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Atrial fibrillation (AF) is the most common sustained
arrhythmia presenting at cardiology departments. A
limited understanding of the molecular mechanisms
responsible for the development of AF has hindered
treatment strategies. The purpose of this study was to
assess whether reduced activation of phosphoinosi-
tide 3-kinase (PI3K, p110�) makes the compromised
heart susceptible to AF. Risk factors for AF, including
aging, obesity, and diabetes, have been associated
with insulin resistance that leads to depressed/defec-
tive PI3K signaling. However, to date, there has been
no link between PI3K(p110�) and AF. To address this
question, we crossed a cardiac-specific transgenic
mouse model of dilated cardiomyopathy (DCM) with
a cardiac-specific transgenic mouse expressing a
dominant negative mutant of PI3K (dnPI3K; reduces
PI3K activity). Adult (�4.5 months) double-transgenic
(dnPI3K-DCM), single-transgenic (DCM-Tg, dnPI3K-
Tg), and nontransgenic mice were subjected to mor-
phological, functional/ECG, microarray, and bio-

chemical analyses. dnPI3K-DCM mice developed AF
and had depressed cardiac function as well as greater
atrial enlargement and fibrosis than DCM-Tg mice. AF
was not detected in other groups. Aged DCM-Tg mice
(�15 months) with a similar phenotype to dnPI3K-
DCM mice (4.5 months) did not develop AF, suggest-
ing loss of PI3K activity directly contributed to the
AF phenotype. Furthermore, increasing PI3K activity
reduced atrial fibrosis and improved cardiac conduc-
tion in DCM-Tg mice. Finally, in atrial appendages from
patients with AF, PI3K activation was lower compared
with tissue from patients in sinus rhythm. These results
suggest a link between PI3K(p110�) and AF. (Am J Pathol

2009, 175:998–1009; DOI: 10.2353/ajpath.2009.090126)

Atrial fibrillation (AF) is a cardiac disorder characterized
by uncoordinated atrial activation. It is the most common
sustained arrhythmia presenting in cardiology depart-
ments worldwide and is associated with substantially
increased mortality and morbidity from heart failure,
stroke, and thromboembolism.1 With a growing aging
population the incidence of AF is increasing, adding
considerably to health care costs.1–4 The multifactorial
nature of AF and a limited understanding of the molecular
mechanisms responsible for the development of AF have
greatly limited treatment strategies.
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Genetically modified mouse models offer a powerful
approach to define molecular mechanisms. The very
small size of mouse atria, together with the high heart
rate (HR), make finding murine AF models difficult, as
the potential for re-entry circuits is restricted. Despite
these limitations, there are some genetically modified
mouse models that are susceptible to AF. These include
gene disruption/mutation of connexin40, KCNE1, or nu-
clear core component NUP155,5–7 overexpression of
RhoA,8 basic leucine zipper inhibitor protein: JDP2,9 an-
giotensin converting enzyme,10 tumor necrosis factor
�,11 Rac1,12 and MURC.13

AF often occurs in combination with heart failure, al-
though the factors that precipitate the onset of AF in
patients with (or without) pre-existing heart disease re-
main unclear.14,15 We previously demonstrated that
phosphoinositide 3-kinase (PI3K, p110�) is a critical reg-
ulator of adaptive physiological heart growth,16–18 and
that inhibiting PI3K(p110�) accelerates heart failure in a
setting of dilated cardiomyopathy (DCM).19 However,
due to the severity of the disease progression in this
mouse model (average life span of approximately 40
days19) it was not possible to perform functional or elec-
trocardiogram (ECG) analyses. The rationale for hypoth-
esizing a link between AF and reduced PI3K(p110�)
activity came from multiple lines of evidence. First, we
previously demonstrated that decreasing PI3K activation
alters gene expression of ion channels in ventricular tissue.
Second, several classes of drugs have been reported to
induce AF in patients.21 The mechanisms considered re-
sponsible include adrenergic stimulation and cardiotoxic-
ity.21 PI3K(p110�) is a cardioprotective protein that has
been shown to inhibit pathological signaling cascades
downstream of G protein coupled receptors,19 thus loss of
PI3K(p110�) would be expected to increase the likelihood
of cardiotoxicity and activation of signaling proteins down-
stream of G protein coupled receptors. Third, we previously
reported that heat shock protein 70 (Hsp70) expression is
elevated in hearts of mice with increased PI3K(p110�) ac-
tivity and decreased in hearts of mice with decreased
PI3K(p110�) activity.20 A number of reports have linked
Hsp70 to AF. Patients with high Hsp70 expression levels
have a lower incidence of postoperative AF, and an M439T
substitution in Hsp70 was associated with an increased risk
of postoperative AF.22–25 Finally, advanced age and possi-
bly obesity and diabetes are risk factors for the develop-
ment of AF.26–28 These factors are typically associated with
reduced physical activity and insulin resistance. Since
PI3K(p110�) is activated in the heart in response to exer-
cise,29 and is a critical molecular signal for insulin, one
would predict that PI3K(p110�) activity is generally lower in
hearts of obese patients, diabetics, and the elderly.

It was also of interest to examine electrical activity in
the heart under conditions of reduced PI3K(p110�) ac-
tivity because of the recent enthusiasm surrounding the
development of PI3K(p110�) inhibitors as anticancer
agents.30,31 Uncontrolled activation of the PI3K(p110�)
pathway is a critical molecular mechanism by which can-
cer cells bypass normal growth-limiting controls. How-
ever, a challenge in targeting PI3K(p110�) relates to its
diverse actions in numerous cell types.32 As noted ear-

lier, PI3K(p110�) is a critical regulator of adaptive phys-
iological heart growth16–18 and we recently demon-
strated that inhibiting PI3K(p110�) accelerates heart
failure in the compromised heart.19

To reduce PI3K(p110�) activity in a setting of cardiac
stress, we genetically crossed a cardiac-specific trans-
genic (Tg) mouse model of DCM,33 with a cardiac-spe-
cific transgenic mouse expressing a dominant negative
mutant of the p110� isoform of PI3K (dnPI3K).16 Expres-
sion of the dnPI3K transgene reduces PI3K activity in
cardiac myocytes by approximately 77%.16 We report
here that reduced PI3K(p110�) activity increases the
susceptibility to AF in a mouse model of DCM and that
PI3K activity is also reduced in atrial appendages from
patients with AF compared with those in sinus rhythm.

Materials and Methods

Animals

Animal care and experimentation were approved by the
Alfred Medical Research and Education Precinct Animal
Ethics Committee.

Generation of Mice with DCM and Reduced
PI3K Activity

Cardiac-specific DCM-Tg (mammalian sterile 20-like
kinase 1, line no. 28; C57BL/6 background) and cardi-
ac-specific dnPI3K-Tg (FVB/N; provided by P. Kang,
BIDMC) were generated and genotyped as described.16,33

The DCM-Tg model has been considered clinically relevant
because mice develop DCM as a consequence of in-
creased apoptosis.33 Male heterozygous DCM-Tg and fe-
male heterozygous dnPI3K-Tg were crossed to generate 1)
double transgenic mice: dnPI3K-DCM, expressing both
transgenes (dnPI3K�/� DCM�/�), 2) dnPI3K-Tg (dnPI3K�/�

DCM�/�), 3) DCM-Tg (dnPI3K�/� DCM�/�) and 4) non-
transgenic littermate controls (NTg; dnPI3K�/� DCM�/�).
This study is focused on the above four genotypes. How-
ever, a small subset of DCM mice with increased PI3K
activity were also generated (described below) to assess
whether increasing PI3K activity could reverse some of the
phenotypic characteristics of the DCM model. All mice were
bred on the same genetic background (C57BL/6-FVB/N).

Generation of Mice with DCM and Increased
PI3K Activity

Male heterozygous DCM-Tg and female heterozygous
constitutively active (ca) PI3K-Tg (caPI3K; PI3K activity
increased by 6.5-fold in the heart16) were crossed to
generate caPI3K-DCM expressing both transgenes
(caPI3K�/� DCM�/�).

Transthoracic Echocardiography

In vivo heart function and chamber dimensions were as-
sessed by echocardiography using a Hewlett-Packard
Sonos 5500 ultrasonograph with a 15-MHz linear array
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transducer. Mice were anesthetized with 2,2,2-tribromo-
ethanol (240 mg/kg, i.p.). Left ventricular (LV) wall thick-
nesses [LV posterior wall (LVPW) and interventricular
septum (IVS)], LV chamber dimensions (LVD) at end-
diastole and end-systole (LVDd and LVDs), and fractional
shortening [FS � (LVDd-LVDs)/LVDd] were determined
from M-mode images. Left atrial size was determined
from long-axis two-dimensional images at end-systole.34

Micromanometry

Arterial pressures, LV systolic and end-diastolic pres-
sures (LVSP, LVEDP), maximal rates of rise and fall of LV
pressures (dP/dtmax, dP/dtmin) and HR were measured in
anesthetized mice (ketamine/xylazine/atropine 100/10/
1.2 mg/kg i.p.) using a 1.4-Fr Millar (Houston, TX) MIKRO-
TIP catheter and a Powerlab system (ADInstruments,
Sydney, Australia).35

Surface, Intracardiac, and Telemetry ECG
Recordings

Surface

ECG recordings were measured in anesthetized mice
(2,2,2-tribromoethanol: 240 mg/kg, i.p.) using the Power-
lab system and BioAmp (ADInstruments). Two pairs of
27-gauge needle electrodes were placed subcutane-
ously and recordings were made from a chest lead
(equivalent to V5). All signals were sampled at 1 kHz for
a period of 5 to 10 minutes. Averaged HRs, P-R intervals,
R-R intervals, QRS intervals and amplitudes of positive
R- and P-waves were measured digitally using ADInstru-
ments (Chart 5 Pro ECG analysis module).

Intracardiac ECG

An electrophysiology catheter (EPR-800, 1.1F; Millar)
was inserted into the jugular vein for placement inside
the right atrium and right ventricle of anesthetized mice
(ketamine/xylazine/atropine, 100/10/1.2 mg/kg i.p.).
Surface ECG recordings (lead II position) were mea-
sured simultaneously.

Telemetry

To confirm anesthetized ECG findings, ambulatory
ECGs were recorded in conscious unrestrained mice
after implantation of telemeters (TA10EA-F20, Data Sci-
ences International) with leads subcutaneously posi-
tioned at the right foreleg and left side of the chest (ie,
similar position to surface leads; V5). A 7-day recovery
period was allowed before recording for 24 hours. Files
were recorded using ART acquisition (Data Sciences Inter-
national, Minneapolis, MN) or Labview data acquisition.36

Morphometry and Histopathology

Body weight, tibia length, and wet weights of ventricles,
atria, and lungs were measured. Fibrosis was quantified

in ventricular and atrial sections (6 �m) stained with
Masson’s trichrome using Olympus Image Pro Plus 6
(Media Cybergenetics, Bethesda, MD).20

Fibrin Zymography

The degree of fibrinolytic activity in mouse plasma was
determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (10% gels) followed by fibrin zymog-
raphy37,38 using recombinant human t-PA protein as a
standard. Five microliters of undiluted mouse plasma was
loaded per lane. Gels were incubated at 37°C in a hu-
midified chamber until regions of proteolysis appeared.

Gelatin Zymography

Matrix metalloproteinase 2 (MMP-2) and MMP-9 activities
in protein from mouse ventricular tissue were assessed
by gelatin zymography as described.39

PI3K Activity in Mouse Ventricular Tissue and
Human Atrial Tissue

PI3K activity was assessed in mouse ventricular tissue
and human atrial tissue.16,20 Mouse ventricular tissue or
human atrial tissue lysate (1 mg) was immunoprecipi-
tated with an anti-p85 antibody (0.5 �l, Upstate Biotech-
nology, New York, NY) and subjected to an in vitro lipid
kinase assay using phosphatidylinositol as a substrate.
Part of the immunoprecipitated enzyme was subjected to
Western blotting and probed with the anti-p85 antibody to
confirm that an equal amount of enzyme was used for the
assay.

The study of human atrial tissue was approved by the
Alfred Hospital Human Ethics committee. Tissue samples
of atrial appendages were collected from patients under-
going coronary artery bypass graft (CABG) surgery (right
appendage only) who did or did not develop acute AF, as
well as patients undergoing mitral valve surgery (left ap-
pendages) with chronic AF. Medications (statins, �-block-
ers, and ACE inhibitors) were evenly distributed between
groups and stopped the night before surgery. Patients with
diabetes were not included in the study.

Western Blotting

Phosphorylation of Akt and extracellular signal regulated
kinase (ERK) 1/2 were assessed in mouse ventricular
tissue as described.16

Gene Expression

Northern Blotting

Sarcoplasmic reticulum Ca2� ATPase 2a (SERCA2a)
and GAPDH were assessed in mouse ventricular sam-
ples as described.40
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Microarray

Gene expression profiling was performed on 32 mouse
atria samples using Affymetrix GeneChip mouse gene
1.0 ST arrays. RNA was extracted using TRIzol (Invitro-
gen) and sense DNA targets were generated from 100 ng
of total RNA according to the manufacturer’s protocol
(Affymetrix, Santa Clara, CA). Hybridization, wash, and
scan were performed at the Ramaciotti Centre for Gene
Function Analysis (University of New South Wales, Aus-
tralia). Array data were processed using robust multiple-
array average (RMA) normalization (Partek v6.4, Partek
Inc. St. Louis, Missouri). Principle component analysis
was used to identify batch and technical variations and
these were removed for subsequent analysis. Data were
analyzed accordingly. Differences across genotypes
were compared using analysis of variance and unpaired
t-test to look for differences between specific genotypes.
Since left and right atria from the same mouse were
processed, a “matched-paired-organ” analysis was per-
formed using the ratio of left/right atria of the same
mouse. Analysis of variance was then performed to look
for differential gene expression between genotypes. This
analysis is considered more statistically robust to identify
genes of interest.

Gene lists were generated and the q value at 0.01 level
was calculated for FDR. Hierarchical clustering and func-
tional annotation were performed. The experimental de-
sign, RNA extraction and microarray experiment in this
study are all MIAME (minimum information about a mi-
croarray experiment)-compliant. The complete raw and
normalized array data are available through the Gene

Expression Omnibus of the National Centre for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov/geo/, ac-
cession number GSE12420). In this study we have pre-
sented gene expression profiles of potassium and
metabolism genes because of previous links with AF.41–43

Statistics

Results are presented as mean � SE. Differences be-
tween groups were compared using one-way analysis of
variance followed by the Fisher’s protected least signifi-
cant difference post hoc test (unless otherwise shown). A
value of P � 0.05 was considered significant.

Results

Biochemical, Functional, and Morphological
Characteristics of Mice with Reduced PI3K
Activity on a Setting of DCM (dnPI3K-DCM)

The phenotypes of the single transgenics (ie, dnPI3K-Tg
and DCM-Tg) have previously been described.16,33 In
brief, the reduction in cardiac PI3K activity in dnPI3K-Tg
is associated with a reduction in heart weight of �20%
(see ventricular weight/body weight, Table 1) but cardiac
function is normal under basal conditions (Table 1).
DCM-Tg develop DCM as a consequence of overexpres-
sion of a stress-activated protein kinase (mammalian
sterile 20-like kinase 133). This model is associated with
increased ventricular chamber dimensions (LVDd and

Table 1. Cardiac Dimensions, Function and Hemodynamics, and Organ Weights in Female NTg, dnPI3K-Tg, DCM-Tg, and
dnPI3K-DCM at 4.5–4.9 Months of Age

NTg dnPI3K DCM dnPI3K-DCM

Echocardiography N � 6 N � 5 N � 6 N � 6
Heart rate (beats/min) 509 � 23 500 � 16 476 � 22 584 � 28
LVDd (mm) 3.93 � 0.12 4.01 � 0.10 4.48 � 0.20*† 5.17 � 0.14*†‡

LVDs (mm) 1.95 � 0.11 2.03 � 0.10 2.86 � 0.17*† 3.92 � 0.26*†‡

LVPW (mm) 0.71 � 0.03 0.58 � 0.05* 0.60 � 0.04 0.39 � 0.05*†‡

IVS (mm) 0.76 � 0.03 0.63 � 0.08 0.55 � 0.03* 0.36 � 0.04*†‡

FS (%) 51 � 2 49 � 2 36 � 2*† 24 � 4*†‡

Left atrial size (mm2) 4.0 � 0.3 2.6 � 0.3 8.1 � 0.9*† 13.8 � 1.7*†‡

Catheterization N � 5 N � 3 N � 4 N � 4
HR (beats/min) 352 � 19 360 � 52 382 � 18 379 � 18
SBP (mmHg) 117 � 5 100 � 3* 84 � 4*† 76 � 5*†

DBP (mmHg) 80 � 3 75 � 4 61 � 3*† 57 � 2*†

LVSP (mmHg) 110 � 4 101 � 3 81 � 2*† 74 � 3*†

LVEDP (mmHg) 6 � 1 6 � 0 11 � 1*† 15 � 0*†‡

dP/dtmax (mmHg/s) 7427 � 383 7064 � 391 6722 � 645 4128 � 245*†‡

dP/dtmin (mmHg/s) 7039 � 411 6105 � 245 5011 � 388* 3259 � 85*†‡

Morphometrics N � 7–8 N � 7 N � 8–9 N � 5–6
Body weight (BW, g) 25.3 � 0.6 26.9 � 0.7 27.2 � 0.7 27.8 � 0.7
Ventricular weight (mg) 105.6 � 4.5 87.0 � 1.8* 134.6 � 5.4*† 138.5 � 11.1*†

Ventricular/BW (mg/g) 4.17 � 0.12 3.24 � 0.07* 4.89 � 0.14*† 4.92 � 0.38*†

Ventricular/TL (mg/mm) 6.13 � 0.24 5.03 � 0.07* 7.69 � 0.31*† 7.82 � 0.64*†

Atria weight (mg) 6.0 � 0.2 4.4 � 0.3 16.4 � 2.1*† 32.8 � 8.2*†‡

Lung weight (mg) 148.6 � 2.5 142.4 � 2.0 190.4 � 7.1*† 226.7 � 11.5*†‡

LVDd, LVDs, LV dimension at diastole or systole; LVPW, LV posterior wall thickness; IVS, interventricular septum thickness; FS, fractional
shortening; SBP, DBP, systolic or diastolic blood pressure; LVSP, LV systolic pressure; LVEDP, LV end-diastolic pressure; dP/dtmax and dP/dtmin,
maximum rate of rise and decay of LV pressures; TL, tibial length.

*P � 0.05 versus NTg.
†P � 0.05 versus dnPI3K.
‡P � 0.05 versus DCM.
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LVDs, Table 1), thinning of ventricular walls (LVPW and
IVS, Table 1) and depressed systolic function (FS, Table
1). DCM-Tg also have enlarged atria and congested
lungs compared with NTg (Table 1).

As previously reported,16 PI3K activity and the phos-
phorylation of a downstream target, pAkt, was signifi-
cantly lower in ventricular tissue of dnPI3K transgenics
compared with NTg (Figure 1, A and B). PI3K activity was
also significantly depressed in dnPI3K-DCM compared
with DCM and a similar pattern (although not significant)
was observed for pAkt/total Akt (Figure 1, A and B). The
phosphorylation of pERK1/2 relative to total ERK1/2 was
not different between groups (data not shown).

The heart failure phenotype of dnPI3K-DCM was more
severe than DCM-Tg alone [lifespan reduced from 8.3 �
0.3 months (n � 5) to 4.3 � 0.6 months (n � 7, P � 0.05)].
At �4.5 months of age, dnPI3K-DCM showed signs of
severe DCM (Figure 2, A and B). By echocardiography,
dnPI3K-DCM had dilated LV chambers, thin ventricular
walls, enlarged atria, and depressed cardiac function
(Table 1; Figure 2, C and D). The presence of DCM and
heart failure was also indicated by a reduction in LV
contractile parameters including dP/dtmax, dP/dtmin and
LVSP, as well as an increase in LVEDP (Table 1). Con-
sistent with the more severe heart failure phenotype in
dnPI3K-DCM compared with DCM, normalized SERCA2a
expression (a critical determinant of Ca2� homeostasis
and cardiac contractility) tended to be lower (P � 0.06) in

hearts of dnPI3K-DCM than DCM (Figure 1C), and was
significantly lower than NTg and dnPI3K.

At autopsy, dnPI3K-DCM had dilated hearts and en-
larged atria, and chronic thrombi were present in the left
atrium in �50% of mice (Figure 2, E and F). Total ven-
tricular weights normalized for body or tibial length were
increased by approximately 20 to 25% in dnPI3K-DCM
compared with NTg (Table 1). The atrial weight of
dnPI3K-DCM was fivefold greater than NTg and twofold
greater than DCM-Tg. dnPI3K-DCM also had elevated
lung weights, indicative of lung congestion (Table 1).

Atrial thrombus formation is a common complication
of AF that is associated with an increased risk of stroke.
Thrombus formation in AF can be related to several
underlying pathophysiological mechanisms including
anatomical and structural changes, abnormal changes
in blood constituents, or atrial stasis due to heart failure.
In the current study, global fibrinolytic activity present in
mouse plasma was not different between the four groups
of mice as assessed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and fibrin zymography (Fig-
ure 3A). However, atrial fibrosis was 5.5-fold and 2.2-fold
higher in dnPI3K-DCM and DCM-Tg, respectively, com-

Figure 1. PI3K activity, pAkt, and SERCA2a gene expression in mouse
ventricular samples from NTg, dnPI3K (dnP), DCM, and dnPI3K-DCM (dnP-
DCM). A: PI3K activity (left, upper panel). IP, immunoprecipitate; �,
negative control (sample without antibody); PIP, phosphatidylinositol
3-phosphate. A portion of the immunoprecipitated antibody was subjected to
Western blotting and probed with an anti-p85 antibody (left, lower panel).
Quantitative analysis of PI3K activity relative to p85 (right panel). NTg: N �
6, dnP: N � 6, DCM: N � 8, dnPI3K-DCM: N � 7. B: Representative Western
blot showing pAkt and total Akt (left panel). Quantitative analysis of pAkt
relative to total Akt (right panel). NTg: N � 3 in each group. *P � 0.05
(unpaired t-test). C: Representative Northern blot showing SERCA2a gene
expression (left, upper panel) relative to GAPDH (left, lower panel).
Quantitative analysis (right panel). NTg: N � 6, dnP: N � 5, DCM: N � 6,
dnPI3K-DCM: N � 6. *P � 0.05 versus NTg, †P � 0.05 versus dnP. NTg was
normalized to 1.0 in each panel.

Figure 2. Pathological findings in dnPI3K-DCM. Cardiac transverse sections
from NTg (A) and dnPI3K-DCM (B). Enlarged atrial size in dnPI3K-DCM
versus NTg by echocardiography (C and D) and at autopsy (E and F). LA, left
atrium; LV, left ventricle; RV, right ventricle; a, aorta. Microscopic view
showing fibrosis (blue staining Masson’s trichrome) and organic thrombus
(arrow) in the atria of dnPI3K-DCM versus NTg (G and H).
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pared with NTg (Figure 2, G and H; Figure 3B). Consis-
tent with this finding, gene expression changes of a num-
ber of extracellular matrix- and fibrosis-related genes
were higher in DCM-Tg and dnPI3K-DCM compared with
NTg and dnPI3K-Tg (Figure 3B). Ventricular collagen
deposition was also significantly greater in dnPI3K-DCM
(4.45 � 0.43%, N � 6) than DCM-Tg (3.42 � 0.34%, N �
3) and NTg (1.26 � 0.04%, N � 6). To explore the
possibility that changes in components of the blood may
activate pro-MMPs to MMPs and contribute to atrial and
LV structural disarrangement with increased deposition
of collagen, we assessed latent and active forms of two
MMPs in ventricular tissue (inadequate protein available
from mouse atria) that have been associated with marked
structural abnormalities in the atria in a setting of heart
failure ie, MMP2 and MMP9.44,45 By gelatin zymography
we found no changes in latent or active MMP9 (data not
shown). However, both latent and active MMP2 were

increased in ventricles of DCM and dnPI3K-DCM com-
pared with NTg and dnPI3K (Figure 3C), although there
were no differences between DCM and dnPI3K-DCM.
Together, these data suggest that the incidence of atrial
thrombus in dnPI3K-DCM is the consequence of heart
failure and AF per se, as opposed to changes in blood
constituents causing AF.

dnPI3K-DCM Develop Atrial-Ventricular
Conduction Blockade (AVB) and AF

Mild to major ECG abnormalities were observed in
dnPI3K-Tg, DCM-Tg, and dnPI3K-DCM compared with
NTg (Table 2; Figure 4, A–D). dnPI3K-Tg had slightly
blunted R- and P- amplitudes (Table 2). This may be due
to the reduced ventricular mass of dnPI3K-Tg (Table 1).
DCM-Tg had prolonged P-R intervals and a smaller

Figure 3. Pathophysiological mechanisms re-
sponsible for atrial thrombus formation in
dnPI3K-DCM. A: Global fibrinolytic activity in
mouse plasma of NTg, dnP-DCM (dnPI3K-
DCM), DCM, and dnP (dnPI3K). Fibrin zymog-
raphy (left panel): Tissue plasminogen (tPA)
standard; molecular weight marker (M) in kilo-
daltons; tPA-plasminogen activator inhibitor
1(PAI-1) complex. Quantitative analysis of the
tPA-PAI-1 complex (right panel). The fibrino-
lytic activity that migrates below the 50-kd mo-
lecular weight marker (marked with an aster-
isk) may possibly represent mouse urokinase
(u-PA), which migrates at 45–48 kd. Regardless
of its formal identity, there was no obvious dif-
ference in the level of this particular fibrinolytic
moiety between the groups. N � 4 in each
group. B: Atrial fibrosis in NTg, dnPI3K-Tg,
DCM-Tg, and dnPI3K-DCM. Quantitative analy-
sis of area of fibrosis relative to area of the atria
(left panel). NTg: N � 6, dnP: N � 4, DCM: N �
6, dnPI3K-DCM: N � 4. Gene expression
changes measured by microarray of extracellular
matrix- and fibrosis-related genes. Col, procolla-
gen types; Fn1, fibronectin (right panel). *P �
0.05 versus NTg and dnPI3K; †P � 0.05 versus
DCM. N � 4 in each group. C: MMP-2 activity
(gelatin zymography) in ventricular tissue. NTg
was normalized to 1.0. *P � 0.05 versus NTg and
dnPI3K. N � 3 in each group.

Table 2. ECG Analyses from NTg, dnPI3K-Tg, DCM-Tg, and dnPI3K-DCM at 4.2–4.9 Months of Age

Parameter NTg (N � 12) dnPI3K (N � 8) DCM (N � 6) dnPI3K-DCM (N � 8)

HR (beats/min) 477 � 7 475 � 11 472 � 20 514 � 18
R-R (ms) 126 � 2 127 � 3 128 � 5 118 � 4
P-R (ms) 37 � 1 39 � 1 53 � 2*† 86 � 9*†‡

QRS (ms) 9.0 � 0.2 9.0 � 0.4 8.0 � 0.2 8.0 � 0.3
P-amplitude (mV) 0.14 � 0.01 0.08 � 0.01* 0.09 � 0.01* 0.05 � 0.01*†‡

R-amplitude (mV) 1.55 � 0.08 1.31 � 0.09* 0.93 � 0.09*† 0.40 � 0.08*†‡

*P � 0.05 versus NTg.
†P � 0.05 versus dnPI3K.
‡P � 0.05 versus DCM.
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R-amplitude than both dnPI3K-Tg and NTg (Table 2). All
dnPI3K-DCM had markedly suppressed P- and R-ampli-
tudes compared with NTg (Table 2; Figure 4, A and D).
dnPI3K-DCM had P-waves with aberrant morphologies
including double peaks (Figure 4E). All dnPI3K-DCM had
prolonged P-R intervals and displayed first degree (Fig-
ure 4E), second degree (Figure 4F), and third degree
block (Figure 4G). Finally, despite recording ECG signals
in anesthetized mice for only short periods of time
(5–10 minutes), AF occurred spontaneously in �40% of
dnPI3K-DCM (six of 16 animals, Figure 5E). AF was con-
sidered if P-waves were absent during periods with
overtly irregular R-R intervals. The absence of P-waves
was confirmed by intracardiac catheter recordings (Fig-
ure 5A). Such episodes were not observed in NTg,
dnPI3K, or DCM-Tg (n � 6–12). Episodes of atrial tachy-
cardia and AF (seconds to minutes) were also apparent
in conscious dnPI3K-DCM by ambulatory ECG (Figure 5,
B–D). ECG telemetry studies suggest that the incidence
of AF is higher than 40% when mice are monitored for
24-hour periods; by telemetry AF was detected in six of
six dnPI3K-DCM.

ECG Characteristics of Aged DCM-Tg and
dnPI3K-Tg

ECG measurements were recorded in aged DCM-Tg to
examine whether AF in dnPI3K-DCM was simply a result
of a more severe phenotype in dnPI3K-DCM compared

with DCM-Tg. DCM-Tg have an average lifespan of �8
months although a small percentage of mice live consid-
erably longer. Aged DCM-Tg (15.0 � 1.3 months, n � 6)
displayed a similar heart failure phenotype to that of
dnPI3K-DCM [�4.5 months; similar atrial weights (DCM:
33.8 � 3.9; n � 5 versus dnPI3K-DCM: 32.8 � 8.2 mg;
Table 1) and lung congestion (lung weights-DCM:
285.5 � 47.3; n � 6 versus dnPI3K-DCM: 226.7 � 11.5
mg, Table 1)]. However, ECG abnormalities remained
more severe in dnPI3K-DCM (Table 2) than aged
DCM-Tg (Table 3). The R-amplitude of aged DCM-Tg
was reduced (P � 0.05) compared with younger DCM-Tg
but remained greater than that observed in dnPI3K-DCM

Figure 4. Representative ECGs from NTg (A), dnPI3K-Tg (B), DCM-Tg (C),
and dnPI3K-DCM (D). dnPI3K-DCM displayed various degrees of AVB. E:
First-degree AVB (constant prolonged PR); F: Mobitz type 1 second-degree
AVB (gradual prolongation of the P-R intervals before complete block,
Wenckebach phenomenon; solid triangles indicate P-waves); G: Third-de-
gree AVB (no relationship between P waves and QRS complexes).

Figure 5. ECGs from dnPI3K-DCM showing episodes of AF. A: Short episode
of AF. Intracardiac ECG using an electrophysiology catheter; P-waves are
indicated with arrows. Simultaneous recordings from lead II (upper panel)
and intracardiac catheter (lower two panels). B: Atrial tachycardia (dots
indicate P-waves), atrial rate �1000 beats/min. C: Short episode of AF
(indicated by horizontal arrow). D and E: Prolonged episode of AF (min-
utes), demonstrated by absence of P-waves and irregular R-R intervals.

Table 3. Parameters Derived from ECGs from Aged NTg,
dnPI3K, and DCM-Tg

Parameter
NTg

(N � 6)
dnPI3K
(N � 5)

DCM
(N � 6)

Age (months) 13.5 � 2.7 16.1 � 1.6 15.0 � 1.3
HR (beats/min) 491 � 21 485 � 16 430 � 53
R-R (ms) 124 � 6 124 � 4 159 � 33
P-R (ms) 37 � 1 44 � 2* 63 � 7†‡

QRS (ms) 10.0 � 0.0 11.0 � 0.1 11.0 � 0.1
P-amplitude

(mV)
0.18 � 0.02 0.09 � 0.01† 0.09 � 0.02†

R-amplitude
(mV)

1.48 � 0.07 1.01 � 0.18† 0.52 � 0.06†‡

*P � 0.05 versus NTg (unpaired t-test).
†P � 0.05 versus NTg (ANOVA).
‡P � 0.05 versus dnPI3K (ANOVA).
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(Tables 2 and 3). The P-R interval was not significantly
different between aged and younger DCM-Tg, and AF
was not observed in aged DCM-Tg. Interestingly, in aged
dnPI3K-Tg (16.1 � 1.6 months) there was a small but
significant increase in P-R interval compared with
younger dnPI3K-Tg (�4.5 months, P � 0.05, Table 2) and
aged NTg (Table 3). The R-amplitude of aged dnPI3K-Tg
was smaller than aged NTg, and aged dnPI3K-Tg dis-
played periods with irregular R-R intervals (Figure 6, A–C;
Table 3).

Gene Expression Profiles in Mouse Atrial
Samples

Next we assessed whether our AF mouse model (dnPI3K-
DCM) was associated with changes in gene expression
that have been reported in humans or large animal AF
models. The dnPI3K transgene alone (decrease in PI3K
activity) had a significant effect on the gene expression of
potassium channels and genes involved in metabolic
pathways compared with atrial samples from NTg (Figure
7, A and B). Gene expression fold changes versus NTg
were larger again in DCM and greatest in dnPI3K-DCM
(Figure 7, A and B).

Reduced PI3K Activity in Human Atrial
Appendages from Patients with AF

To examine whether changes in PI3K activation may be a
contributing factor to the development of AF in humans,
we assessed PI3K activity in atrial appendages from

patients with acute or chronic AF. PI3K(p110�) activity
was measured in atrial appendages from patients under-
going CABG surgery who did [66 � 3 years, n � 4 (three
females, one male)] or did not [64 � 4 years, n � 6 (five
males, one female)] develop AF postoperatively, and in
atrial appendages from patients undergoing mitral valve
surgery with chronic AF [76 � 3 years, n � 5 (two males,
three females)]. PI3K activity was lower in atrial samples
from patients with acute or chronic AF compared with
CABG patients without AF (Figure 8, A and B).

Figure 6. Aged dnPI3K-Tg have blunted R-amplitudes, prolonged P-R inter-
vals, and periods with irregular R-R intervals. ECGs from an aged NTg (A) and
aged dnPI3K-Tg (B and C).

Figure 7. Gene expression changes measured by microarray of potassium
channels (A), and metabolism genes (B). *P � 0.05 versus NTg, †P � 0.05
versus NTg and dnPI3K. ‡P � 0.05 versus NTg, dnPI3K and DCM. N � 4 in
each group. Potassium channels–Kcnv2: potassium channel, subfamily V,
member 2; Kcnt2: potassium channel, subfamily T, member 2; Kcnd3: po-
tassium voltage-gated channel, Shal-related family, member 3; Kcnj2: potas-
sium inwardly rectifying channel, subfamily J, member 2. Metabolism genes–
Ckmt2: creatine kinase, mitochondrial 2; Cox7a1: cytochrome c oxidase,
subunit VIIa 1; Fh1: fumarate hydratase 1; Camk1g: calcium/calmodulin-
dependent protein kinase I �; Sprr1a: small proline-rich protein 1A; P4ha3:
procollagen-proline, 2-oxoglutarate 4-dioxygenase.

Figure 8. A: PI3K activity (upper panel) in atrial samples from patients
undergoing CABG surgery who did or did not develop AF postoperatively
(No AF) and a patient with mitral valve disease (V) and chronic AF. IP,
immunoprecipitate; �, negative control (sample without antibody); PIP,
phosphatidylinositol 3-phosphate. A portion of the immunoprecipitated
antibody was subjected to Western blotting and probed with an anti-p85
antibody (lower panel). B: Quantitative analysis. NTg was normalized to
1.0. *P � 0.05 versus No AF. CABG No AF: N � 6, CABG AF: N � 4, Valve
AF: N � 5.
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Enhanced PI3K(p110�) Activity Reverses Some
of the Phenotypic Effects in DCM Mice

Data from both our mouse studies and human atrial ap-
pendages suggest that a reduction in PI3K(p110�) ac-
tivity increases susceptibility toward AF. Next, we exam-
ined whether increasing PI3K(p110�) activity could
reverse some of the features associated with the DCM
phenotype. As DCM (4.5 months or aged mice �15
months) do not develop AF we were unable to assess the
incidence of AF directly. However, to address this question
(at least in part) we assessed atrial fibrosis and the P-R
interval in DCM mice with increased cardiac PI3K(p110�)
activity. Both an increase in atrial fibrosis and increased
P-R intervals (AV block) are associated with increased
susceptibility to AF. PI3K activity was increased in hearts
of DCM mice by breeding DCM mice with cardiac-spe-
cific transgenic mice with a caPI3K(p110�) mutant.
caPI3K-DCM mice had reduced atrial fibrosis compared
with DCM (Figure 9, A and B; 4.5 months) and reduced
P-R intervals compared with DCM (caPI3K-DCM: 45 � 2
versus DCM: 53 � 2 ms; P � 0.05; N � 5 in each group;
measurements at approximately 6.8 months in mice with
similar heart rates caPI3K-DCM: 504 � 15 bpm, DCM:
498 � 9 bpm).

Discussion

Heart failure is a risk factor for the development of AF but
the molecular factors responsible for the onset of AF in
some patients but not others remains unclear. Similarly,
there are numerous reports of heart failure mouse models
but only a relatively small proportion of these models
develop AF.5,6,8–13 A greater understanding of the mo-
lecular mechanisms associated with heart failure in-
duced AF, as well as the generation of genetic models
to test therapeutic interventions is clearly needed. In
this study, we examined whether a reduction in cardiac
PI3K(p110�) signaling would accelerate heart failure in a
well characterized model of DCM and whether this would

make the heart susceptible to AF. PI3K(p110�) is a sig-
naling protein that promotes physiological growth in the
heart in response to exercise and protects the heart
against cardiac dysfunction.18,19 Risk factors for AF, in-
cluding aging, obesity, and diabetes have all been asso-
ciated with insulin resistance that leads to depressed/
defective PI3K signaling.46–48 However, to date, there
has been no link between PI3K(p110�) activity and AF.
The dnPI3K mouse model represents a genetic model
with defective insulin signaling (in the heart alone).49

Here, we report that reducing PI3K(p110�) activity in
hearts of mice with DCM accelerated the progression of
heart failure and led to the spontaneous onset of AF.
Furthermore, data from atrial samples from patients sug-
gest that reduced PI3K(p110�) activity may be a contrib-
uting factor to AF in humans. To our knowledge, this is the
first study to implicate PI3K(p110�) activity as an impor-
tant factor that can influence the incidence of AF.

dnPI3K-DCM expressing both DCM and dnPI3K had a
phenotype that was worse than DCM-Tg alone. This is
consistent with previous studies in which loss of
PI3K(p110�) accelerated the progression of heart failure
in a setting of pressure overload.18,19 The dnPI3K-DCM
model was associated with marked DCM and atrial en-
largement and fibrosis. By ECG, all dnPI3K-DCM showed
signs of severe AVB and depressed ECG potentials. AF
was observed in �40% of dnPI3K-DCM when ECGs were
recorded for 5- to 10-minute intervals, although telemetry
studies suggest the incidence is much higher. There is
clinical and experimental evidence for atrial enlarge-
ment and fibrosis as key histopathological substrates
for AF.50 Both features were observed in our model and
would increase the likelihood of re-entry and possibly
contribute to the observed AF and AVB. We previously
reported that activation of the insulin-like growth factor
1-PI3K(p110�) pathway protected the heart against fibro-
sis in response to pressure overload, whereas a reduc-
tion in PI3K(p110�) signaling lead to increased fibro-
sis.19,20 In the current study, a reduction in PI3K activity
was associated with an increase in atrial fibrosis and
up-regulation of collagen genes in atria of dnPI3K-DCM.
Thus, the dnPI3K transgene, when introduced on a back-
ground of DCM, may increase the likelihood of AF by
increasing fibrosis.

An arrhythmic phenotype was not reported in the initial
characterization of the DCM-Tg, but ECG studies were
not performed.33 In our study, DCM-Tg (�4.5 months)
displayed AVB and had depressed R- and P-amplitudes;
however, these changes were less prominent than that
observed in dnPI3K-DCM. AF was not detected in DCM-Tg.
It could be argued that reducing expression of a cardio-
protective kinase, eg, PI3K(p110�), simply accelerated
heart failure progression to induce AF in dnPI3K-DCM. To
help address this question we also studied aged DCM-Tg
(�15 months) with a similar heart failure phenotype to
dnPI3K-DCM. The R-amplitude was more dramatically
reduced in aged DCM-Tg than younger DCM-Tg (�4.5
months), however this change was still less pronounced
than that observed in dnPI3K-DCM, and AF was not
detected in aged DCM-Tg. It is also noteworthy that other
mouse models with DCM and heart failure do not neces-

Figure 9. Atrial fibrosis in NTg, DCM-Tg, and caPI3K-DCM. A: Representa-
tive left atria showing fibrosis (blue staining Masson’s trichrome). B: Quan-
titative analysis of area of fibrosis relative to area of the atria. *P � 0.05 versus
NTg; †P � 0.05 versus DCM. NTg: N � 8, DCM: N � 7, caPI3K-DCM: N � 4.
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sarily develop AF. For instance, cardiac overexpression
of �2-adrenergic receptors caused a similar DCM phe-
notype to dnPI3K-DCM (including severe myocardial fi-
brosis and atrial enlargement) but ventricular tachyar-
rhythmia rather than AF and AVB was observed.34 Finally,
the accelerated heart failure phenotype observed in
dnPI3K-DCM was ultimately a consequence of expres-
sion of the dnPI3K transgene reducing PI3K activity. To-
gether, with the significant impact of the dnPI3K trans-
gene alone on the P-R interval of aged mice and gene
expression of potassium channels and metabolism
genes, this suggests that loss of PI3K activity significantly
contributed to the AF phenotype. Modifications in the
expression of potassium channels and genes involved
with energy metabolism have been linked with AF in
animal models and humans.41–43 Both the dnPI3K trans-
gene and DCM transgene had a significant impact on
gene expression of potassium channels and metabolism
genes; these changes were even greater in dnPI3K-
DCM. A limitation of the current study is that we were
unable to provide protein expression data to support
these findings due to the small size of mouse atria. Of
note, other studies using larger species have reported
good correlations between protein and gene expression
of the Kv4.3 potassium channel (encoded by Kcnd3;
Figure 7A), and down-regulation of this channel was as-
sociated with AF in humans and dogs.51–54 PI3K(p110�)
has also been reported to differentially regulate metabo-
lism genes in ventricular tissue.55 Further studies are
required to examine the functional consequence of these
alterations in gene expression.

To examine whether lowered PI3K activity in humans
was also associated with AF, we assessed PI3K activity in
atrial appendages from patients with acute or chronic AF.
A relatively high proportion (10 to 50%) of patients un-
dergoing cardiothoracic surgery develop paroxysmal AF
postoperatively.56,57 In the current study atrial PI3K ac-
tivity was lower from this group than in patients who
remained in sinus rhythm after surgery. PI3K activity was
also reduced in atrial samples from patients with chronic
AF. This suggests an association between reduced PI3K
activity and the development of clinical AF. One could
speculate that CABG surgery may represent a trigger
that induces AF in patients with reduced cardiac PI3K
activity under basal conditions (possibly as a conse-
quence of the aging process or inactivity). This is con-
sistent with the phenotype of the dnPI3K-Tg model that
has normal cardiac function under basal conditions but
more rapidly develops heart failure in response to a car-
diac stress.18,19

Finally, to determine whether an increase in PI3K ac-
tivity could reverse features associated with the DCM
model that make it susceptible to AF in a setting of
reduced PI3K activity, we generated double transgenic
mice expressing the DCM transgene and a transgene
that increases PI3K activity (caPI3K). Increasing PI3K
activity in hearts of DCM mice reduced atrial fibrosis and
improved cardiac conduction (reduced P-R interval). Fu-
ture studies will assess whether increasing PI3K activity
in other mouse models with AF can reduce or prevent the
incidence of AF.

This study raises concerns regarding the use of
PI3K(p110�) or tyrosine kinase inhibitors as anticancer
agents in patients with underlying cardiac conditions.32

We previously demonstrated that a reduction in
PI3K(p110�) activity accelerated heart failure in setting of
DCM or hypertrophic cardiomyopathy.19 Our current
work now raises concerns regarding an increased sus-
ceptibility to AF with the use of PI3K(p110�) inhibitors. Of
note, a report of AF was described in a recent trial using
lapatinib, a novel tyrosine kinase inhibitor, that acts in
part by inhibiting PI3K.58

In summary, we have developed a genetic mouse
model of AF that is associated with heart failure and overt
atrial remodeling, simulating the clinical situation. A re-
duction in PI3K(p110�) activity, a critical effector of insulin
signaling, can help explain the link between risk factors
such as aging, obesity, and diabetes with AF. The relatively
long lifespan of this genetic mouse model will allow for
studies delineating molecular mechanisms leading to AF,
identifying triggers of spontaneous AF and testing of thera-
peutic interventions. Strategies/agents that can activate
PI3K(p110�) specifically in the heart may represent a ther-
apeutic approach for heart failure and AF.
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