mice. (C) Summary of P-wave duration in untreated WT and Akita mice. n = 7 WT mice and 10 Akita mice.
*P < 0.05 vs. WT by Student’s t test. (D) Representative surface ECGs from Akita mice treated chronically with insulin or placebo pellets for 4 wk. (E) Overlay
of ECGs from Akita mice treated chronically with insulin or placebo pellets. (F) Summary of the effects of chronic insulin on P-wave duration in Akita mice.
n = 21 placebo-treated mice and 22 insulin-treated mice. *P < 0.05 vs. placebo by Student’s t test. (G) Representative surface ECGs from Akita mice treated
acutely with insulin or saline by intraperitoneal injection. (H) Overlay of ECGs from Akita mice treated acutely with insulin. (I) Summary of the effects of
acute insulin treatment on P-wave duration in Akita mice. n = 8 saline-treated mice and 7 insulin-treated mice. SI Appendix, Tables S5–S8 has additional ECG
analysis. *P < 0.05 vs. placebo by Student’s t test.

prolonged in STZ-treated mice (SI Appendix, Fig. S2 E and F and
Table S6). Chronic insulin treatment shortened P-wave duration
(Fig. 2 D–F) and tended to reduce the PR interval in Akita
mice compared with placebo controls (SI Appendix, Table S7).
Acute insulin treatment also shortened P-wave duration in Akita
mice (Fig. 2 G–I), although this effect was smaller in magni-
tude compared with chronic insulin treatment. These findings
indicate that atrial conduction is impaired in type 1 diabetic
mice and improved following chronic as well as acute insulin
treatment.

Patterns of atrial conduction in Akita mice were assessed using
high-resolution optical mapping in isolated atrial preparations
from wild-type and Akita mice. Representative activation maps
(Fig. 3A) illustrate that conduction initiates in the right atrial
posterior wall and then spreads across the full atrial preparation
(21–23). These representative maps show that total conduction
time across the full atrial preparation is longer in Akita mice.
We also quantified local conduction velocities within the right
and left atrial appendage regions. Right and left atrial conduc-
tion velocities were both reduced in Akita mice compared with
the wild types (Fig. 3B), further confirming that atrial conduction
is impaired in Akita mice. Consistent with the changes in P-wave
duration measured in vivo, optical mapping studies also demon-
strate that chronic insulin treatment in Akita mice resulted in

faster conduction time across the atria (Fig. 3C) and increased
right and left atrial conduction velocities (Fig. 3D).

Echocardiographic assessment (SI Appendix, Fig. S3 and
Table S9) demonstrates that Akita mice did not display substan-
tial changes in ventricular structure or function, which is consis-
tent with prior studies (24). Although maximum left atrial area
was modestly increased in Akita mice, other measures of atrial
size were similar between wild-type and Akita mice (SI Appendix,
Fig. S3 and Table S9). Serum [Na+] and [Cl−] were modestly
reduced, while serum [K+] and [Ca2+] were not altered in Akita
mice compared with wild-type controls (SI Appendix, Fig. S4).

Alterations in Atrial Myocyte Electrophysiology in Akita Mice. To
further investigate the basis for increased AF and impaired atrial
conduction in Akita mice, we measured APs in isolated right and
left atrial myocytes (Fig. 4 A and B). Consistent with the absence
of major changes in atrial size, there were no differences in cell
capacitance in right atrial myocytes (50.6 ± 5.1 vs. 52.9 ± 7.3
pF; P = 0.84) or left atrial myocytes (54 ± 4.1 vs. 58.8 ± 5.8 pF;
P = 0.50) between wild-type and Akita mice, indicating no dif-
ferences in cell size. AP upstroke velocity (maximum upstroke
velocity [Vmax]) was reduced in right and left atrial myocytes
from Akita mice compared with wild-type controls (Fig. 4 C and
D). Furthermore, APD was prolonged throughout repolarization
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Fig. 3. Patterns of electrical conduction in the atria in untreated Akita mice and Akita mice treated chronically with insulin. (A) Representative activation
maps in isolated atrial preparations from wild-type (WT) and untreated Akita mice. The right atrial appendage is on the right side of the image. Red indicates
the earliest activation time. The color scale indicates total conduction time across the atrial preparation. (Scale bar: 3 mm.) (B) Summary of local right and
left atrial conduction velocities (CV) (SI Appendix, Supplemental Methods) in WT and Akita mice. n = 7 WT and 8 Akita hearts. *P < 0.05 vs. WT by two-way
ANOVA with Tukey’s post hoc test. (C) Representative activation maps in atrial preparations from Akita mice treated with placebo or chronically with insulin
for 4 wk. (D) Summary of local right and left atrial conduction velocities in placebo- and insulin-treated Akita mice. n = 6 placebo- and 5 insulin-treated
Akita hearts. *P < 0.05 vs. placebo by two-way ANOVA with Tukey’s post hoc test.

in both right and left atrial myocytes from Akita mice (Fig. 4
E and F). These alterations in AP morphology occurred without
changes in resting membrane potential (SI Appendix, Tables S10
and S11).

To ensure that the changes in APD observed in isolated cells
were not a consequence of cell isolation procedures, we also
measured APDs in wild-type and Akita mice using optical map-
ping (SI Appendix, Fig. S5). Optical APs measured in the right
and left atria of intact atrial preparations confirm that APD was
prolonged in Akita mice (SI Appendix, Fig. S5).

AP morphology was also assessed in isolated ventricular
myocytes from wild-type and Akita mice (SI Appendix, Fig. S6
and Table S12). APD was prolonged in Akita ventricular
myocytes; however, in contrast to atrial myocytes, there were no
differences in AP Vmax in Akita ventricular myocytes.

The alterations in atrial conduction (prolonged P-wave dura-
tion, reduced atrial conduction velocity) as well as the reduction
in atrial AP Vmax in Akita mice are suggestive of changes in
atrial INa. Accordingly, we measured INa in isolated right and
left atrial myocytes from wild-type and Akita mice (Fig. 5A and
SI Appendix, Fig. S7). Summary current–voltage (IV) curves for
right atrial myocytes demonstrate that INa is reduced in Akita
mice (Fig. 5B). INa activation curves (Fig. 5C) and analysis of INa
activation kinetics (SI Appendix, Table S13) demonstrate that the
reduction in INa density in Akita mice occurred in association
with a reduction in maximum conductance (Gmax) and a modest
(∼3-mV) rightward shift in the voltage dependence of activation
[V1/2(act)]. Similar alterations in INa density, Gmax, and activation
kinetics were observed in left atrial myocytes from Akita mice (SI
Appendix, Fig. S7 and Table S13). We also measured steady-state
inactivation in right atrial myocytes in Akita mice (SI Appendix,
Fig. S8). Voltage dependence of inactivation was not altered in
Akita right atrial myocytes.

Because the reductions in INa density and Gmax were large rel-
ative to the shift in V1/2(act), we also measured the expression of
SCN5a messenger ribonucleic acid (mRNA) as well as NaV1.5
protein in the atria of wild-type and Akita mice. These data show
that expressions of SCN5a (Fig. 5D and SI Appendix, Fig. S7D)
and NaV1.5 (Fig. 5E and SI Appendix, Fig. S7E) were reduced
in the right and left atria of Akita mice compared with wild-type
controls.

Next, we investigated the properties and expression of repo-
larizing K+ current (IK) in order to assess the ionic basis for
the prolongation in atrial APD observed in Akita mice. We first
measured IK in right atrial myocytes from wild-type and Akita
mice. IK was measured with and without a prepulse to inactivate
Ito (25, 26) (Fig. 6A and SI Appendix, Supplemental Methods).
Summary IK IV relationships illustrate that peak total (i.e., no
prepulse) IK was reduced in Akita mice at membrane potentials
positive to +20 mV (Fig. 6B). Consistent with the lack of differ-
ences in resting membrane potential, there were no differences
in IK in the region of the IV curves where inward rectifier K+

current (IK1) is active (i.e., negative to −80 mV) between wild-
type and Akita mice. IV curves for peak IK measured from the
protocols with an inactivating prepulse demonstrate that IK
remained reduced in Akita mice at membrane potentials posi-
tive to +20 mV (Fig. 6C) when Ito is inactivated. In agreement
with these observations, IV relationships for Ito (i.e., the dif-
ference current between measurements with and without the
inactivating prepulse) illustrate no differences between wild-
type and Akita mice (Fig. 6D). Very similar observations were
made for IK in left atrial myocytes from wild-type and Akita
mice (SI Appendix, Fig. S9). Further evidence that the reduc-
tion in repolarizing IK in Akita mice does not involve Ito
was obtained from western blot studies, which show no dif-
ferences in the protein levels of KV4.2 and KV4.3 in right
and left atria from wild-type and Akita mice (SI Appendix,
Fig. S10).

The IKur carried by KV1.5 channels was investigated by mea-
suring the component of IK sensitive to 4-aminopyridine (4-AP)
(100 µM) (Fig. 6E) (26, 27) in right atrial myocytes from wild-
type and Akita mice. From these representative recordings, it
is apparent that outward IK is smaller at baseline and that the
reduction in IK elicited by 4-AP was smaller in Akita mice.
These recordings also demonstrate that the effects of 4-AP
were reversible on washout. Summary data confirm that the 4-
AP–sensitive current (i.e., KV1.5-mediated IKur) is reduced in
Akita mice (Fig. 6F). The expression of the KCNA5 gene (which
encodes KV1.5) was not different in Akita mice (SI Appendix,
Fig. S11A); however, in agreement with the reduction in current,
KV1.5 protein in Akita right atrium was reduced compared with
wild-type controls (SI Appendix, Fig. S11B).
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Fig. 4. Right and left atrial AP morphology in Akita mice. (A and B) Representative stimulated APs in isolated right atrial (A) and left atrial (B) myocytes
from wild-type (WT) and Akita mice. (C and D) Summary of AP Vmax in isolated right atrial (C) and left atrial (D) myocytes from WT and Akita mice. (E and
F) Summary of APD in isolated right atrial (E) and left atrial (F) myocytes from WT and Akita mice. APD was measured at 50% (APD50), 70% (APD70), and
90% (APD90) repolarization. For right atrial myocytes, n = 18 for the WT and 16 for Akita. For left atrial myocytes, n = 12 for the WT and 11 for Akita. SI
Appendix, Tables S10 and S11 has additional AP analysis. *P < 0.05 vs. the WT by Student’s t test.

APD can also be affected by other currents, such as ICa,L and
INa,L, which were both assessed in Akita right atrial myocytes.
ICa,L (SI Appendix, Fig. S12) and INa,L (SI Appendix, Fig. S13)

were not different between wild-type and Akita mice. There
were also no differences in atrial calcium transient morphology
between wild-type and Akita mice (SI Appendix, Fig. S14). As

Fig. 5. INa is reduced in right atrial myocytes in Akita mice. (A) Representative INa recordings in right atrial myocytes isolated from wild-type (WT) and
Akita mice. Cell capacitance for these representative recordings was 44 pF for the WT and 41 pF for Akita. (B) INa IV curves in right atrial myocytes isolated
from WT and Akita mice. Current densities are measured in picoamperes/picofarad (pA/pF). (C) Summary INa activation curves in right atrial myocytes from
WT and Akita mice. Conductance is measured in picosiemens/picofarad (pS/pF); n = 21 myocytes for the WT and 18 for Akita. INa activation kinetics are
summarized in SI Appendix, Table S13. *P < 0.05 vs. the WT at each membrane potential by two-way repeated measures ANOVA with Tukey’s post hoc test.
(D) SCN5a mRNA expression in the right atrium in WT and Akita mice. n = 23 WT and 15 Akita mice. *P < 0.05 vs. the WT by Student’s t test. (E) NaV1.5
protein expression in the right atrium in WT and Akita mice. n = 6 WT and 6 Akita mice. *P < 0.05 vs. the WT by Student’s t test.
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Fig. 6. Repolarizing IK is reduced in right atrial myocytes in Akita mice. (A) Representative IK recordings in right atrial myocytes isolated from wild-type
(WT) and Akita mice. The recordings on the left represent total IK measured between −100 and +80 mV. The recordings on the right represent IK measured
between −100 and +80 mV following a prepulse to −40 mV to inactivate Ito. Cell capacitances for these representative recordings were 33 pF for the WT
and 38 pF for Akita. (B) Summary IK IV curves measured at the peak of the IK recordings without the prepulse (recordings on the left in A) for right atrial
myocytes isolated from WT and Akita mice. (C) Summary IK IV curves measured at the peak of the IK recordings with the prepulse (recordings on the right
in A) for right atrial myocytes isolated from WT and Akita mice. *P < 0.05 vs. the WT at each membrane potential by two-way repeated measures ANOVA
with Tukey’s post hoc test. (D) Summary IK IV curves for the difference current between B and C, which is a measure of Ito. P = 0.85 for Ito density between
the WT and Akita by two-way repeated measures ANOVA. For B–D, n = 19 WT and 16 Akita right atrial myocytes. (E) Representative IK recordings at +30 mV
illustrating the effects of 4-AP (100 µM), which inhibits Kv1.5-mediated IK, in right atrial myocytes from WT and Akita mice. (F) Summary data illustrating
the amplitude of the 4-AP–sensitive IK in right atrial myocytes from WT and Akita mice. n = 9 WT and 10 Akita right atrial myocytes. *P < 0.05 vs. the WT by
Student’s t test. Current densities are measured in picoamperes/picofarad (pA/pF).

atrial electrical function is also affected by connexins, we mea-
sured the expression of GJA5 and GJA1 mRNAs, which encode
Cx40 and Cx43, in the right atrium. GJA5 and GJA1 expressions
were not altered in Akita mice (SI Appendix, Fig. S15).

Increases in APD could lead to the occurrence of triggered
activity in the form of early afterdepolarizations (EADs). To
assess this possibility, APs were measured at different pacing
frequencies at baseline and in the presence of isoproterenol
(1 µM). No EADs were observed in wild-type or Akita right atrial
myocytes in these studies (SI Appendix, Fig. S16).

Effects of Chronic and Acute Insulin Treatment on Atrial Myocyte
Electrophysiology in Akita Mice. To investigate the basis for the
beneficial effects of insulin on AF susceptibility and atrial con-
duction, we next examined the effects of chronic insulin treat-
ment on atrial myocyte AP morphology (Fig. 7A). AP Vmax
was substantially increased following insulin treatment in Akita
mice (Fig. 7B). In contrast, insulin treatment had no effect
on action potential duration measured at 50% repolarization
(APD50), action potential duration measured at 70% repo-
larization (APD70), or action potential duration measured at
90% repolarization (APD90) compared with placebo controls
(Fig. 7C and SI Appendix, Table S14) so that APD remained
prolonged in treated Akita mice (compare with wild-type values
in Fig. 4).

Next, we measured right atrial INa in Akita mice treated chron-
ically with insulin or placebo (Fig. 7D). Summary IV curves
demonstrate that atrial INa was increased in Akita mice following
chronic insulin treatment (Fig. 7E). Furthermore, INa activation
curves (Fig. 7F) and kinetic analysis (SI Appendix, Table S13)
demonstrate that chronic insulin increased INa in association with
an increase in Gmax, but there were no differences in V1/2(act) or
slope factor. Western blot studies (Fig. 7G) illustrate that chronic
insulin treatment increased the levels of NaV1.5 in the atria in
Akita mice.

Consistent with the lack of effect of insulin on atrial APD,
insulin treatment had no effect on IK (with or without an inac-
tivating prepulse) in Akita mice (SI Appendix, Fig. S17). Fur-
thermore, chronic insulin treatment did not affect KV1.5 protein
levels in Akita mice compared with placebo-treated controls (SI
Appendix, Fig. S18).

We next sought to assess the effects of enhancing insulin sig-
naling acutely (i.e., intraperitoneal injection of insulin) in Akita
mice. Immediately following the reduction in blood glucose from
acute insulin injection, right atrial myocytes were isolated, and
AP morphology was assessed (Fig. 8A). Summary data illustrate
that AP Vmax was increased by acute insulin injection in Akita
mice (Fig. 8B) but that APD50, APD70, and APD90 were unaf-
fected compared with saline controls (Fig. 8C and SI Appendix,
Table S15). Notably, the increase in Vmax was smaller after acute
insulin compared with chronic insulin (SI Appendix, Fig. S19A).

Next, we measured INa in Akita right atrial myocytes isolated
after acute insulin (or saline) injection (Fig. 8D). INa density
was increased following acute insulin injection (Fig. 8E). This
increase occurred in association with an increase in Gmax, but
there were no changes in V1/2(act) or slope factor (Fig. 8F and
SI Appendix, Table S13) compared with saline controls. The
increase in INa elicited by acute insulin was smaller than after
chronic insulin (SI Appendix, Fig. S19B). Acute insulin injec-
tion had no effects on IK in Akita atrial myocytes (SI Appendix,
Fig. S20).

The role of acute insulin signaling was further investigated
by dialyzing right atrial myocytes from Akita mice with PIP3 [a
direct mediator of insulin signaling downstream of the insulin
receptor and PI3K (12, 14)] or PIP2 (not a second messenger
directly activated by insulin) as a control. Cells were dialyzed
with these phospholipids (1 µM) for 10 min, and then, atrial AP
morphology was assessed (Fig. 8G). Summary data illustrate that
PIP3 increased Vmax (Fig. 8H) to a similar extent as acute insulin
(SI Appendix, Fig. S19A) but had no effects on APD (Fig. 8I and
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Fig. 7. Effects of chronic insulin treatment on atrial AP morphology and INa in Akita mice. (A) Representative right atrial APs in Akita mice treated
with insulin or placebo for 4 wk. (B) Summary of the effects of chronic insulin on right atrial AP Vmax in Akita mice. *P < 0.05 vs. placebo by Stu-
dent’s t test. (C) Summary of the effects of chronic insulin on right atrial APD in Akita mice. Chronic insulin had no effect on APD compared with
placebo. For AP measurements, n = 19 myocytes for placebo and 14 for chronic insulin treatment. SI Appendix, Table S14 has additional analysis of
AP morphology. (D) Representative INa recordings in right atrial myocytes isolated from Akita mice treated chronically with insulin or placebo for
4 wk. Cell capacitances for these representative recordings were 31 pF for the wild type and 30 pF for Akita. (E) Summary INa IV curves for right atrial
myocytes from Akita mice treated chronically with insulin or placebo. Current densities are measured in picoamperes/picofarad (pA/pF). (F) Summary INa

activation curves for right atrial myocytes isolated from Akita mice treated chronically with insulin or placebo. n = 18 myocytes for placebo and 13 myocytes
for chronic insulin treatment. SI Appendix, Table S13 has additional INa kinetic analysis. *P < 0.05 vs. placebo by two-way repeated measures ANOVA with
Tukey’s post hoc test. Conductance is measured in picosiemens/picofarad (pS/pF). (G) NaV1.5 protein expression in the right atrium of Akita mice treated
chronically with insulin or placebo. n = 6 placebo-treated and 6 insulin-treated right atria. *P < 0.05 vs. placebo by Student’s t test.

SI Appendix, Table S16) compared with PIP2-treated myocytes.
Akita myocytes dialyzed with PIP2 were very similar to untreated
Akita atrial myocytes (compare with Fig. 4).

Consistent with its effects on Vmax, PIP3 also increased atrial
INa density in comparison with cells dialyzed with PIP2 (Fig. 8
J and K). This increase in INa was also similar to that seen
following acute insulin treatment (SI Appendix, Fig. S19B). In
addition, PIP3 increased INa Gmax without affecting V1/2(act) or
slope factor in Akita atrial myocytes (Fig. 8L and SI Appendix,
Table S13). PIP3 had no effect on IK in Akita atrial myocytes
(SI Appendix, Fig. S21). Collectively, these data demonstrate
that acutely enhancing insulin signaling selectively increases AP
Vmax and INa density in Akita atrial myocytes via PIP3 signaling
without affecting APD or repolarizing IK.

Protein Kinase C Inhibition Increases INa in Akita Atrial Myocytes.
The data above demonstrate that enhancing insulin signaling
increased atrial INa in Akita mice. These effects of insulin
occurred without changes in V1/2(act); however, our data also
demonstrate that the reduction in INa in Akita mice is associ-
ated with a modest but significant shift in V1/2(act) (SI Appendix,
Table S13). It has been shown that protein kinase C (PKC) is ele-
vated in the hearts of Akita mice (28), and PKC is a well-known
modulator of the biophysical properties of INa (29). Accordingly,
we tested the hypothesis that elevated PKC contributes to the
reduction in atrial INa by dialyzing right atrial myocytes from
Akita mice with the PKC inhibitor bisindolylmaleimide 1 (30)
(BIM1; 1 µM) (SI Appendix, Fig. S22). Compared with untreated
Akita atrial myocytes, BIM1 increased INa density in Akita atrial
myocytes (SI Appendix, Fig. S22B). Furthermore, INa activation
curves (SI Appendix, Fig. S22C) and kinetic analysis (SI Appendix,
Table S13) illustrate that BIM1 application increased INa Gmax
and elicited a left shift in the V1/2(act). BIM1 also tended to reduce

the slope factor on the activation curve (SI Appendix, Table S13).
These findings indicate that enhanced PKC activity in the atria
of Akita mice contributes to the reduction in INa in association
with a shift in INa activation kinetics.

Discussion
The present study demonstrates that, consistent with the human
diabetic population (3, 5, 7), Akita and STZ-injected mice are
highly susceptible to induced AF and that, when it occurred, AF
was longer lasting in type 1 diabetic mice compared with wild-
type controls. The increase in AF burden was associated with
a prolongation of P-wave duration in Akita and STZ-injected
mice, indicating that AF in type 1 DM is associated with impaired
atrial electrical conduction. Akita and STZ-injected mice are
well-established models of nonobese type 1 DM that are known
to recapitulate many of the complications that occur in human
DM (19, 31). Our observation that Akita and STZ mice also dis-
play increased susceptibility to AF establishes that these mice
are excellent models of human type 1 DM that can be used for
studying the relationships between DM and AF.

In further support of atrial electrical remodeling, we found
that atrial AP morphology was substantially altered in Akita
mice due to a reduction in Vmax and increases in APD in asso-
ciation with reductions in atrial INa and IKur. While APD was
also prolonged in ventricular myocytes in Akita mice, ventricular
Vmax was not significantly altered, suggesting that the reduction
in Vmax (and hence, the underlying INa) in Akita mice may be
restricted to the atria. On the other hand, a previous study did
report a reduction in ventricular INa in type 1 diabetic rabbits
(alloxan induced) (32). A prior study also demonstrated that ven-
tricular APD is prolonged in Akita mice due, at least in part,
to an increase in INa,L (33), whereas we did not observe any
changes in INa,L in Akita atrial myocytes. Prior studies have also
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Fig. 8. Effects of acute insulin treatment and PIP3 on atrial AP morphology and INa in Akita mice. (A) Representative right atrial APs in Akita mice treated
acutely with insulin or saline. (B) Summary of the effects of acute insulin on right atrial AP Vmax in Akita mice. *P < 0.05 vs. saline by Student’s t test. (C)
Summary of the effects of acute insulin on right atrial APD in Akita mice. Acute insulin had no effect on right atrial APD compared with saline. For AP
measurements, n = 14 myocytes for saline and 18 myocytes for acute insulin treatment. SI Appendix, Table S15 has additional analysis of AP morphology. (D)
Representative INa recordings in right atrial myocytes isolated from Akita mice treated acutely with insulin or saline. Cell capacitances for these representative
recordings were 42 pF for the wild type and 45 pF for Akita. (E) Summary INa IV curves for right atrial myocytes from Akita mice treated acutely with insulin or
saline. Current densities are measured in picoamperes/picofarad (pA/pF). (F) Summary INa activation curves for right atrial myocytes isolated from Akita mice
treated acutely with insulin or saline. n = 8 myocytes for saline and 12 myocytes for acute insulin treatment. SI Appendix, Table S13 has additional analysis
of INa activation kinetics. *P < 0.05 vs. saline at each membrane potential by two-way repeated measures ANOVA with Tukey’s post hoc test. Conductance is
measured in picosiemens/picofarad (pS/pF). (G) Representative APs in right atrial myocytes from Akita mice following dialysis with PIP3 (1 µM) or PIP2 (1 µM)
as a control. Data are from cells dialyzed with phospholipids for 10 min. (H) Summary of the effects of PIP3 on right atrial AP Vmax in Akita mice. *P < 0.05 vs.
PIP2 by Student’s t test. (I) Summary of the effects of PIP3 on right atrial APD in Akita mice. PIP3 had no effect on right atrial APD. For AP measurements, n =
7 myocytes for PIP2 and 8 myocytes for PIP3. SI Appendix, Table S16 has additional analysis of AP morphology. (J) Representative INa recordings in right atrial
myocytes from Akita mice following dialysis with PIP3 (1 µM) or PIP2 (1 µM) for 10 min. Cell capacitances for these representative recordings were 39 pF
for the wild type and 38 pF for Akita. (K) Summary INa IV curves for right atrial myocytes from Akita mice following dialysis with PIP3 or PIP2. (L) Summary
INa activation curves for right atrial myocytes from Akita mice following dialysis with PIP3 or PIP2. n = 10 myocytes for PIP2 and 17 myocytes for PIP3. SI
Appendix, Table S13 has additional analysis of INa activation kinetics. *P < 0.05 vs. PIP2 by two-way repeated measures ANOVA with Tukey’s post hoc test.
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demonstrated that ICa,L is reduced in ventricular myocytes in
Akita mice (34) and PI3Kα knockout mice (35) (an effect that
would presumably lead to APD shortening), which is differ-
ent from our observations in Akita atrial myocytes. Collectively,
our study demonstrates that the changes in AP morphology
(especially Vmax) and underlying ionic currents are different in
the atria and ventricles in Akita mice and provides important
insight into the distinct pattern of ion channel remodeling that
occurs in the atria in Akita mice. Further work will be required
to determine the basis for differences in atrial and ventricular
electrophysiology in type 1 DM.

Chronic insulin treatment substantially reduced AF inducibil-
ity and burden and prevented changes in P-wave duration in
Akita mice. Furthermore, acute application of insulin reduced
the median duration of AF and shortened atrial P-wave duration.
These findings suggest an important role for insulin signaling in
the pathophysiology of AF in type 1 DM and indicate that this
involves atrial electrical remodeling via both acute and chronic
effects. In agreement with this, our studies also reveal a previ-
ously unknown role for insulin in regulating atrial INa in type
1 DM. We found that a major determinant of reduced INa in
the atria of Akita mice was the reduction in atrial expression
of SCN5a and NaV1.5. Chronic insulin treatment prevented the
declines in atrial INa density and NaV1.5 protein levels, indicat-
ing that insulin plays an important role in the de novo synthesis
of new NaV1.5 channels due to changes in gene expression. Con-
sistent with this, previous studies have shown that activation
of PI3Kα up-regulates the expression of cardiac Na+ channels
(36–38).

Importantly, our investigations revealed additional effects of
insulin that could be activated acutely (i.e., on the order of
minutes). Specifically, acute insulin injection immediately prior
to cell isolation or dialysis of atrial myocytes with PIP3 each
increased atrial INa by ∼30%. Consistent with these results, acute
insulin also shortened P-wave duration. As these effects were
rapid, we infer that they do not involve changes in gene or protein
expression. Rather, these results demonstrate that an important
component of the effects of insulin are mediated by the acute
activation of PIP3 signaling via PI3K.

In addition to the effects of insulin on atrial INa, we found that
inhibition of PKC also increases atrial INa (∼38%) in association
with a shift in V1/2(act) to values very similar to those measured
in wild-type mice. This indicates that PKC activity is increased in
the atria in Akita mice and that this can account for the change
in INa activation kinetics. Consistent with this, PKC is known to
be an important regulator of INa (29, 39), and previous studies
have shown that PKCα expression is elevated in the heart in
Akita mice (28). Thus, our studies demonstrate that atrial INa is
reduced in Akita mice in association with both the loss of insulin
signaling and enhanced PKC activity. The reductions in INa and
AP Vmax in the atria in Akita mice are likely major contribu-
tors to the increased susceptibility to AF in type 1 DM. These
alterations can explain the impairments in atrial conduction and
would be expected to be proarrhythmic by decreasing the wave-
length of reentry (15, 40). This would favor of the occurrence and
maintenance of AF and is consistent with AF being longer lasting
in Akita mice.

Neither insulin or PIP3 had any effect on the reduction in
repolarizing IK in Akita atrial myocytes, and APD remained pro-
longed. A reduction in KV1.5 is known to contribute to atrial
electrical remodeling in human chronic AF (41), and our findings
indicate this may be the case in Akita diabetic mice as well. Pro-
longation of the APD in Akita atrial myocytes could contribute
to the increased susceptibility to AF by increasing the likelihood
of triggered activity in the form of EADs (15); however, we did
not observe EADs in our studies, suggesting that this is not a
major determinant of AF in Akita mice. Consistent with this,
our data demonstrate that chronic insulin treatment reduced

AF susceptibility and severity in association with improved atrial
conduction, Vmax, and INa, suggesting that these are critical for
decreasing the inducibility of AF despite the lack of improve-
ment in IK or APD. Nevertheless, it is also possible that AP
prolongation could contribute to impairments in atrial conduc-
tion in Akita mice either by contributing to the slowing of
conduction at fast atrial rates or increasing the likelihood of con-
duction block. Additional studies will be required to determine
how impaired atrial repolarization contributes to the slowing of
atrial conduction and whether preventing AP prolongation can
also reduce the susceptibility to AF in type 1 DM.

In addition to electrical remodeling, DM is also associated
with structural remodeling due to atrial fibrosis. This has been
demonstrated in human DM and in animal models (42–46).
Indeed, we have previously demonstrated enhanced atrial fibro-
sis in the right and left atria in Akita mice (31). Fibrosis can also
contribute to a substrate for AF since increased collagen depo-
sition can impede atrial conduction and cause fragmentation of
propagating wave fronts, thereby leading to reentry (15, 47–49).
We have previously demonstrated that chronic insulin treatment
reduces atrial fibrosis in Akita mice (31), and similar findings
have been reported in STZ-injected rats treated with insulin
(50). Thus, our prior work in combination with our present study
demonstrates that insulin can prevent two alterations that are
recognized as key contributors to impaired atrial conduction and
maintenance of AF—the reduction in Vmax due to reduced INa as
well as increased atrial fibrosis—highlighting a previously unap-
preciated and important role for insulin as an antiarrhythmic
agent for AF in type 1 DM. Consistent with these observa-
tions, it has been previously demonstrated that enhancing PI3Kα
(activated downstream of the insulin receptor) can mitigate ven-
tricular electrical remodeling in hypertrophy and heart failure
(51, 52) and that reduced PI3Kα activity increases susceptibil-
ity to AF (53). Our data suggest that insulin must be delivered
for timeframes that are adequate to increase the expression of
NaV1.5 and reduce fibrosis in order to maximize its protective
effects on atrial electrical and structural remodeling in type 1
DM. While the acute activation of insulin signaling (PI3K/PIP3
dependent) does increase atrial INa, and partially prevents P-
wave prolongation, this was not sufficient by itself to fully reduce
the AF burden or the prolongation in P-wave duration in vivo.

Some limitations of our study should be acknowledged. Our
study was conducted in mice, which exhibit differences in the rel-
ative importance of some repolarizing IK compared with humans.
Specifically, the rapid and slow delayed rectifier K+ currents (IKr
and IKs), which are important in the human heart, do not play
a major functional role in the mouse heart (18). Prior studies
have shown alterations in some of these K+ currents in canine
models of DM (54). Nevertheless, our study shows that IKur
(carried by KV1.5 channels) is a major IK that was altered in
the atria in Akita mice. KV1.5 is an atrial-specific IK in the
human heart (18, 55). It will be insightful to explore the alter-
ations that we have identified in large animal models, tissue
samples from human diabetic patients, or possibly, stem cell-
derived atrial myocytes. While our study has focused on key
ion channels in the atria in type 1 DM, it is possible that there
are other alterations in gene and protein expression that are
sensitive to insulin regulation. This could be explored in future
studies using RNA sequencing. While we did not observe any
changes in the mRNA levels of atrial connexins, it is possible
that other aspects of connexin function or regulation could be
altered in the atria in type 1 diabetes. Similarly, we did not
observe changes in atrial calcium transient morphology in Akita
mice; however, other aspects of calcium homeostasis could be
altered in type 1 diabetes, which could potentially play a role in
triggering AF in diabetes: for example, by delayed afterdepolar-
izations. Based on our findings, it will be important to conduct
further studies to examine the links between glycemic control,
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atrial conduction patterns, and AF occurrence in human diabetic
patients. Finally, it will also be important to explore the effects
of insulin or of enhancing insulin signaling via PI3K and PIP3
in type 2 DM to determine if similar alterations and effects are
present in this condition.

In conclusion, our study provides mechanistic insight into the
cellular and molecular basis for AF in type 1 DM. This work
demonstrates that AF in this setting is associated with electri-
cal remodeling and changes in AP morphology due to reductions
in atrial INa and KV1.5-mediated repolarizing IK. Furthermore,
we have discovered that the reduction in INa is multifactorial,
involving distinct acute and chronic effects of insulin as well as
enhanced PKC activity. Finally, we show that insulin treatment
is antiarrhythmic in type 1 DM via effects on atrial Na+ chan-
nels but not K+ channels. These data indicate that AF in type
1 DM has distinct features associated with the loss of normal
insulin signaling. These findings have important implications for
the treatment of AF in type 1 diabetic patients.

Materials and Methods
An expanded methods section is available in SI Appendix.

Mice. This study used male littermate wild-type and type 1 diabetic Akita
mice between the ages of 16 and 22 wk. In some instances, male wild-type
mice (16 to 18 wk) were treated with STZ (50 mg/kg intraperitoneal injec-
tion) to induce type 1 DM (56). The diabetic phenotype was confirmed by
urinalysis to assess urine glucose (using keto-diastix reagent strips) as well as
by measuring serum glucose levels (using a glucometer).

In chronic insulin treatment experiments, Akita mice were given insulin
pellets (0.2 U/d per pellet) or placebo pellets (LinShin Canada Inc.) subcu-
taneously for 4 wk beginning at 12 wk of age. For acute insulin studies,
Akita mice were given an intraperitoneal injection of insulin (5 to 10 U/kg)
or saline, and 30 to 45 min later (after blood glucose was reduced), the mice
were used experimentally.

All experimental procedures were approved by the University of Calgary
Animal Care and Use Committee and the Dalhousie University Commit-
tee for Laboratory Animals and were in accordance with guidelines of the
Canadian Council on Animal Care.

Echocardiography and Electrolyte Measurements. Cardiac structure and func-
tion were assessed by echocardiography in mice anesthetized by isoflu-
rane inhalation (2%) using a Vevo 3100 ultrasound machine (Fujifilm
VisualSonics) as we have described previously (21). Blood electrolytes were
measured using an ePoc blood glass and electrolyte analyzer using blood
samples drawn from the jugular vein.

In Vivo Electrophysiology. Surface electrocardiograms (ECGs) were measured
in anesthetized mice (2% isoflurane inhalation) using 30-gauge subdermal
needle electrodes (Grass Technologies). In conjunction, a 1.2F octapolar elec-
trophysiology catheter (Transonic) was inserted into the right heart via an
incision in the jugular vein and used to assess inducibility of AF during burst
pacing as we have done previously (57, 58). Burst pacing protocols were
standardized so that all mice were stimulated in identical fashion using the
same pacing protocols. AF was defined as a rapid and irregular atrial rhythm
(fibrillatory baseline in the ECG) with irregular R wave to R wave (RR) inter-
vals lasting at least 1 s on the surface ECG and rapid irregular activity on the
intracardiac atrial electrogram. AF was categorized into three groups: <5 s
(brief), 5 to 30 s (nonsustained), and >30 s (sustained). Additional details
are available in SI Appendix.

High-Resolution Optical Mapping. To study activation patterns and electri-
cal conduction in the atria, high-resolution optical mapping was performed
in isolated atrial preparations using methods that we have described in
detail previously (31, 57, 59, 60). These atrial preparations were studied
while in intrinsic sinus rhythm. Atrial preparations were immobilized using
blebbistatin (10 µM) (61). Changes in fluorescence were captured using
the voltage-sensitive dye Di-4-ANEPPS (10 µM) and a high-speed electron
multiplying charge-coupled device camera at ∼900 frames per 1 s. Spatial
resolution was 67 × 67 µM per pixel. Conduction velocity was measured
locally in the right and left atria using approaches described previously (21,
22, 57, 58). In some instances, optical APs were measured by measuring
the change in fluorescence as a function of time at individual pixels in the
right and left atria as previously described (21, 22). All experiments were
performed at 35 ◦C. Data were analyzed using custom software written in
Matlab. Further details are available in SI Appendix.

Patch Clamping of Isolated Atrial Myocytes. Right and left atrial myocytes
were isolated from mice by enzymatic digestion as we have described
previously (62, 63). These myocytes were used to record APs using the per-
forated patch-clamp technique or the whole-cell patch-clamp technique (so
that compounds could be dialyzed into the cells). AP parameters analyzed
include resting membrane potential, Vmax, overshoot, and APD. Vmax was
measured as the maximum rate of rise of the AP potential (i.e., dV/dtmax)
between the resting membrane potential and the peak of the AP. INa, INa,L,
IK, and ICa,L were recorded using the whole-cell patch-clamp technique.
The solutions and experimental protocols for each of these approaches are
available in SI Appendix.

qPCR. Quantitative gene expression was measured in the right and left
atria as we have previously described (21, 22). Intron-spanning primers for
SCN5a (NaV1.5), KCNA5 (KV1.5), GJA5 (Cx40), and GJA1 (Cx43) as well as
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (reference gene)
were used. Experimental protocols and primer sequences are in SI Appendix.

Western Blotting. For western blotting, right and left atrial samples were
used to measure the protein expression of NaV1.5, KV4.2, KV4.3, and KV1.5 as
well as GAPDH as the loading control. The procedures for these experiments
are provided in SI Appendix.

Calcium Transients. Calcium transients were measured using confocal imag-
ing in acutely isolated atrial myocytes. The solutions and experimental
protocols are provided in SI Appendix.

Statistical Analysis. All data are presented as means± SEM. Data were ana-
lyzed using Fisher’s exact test, Student’s t test, two-way ANOVA with Tukey’s
post hoc test, or two-way repeated measures ANOVA with Tukey’s post hoc
test as indicated in each figure. P < 0.05 was considered significant.

Data Availability. Relevant data and associated experimental protocols
required for interpreting conclusions are included in the manuscript and the
SI Appendix. Any additional information, data, or experimental reagents are
available from the corresponding author upon request.
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