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Aims Liver kinase B1 (LKB1) is a protein kinase that activates the metabolic regulator AMP-activated protein kinase (AMPK)
and other related kinases. Deletion of LKB1 in mice leads to cardiomyopathy and atrial fibrillation (AF). However, the
specific role of the LKB1 pathway in early atrial biology remains unknown. Thus, we investigated whether LKB1 deletion
altered atrial channel expression and electrophysiological function in a cardiomyocyte-specific knockout mouse model.

Methods
and results

We performed a systematic comparison of aMHC-Cre LKB1fl/fl and littermate LKB1fl/fl male mice. This included
analysis of gene expression, histology, and echocardiography, as well as cellular and tissue-level electrophysiology
using patch-clamp recordings in vitro, optical mapping ex vivo, and ECG recordings in vivo. At postnatal day 1, atrial
depolarization was prolonged, and Nav1.5 and Cx40 expression were markedly down-regulated in MHC-Cre
LKB1fl/fl mice. Inward sodium current density was significantly decreased in MHC-Cre LKB1fl/fl neonatal atrial
myocytes. Subsequently, additional alterations in atrial channel expression, atrial fibrosis, and spontaneous onset of
AF developed by 2 weeks of age. In adult mice, abnormalities of interatrial conduction and bi-atrial electrical coupling
were observed, likely promoting the perpetuation of AF. Mice with AMPK-inactivated hearts demonstrated modest
overlap in channel expression with MHC-Cre LKB1fl/fl hearts, but retained normal structure, electrophysiological
function and contractility.

Conclusions Deletion of LKB1 causes early defects in atrial channel expression, action potential generation and conduction, which
precede widespread atrial remodelling, fibrosis and AF. LKB1 is critical for normal atrial growth and electrophysiological
function.
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1. Introduction
The incidence of atrial fibrillation (AF) is rising worldwide,1 linked in part
to the increasing prevalence of metabolic disorders.2 However,

alterations in metabolism and metabolic signalling pathways that might
be involved in AF development have not been studied.3

The liver kinase B1 (LKB1) is a serine/threonine kinase that activates
13 downstream kinases, including AMP-activated protein kinase
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(AMPK), which is a critical component of the metabolic stress
response.4 LKB1 is expressed in abundance in the liver, skeletal muscle,
and heart in mice and humans.5 –7 Subcellular LKB1 localization and en-
zymatic activity are regulated by its interaction with MO25 and STRAD
subunits in a heterotrimeric complex.8,9 Disruption of this complex
alters LKB1 activity, leading to human disease. Loss-of-function LKB1
mutations are found in lung adenocarcinomas10 and in cancer-prone
Peutz-Jeghers Syndrome patients.11 The incidence of AF in Peutz-
Jeghers Syndrome is unknown. However, a truncation mutation in
the gene encoding STRAD, resulting in LKB1 inactivation,12 has been
found in children with severe seizures and atrial defects, and one was
diagnosed with supraventricular tachycardia.13

Animal models suggest that LKB1 may have an important role in the
heart. Mice with global deletion of LKB1 die embryonically due to vas-
cular abnormalities,14 whereas those with tissue-specific deletion often
have postnatal abnormalities.15 Conditional LKB1 deletion in striated
muscle causes myopathy and enlarged atria.6,16,17 Cardiomyocyte-
specific LKB1 deletion leads to cardiac hypertrophy, left ventricular
(LV) contractile dysfunction, AF, and premature death.18

We postulated that LKB1 might have a primary role in modulating
electrical function in the heart and investigated the effects of cardiac-
specific LKB1 deletion in a mouse model that spontaneously develops
persistent AF. The aim of this study was to define whether LKB1 reg-
ulates early atrial channel expression, electrophysiology, growth, and
function. To understand the potential contribution of loss of AMPK ac-
tivity in this model, we performed parallel experiments in mice with
genetic AMPK inactivation.

2. Methods

2.1 Animals
All procedures were approved by the Yale and Mt. Sinai IACUC commit-
tees, and conformed to the NIH guidelines. Cardiomyocyte-specific
LKB1 knockout mice were generated by crossing LKB1fl/fl mice19 with
aMHC-Cre mice.20 Mice were backcrossed for 10 generations into a
C57BL/6 background. AMPK-inactivated or ‘kinase-dead’ (KD) C57BL/6
transgenic mice, expressing a catalytically inactive a2 subunit (rat K45R)
in the heart,21 were also studied. Littermate LKB1fl/fl and MHC-Cre
LKB1fl/fl mice as well as wild-type and AMPK KD mice were compared.

2.2 Electrocardiography
Surface ECGs were performed under isoflurane anaesthesia (0.5–2%).
Lead II signal was amplified (Animal Bio Amp and PowerLab 8/30) and ana-
lysed with LabChart (AD Instruments Colorado Springs, CO). Recordings
were made after an initial stabilization period with heart rates 450–
600 min21. A total of 8–10 rhythm strips, each consisting of five consecu-
tive beats, were manually selected to calculate the average heart rate,
P-wave duration, PR interval, and QRS duration. Ectopic beats were ex-
cluded from the analysis.

2.3 Echocardiography
Echocardiography was performed with isoflurane while maintaining body
temperature. Cardiac morphology and function were examined by using
a high-resolution ultrasound (VisualSonics, Toronton, ON). A total of six
measurements were made in the short- and long-axis views. Atrial cross-
sectional diameter was measured in the long-axis view, and LV size and
function was assessed in the short-axis view, using 2D-guided M-mode im-
aging. Measurements from the six acquisitions were averaged.

2.4 Optical action potential mapping
High-resolution optical action potential (AP) mapping of superfused atrial
preparations was performed as previously described.22,23 Heart tissue pre-
parations were stained with the voltage-sensitive dye, di-4-ANEPPS, for
5 min and continuously superfused with warmed oxygenated Tyrode solu-
tion containing (in mmol/L): 114 NaCl, 25 NaHCO3, 4.6 KCl, 1.5 CaCl2, 1.2
Na2HPO3, 0.7 MgCl2, and 10 glucose. Preparations were maintained within
a custom-designed, temperature-regulated imaging chamber, with the
endocardial surface facing the imaging window in the presence of the elec-
tromechanical uncoupling agent blebbistatin (10 mM). The voltage-sensitive
dye was excited with filtered light (515+ 5 nm) from a quartz tungsten
halogen lamp; the fluorescence was filtered (.620 nm) and directed
onto a high-resolution CCD camera using an optical microscope. Prepara-
tions were paced from the right atrium at pacing cycle lengths ranging from
140 to 40 ms. Action potentials were recorded from 4 × 4 mm2 regions of
both the right and left atria.

2.5 Histology
Mice were heparinized (1000 U/kg) and anaesthetized with pentobarbital
(60 mg/kg ip). The inferior vena cava was cut and the heart was perfused
via the LV apex with cardioplegia solution containing (in mM): 10 HEPES,
150 KCl, and 5 EDTA, and fixed in paraformaldehyde. Fixed sections
were stained as indicated by the Yale Mouse Research Pathology labora-
tory. Micrographs of samples were taken using the Eclipse 80i microscope
(Nikon Instruments, Melville, NY).

2.6 Immunofluorescence
Deparaffinized and serially rehydrated tissue sections underwent
heat-induced antigen retrieval in 1 mM Tris solution, pH 9.0. Sections
were perforated in 0.3% Triton X-100 DPBS solution, and blocked with
10% normal goat serum before overnight incubation with: Cx40
(#Cx40-A; Alpha Diagnostic, San Antonio, TX) or Cx43 (#3512; Cell Sig-
naling, Beverly, MA), as indicated, and aMHC (#ab15; Abcam, Cambridge,
MA) to stain cardiomyocytes; nuclei were counterstained with DAPI. For
TUNEL staining, sections were permeabilized with nuclease-free protein-
ase K (Roche, Indianapolis, IN) for 15 min at room temperature. Apoptotic
cells were quantified after TUNEL staining with the in situ cell death detec-
tion kit (Roche), and DAPI nuclear staining, as reported previously.24

2.7 RT-qPCR
Total RNA was extracted using the NucleoSpin RNA XS kit (Macherey-
Nagel, Bethlehem, PA). NanoDrop2000 (Thermo Fisher Scientific,
Waltham, MA) was used to quantify and monitor RNA quality. Samples
were reverse-transcribed using the SuperScript VILO kit (Invitrogen,
Grand Island, NY). Target-specific primers were designed using Primer-
BLAST (see Supplementary material online, Table S1). PCR was carried
out with 5 mM of each primer and 1 ng of cDNA template with the
SsoFastEvaGreen-Supermix (Bio-Rad, Hercules, CA), using a CFX96
C1000 Thermal Cycler (Bio-Rad). All data were normalized to ribosomal
protein L32 (Rpl32), and expressed relative to control values.

2.8 Cell isolation and electrophysiology
Neonatal [postnatal day (PD)1–3] atrial myocytes were isolated from
anaesthetized male (pentobarbital, 60 mg/kg ip) mice according to pub-
lished methods.25 Inward sodium current was measured at room tempera-
ture using the patch-clamp technique.26 In brief, cells held at 280 mV were
step depolarized from 290 to +45 mV in 5 mV steps of 20 ms in duration,
with 60 ms interpulse intervals. Recording chamber solution contained (in
mM) 25 NaCl, 132.5 CsCl, 1.8 CaCl2, 1 MgCl2, 0.1 CdCl2, 5 HEPES, and 11
glucose, pH 7.4, with CsOH; pipette solution contained 5 NaCl, 135 CsF,
10 EGTA, 5 MgATP, and 5 HEPES, pH 7.2. As indicated, tetrodotoxin (TTX)
was applied to the bath chamber at final concentration of 10 mM. Record-
ings were made using the ECP-9 Patch Clamp amplifier and the Pulse soft-
ware (HEKA, Holliston, MA), and analysed using Igor Pro 6.3.
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2.9 Western blot analysis
Rapidly frozen atrial and ventricular tissues were homogenized using
the Ultra Turrax T8 disperser (IKA Wilmington, DE) in buffer containing
(in mmol/L): 20 HEPES, 50 b-glycerol phosphate, 2 EGTA, 1 DTT, 10% gly-
cerol, and 1% Triton X-100, supplemented with phosphatase and proteinase in-
hibitors.21,27 Protein homogenates (15 mg for cytosolic and 45 mg for
membrane proteins) were separated on precast gels, and transferred onto
PVDF membranes. Membranes were blocked with 5% milk in TBST solution
and incubated overnight with indicated primary antibody. The following anti-
bodies were used: total-acetyl-CoA carboxylase (ACC; #3662), phospho-ACC
Ser79 (#3661), a-tubulin (#2125), Cx43 (#3512), Na/K ATPase (#3010), total-
phospholamban (#8495; hitherto from Cell Signaling), Nav1.5 (a gift from Dr
Peter Mohler), Cx40 (#Cx40-A; Alpha Diagnostic), Cx45 (#40-7000; Invitro-
gen), phospho-phospholamban Ser16/Thr17 (#ab62170; Abcam); and SERCA2
(#2A7-A1; Thermo Fisher Scientific). HRP-conjugated secondary antibodies
were subsequently applied. Developed membranes were imaged using

ChemiDoc XRS+ Imager (Bio-Rad). Densitometry values were determined
using the ImageJ Software.

2.10 Statistical analysis
Data are presented as mean+SEM. One-way ANOVA with Bonferroni’s test,
two-way ANOVAwith the Sidak test, unpaired Student’s t-test, or unpaired two-
tailed Kolmogorov–Smirnov test analyses were performed using the Prism 6
Software (Graph Pad, La Jolla, CA). A value of P , 0.05 was considered statistic-
ally significant.

3. Results

3.1 Atrial conduction abnormalities and
AF in MHC-Cre LKB1fl/fl mice
AF has been reported in one18 but not in other6,17,28 LKB1 deletion
mouse models. To study the potential effects of LKB1 deletion on early

Figure 1 Cardiac LKB1 deletion results in early atrial conduction abnormalities and AF development. Cardiac rhythm and conduction were assessed at
Day 1, Week 1, and Week 2. (A) Representative ECG lead II traces from mice at Day 1. Scale bars represent 200 ms. (B) Mean values for P-wave duration,
PR interval, and heart rate in mice, at Day 1. (C) The percentage of mice that developed AF in the first 2 weeks of life. (D) QRS duration at each time point.
*P , 0.01, **P , 0.001 vs. age-matched control group, n ¼ 5–9, two-tailed Student’s t-test.
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cardiac conduction, we examined MHC-Cre LKB1fl/fl mice in their first
2 weeks of life using surface ECG monitoring. We observed frequent
atrial ectopic complexes (Figure 1A), and a two-fold increase in
P-wave duration in MHC-Cre LKB1fl/fl mice, suggestive of atrial conduc-
tion slowing (Figure 1B), as early as PD1. PR intervals were also pro-
longed, but heart rates were normal (Figure 1B). A majority of
MHC-Cre LKB1fl/fl mice developed persistent AF spontaneously by
Week 2 (Figure 1C). Both the efficiency of LKB1 deletion and concomi-
tant inactivation of the downstream AMPK pathway were comparable
in the atria and ventricles of the MHC-Cre LKB1fl/fl mouse hearts (see
Supplementary material online, Figure S1A and B). In contrast to the
atrial conduction abnormalities, ventricular conduction indexed by
QRS duration remained unchanged in MHC-Cre LKB1fl/fl mice
(Figure 1D), and we did not observe ventricular ectopy.

3.2 Postnatal atrial remodelling in LKB1
deletion mice
AF can be triggered by primary electrophysiological abnormalities that
alter automaticity, conduction velocity, or repolarization in atrial cardi-
omyocytes.29 However, AF can also result from conduction delay that
is associated with atrial remodelling and fibrosis. Thus, we examined
the timing of atrial remodelling, in order to determine the relationship
between conduction abnormalities and structural changes in the
MHC-Cre LKB1fl/fl mice. Atrial weights were normal at PD1, but sub-
sequently were two-fold greater at Week 1 in MHC-Cre LKB1fl/fl mice
compared with controls (Figure 2A). Interestingly, ventricular weights
were unchanged at PD1 and slightly decreased at Week 2 in the knock-
out mice (Figure 2A). Body weights remained comparable (not shown).

We also examined heart histology at embryonic day (ED) 15.5, PD1,
and Week 2 to delineate the timing of cellular remodelling associated
with LKB1 deletion. Acute activation of the downstream AMPK path-
way has an anti-hypertrophic effect in cultured rat neonatal ventricular
cardiomyocytes,18 but we found that LKB1 deletion did not affect atrial
or ventricular myocyte cross-sectional areas at Week 2 (Figure 2B). Tri-
chrome staining showed no evidence of extracellular fibrosis in the at-
ria either at ED15.5 or PD1 (Day 1). Furthermore, ED15.5 hearts
stained with picrosirius red, a more sensitive marker of collagen fi-
bres,30 showed no change in fibre density in the atria (see Supplemen-
tary material online, Figure S2). Subsequently, atrial but not ventricular
fibrosis developed at Week 2 in MHC-Cre LKB1fl/fl mice (Figure 2C).

To identify potential mechanisms responsible for atrial remodelling,
we analysed apoptosis by TUNEL staining, and gene transcripts for pro-
fibrotic factors and inflammatory markers. Increased atrial fibrosis was
not associated with atrial apoptosis, but there was a six-fold increase in
ventricular apoptosis in the MHC-Cre LKB1fl/fl mice at PD1 (see Sup-
plementary material online, Figure S3A–C). We found no histologic evi-
dence of atrial inflammation, and CD34 transcripts were unchanged at
Day 1 and actually reduced at Week 2 in MHC-Cre LKB1fl/fl mice
(Figure 2D). In contrast, there was an increase in connective tissue
growth factor (CTGF), endothelin-1 (Edn1), and collagen 1A (Col1a1)
transcripts at Week 2, indicating initiation of pro-fibrotic signalling as
early as Day 1 despite the absence of histological abnormalities
(Figure 2D).

3.3 Atrial-specific changes in ion channel
expression
Since P-wave prolongation at Day 1 appeared to occur in the absence
of structural remodelling, we hypothesized that early atrial-specific

electrical remodelling might be a direct consequence of LKB1 deletion.
Thus, we examined the expression levels of key ion channels, transpor-
ters, and gap junction proteins at this time point. Consistent with their
prolonged intra-atrial conduction, MHC-Cre LKB1fl/fl mice had signifi-
cantly reduced atrial Cx40 (Gja5) and Nav1.5 (Scn5a) transcripts at Day
1 (Figure 3A). Atrial Cx43 (Gja1) and Cx45 (Gjc1) were also decreased
early, showing significant changes by Week 2 (Figure 3), with parallel de-
creases in protein expression evident on immunoblots of atrial homo-
genates (see Supplementary material online, Figure S5). These changes
were also reflected in reduced atrial cardiomyocyte Cx40 and Cx43 IF
staining in heart sections, both at Day 1 (Figure 3B) and ED15.5 (see
Supplementary material online, Figure S4).

To assess the functional consequences of decreased atrial Nav1.5 ex-
pression at Day 1 (Figure 4A), we measured the density of the inward
current in isolated neonatal atrial cardiomyocytes. This inward current
was completely suppressed by the sodium channel blocker TTX, con-
firming that it was due to sodium ion flux (see Supplementary material
online, Figure 6A and B). Our recordings showed that the inward so-
dium current (INa) was diminished in MHC-Cre LKB1fl/fl myocytes
compared with control (Figure 4B and C ). There was a 60% reduction
in peak INa density at 215 mV in myocytes isolated from MHC-Cre
LKB1fl/fl compared with those from control atria (Figure 4D). No differ-
ences in cell capacitance or inactivation tau kinetics were found (see
Supplementary material online, Figure S6D). Taken together, these
findings demonstrate that LKB1 deletion significantly impairs cardio-
myocyte excitability by reducing Nav1.5 expression, prior to structural
remodelling in the atria.

Additional early decreases in atrial transcript expression included
the sarcolemmal voltage-dependent calcium channel Cav3.2 (Cacna1h),
delayed rectifier potassium channel Kv7.1 (Kcnq1), pore-forming sub-
unit of the KATP (Kcnj8) channel, the inwardly rectifying Kir2.4
(Kcnj14), and TASK-1 (Kcnk3) channels (see Supplementary material
online, Figure S7A and B).

3.4 Late atrial electrophysiological
abnormalities of the MHC-Cre
LKB1fl/fl mice
Consistent with a prior report,18 MHC-Cre LKB1fl/fl mice had a shorter
lifespan, with death occurring as early as 13 weeks of age (see Supple-
mentary material online, Figure S8). Thus, we elected to study the late
electrophysiological function in MHC-Cre LKB1fl/fl mice between 10
and 12 weeks of age. We performed high-resolution optical AP imaging
in superfused bi-atrial preparations (atrial mapping) and Langendorff-
perfused hearts (ventricular mapping). Atrial AP duration (APD) was
prolonged by two-fold in MHC-Cre LKB1fl/fl mice compared with con-
trols (Figure 5A and see Supplementary material online, Figure 9A). This
finding may reflect the down-regulation of K+ channel expression that
we observed. While atrial preparations from control mice could be
paced at cycle lengths down to 50 ms, MHC-Cre LKB1fl/fl mice exhib-
ited early loss of excitability at cycle lengths ,80 ms (Figure 5A). These
data are consistent with a reduced depolarization reserve in MHC-Cre
LKB1fl/fl mice possibly due to lower Nav1.5 levels. Furthermore, rapid
pacing of atrial preparations from MHC-Cre LKB1fl/fl mice resulted in a
2 : 1 pattern of conduction block (see Supplementary material online,
Figure S9B–D), revealing a rate dependence of conduction. Additional-
ly, quantification of the normalized atrial AP upstroke velocity, an index
of atrial excitability, was significantly reduced in MHC-Cre LKB1fl/fl

mice (Figure 5B).
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Figure 2 Cardiac LKB1 deletion leads to differential atrial and ventricular remodelling during early growth. (A) Atrial and ventricular mass for
MHC-Cre LKB1fl/fl and LKB1fl/fl mice. *P , 0.01, **P , 0.001 vs. age-matched control, n ¼ 5–14, one-way ANOVA. Whole-heart sections were exam-
ined at ED 15.5, PD1, and Week 2. (B) Averaged myocyte cross-sectional area at Week 2. (C ) Representative images of trichrome-stained left atria (“A”)
and left ventricle (“V”) at the indicated time points. Scale bars represent 50 mm. (D) Chamber-specific transcript levels of connective tissue growth factor
(CTGF), endothelin-1 (Edn1), collagen-1 (Col1a1), and CD34 (CD34) on Day 1 and Week 2. *P , 0.05, **P , 0.01 vs. age-matched control group, n ¼ 6,
two-tailed Student’s t-test.
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Delayed inter-atrial electrical coupling is associated with arrhythmo-
genesis.31 We therefore investigated whether inter-atrial electrical
coupling was delayed in the adult MHC-Cre LKB1fl/fl mice. The right
atrium was paced, while we measured the right and left atrial AP
responses (Figure 5C). Whereas pacing elicited AP responses in both
atria in controls, AP responses were confined to the right atrium in
MHC-Cre LKB1fl/fl preparations, indicating a complete loss of
inter-atrial electrical coupling.

Compared with these marked alterations in the atria, changes in
ventricular electrophysiology were modest. A trend towards longer
APDs was found in MHC-Cre LKB1fl/fl ventricles over a range of cycle
lengths. Differences, reaching a maximum of 1.2-fold increase, only
reached statistical significance at relatively long (i.e. 140 ms) pacing cy-
cle lengths (Figure 6A). Despite these alterations, conduction velocity
remained unchanged in MHC-Cre LKB1fl/fl ventricles vs. controls
(Figure 6B and C ). Collectively, these ex vivo data reveal pronounced
electrophysiological dysfunction in the atria that may provide a suitable
electrophysiological substrate to support the maintenance of AF in vivo
in MHC-Cre LKB1fl/fl mice.

3.5 Effects of inactivation of AMPK
signalling on early heart growth and
electrophysiology
LKB1 is upstream of the metabolic fuel gauge/stress kinase AMPK,
which also regulates the activity of selected ion channels,32 cellular
growth, and polarity.33 Thus, we considered the role of AMPK in me-
diating the effects of LKB1 deletion, and performed parallel studies to
determine whether AMPK-inactivated ‘KD’ mice21 shared similar ab-
normalities. At Week 2, ECG recordings were normal in KD mice
(see Supplementary material online, Figure S10A and B). Size and weight
of the hearts were also normal (not shown). At the molecular level, KD
mice exhibited decreased atrial Scn5a and increased Col1a1 transcripts,
but no alterations in gap junction proteins (see Supplementary material
online, Figure S10C). Thus, the limited changes present in the KD atria
were insufficient to induce the electrophysiological abnormalities or
structural remodelling seen in MHC-Cre LKB1fl/fl mice.

We determined the degree of AMPK inactivation by assessing
phosphorylation of downstream ACC in the two models. ACC

Figure 3 Cardiac LKB1 deletion leads to down-regulation of ion channels. Transcript levels of (A) gap junction proteins (Gja5, Gja1, and Gjc1) and the
voltage-dependent sodium channel (Scn5a) were compared in the atria and ventricles at Day 1 and Week 2. *P , 0.05, **P , 0.01, ***P , 0.001 vs.
age-matched control group, n ¼ 6, unpaired Student’s t-test. (B) Representative IF images of Day 1 atrial sections, stained for Cx40 (left) or Cx43 (right),
both labelled with green fluorophores. Scale bars represent 12 mm. (Insets) Zoom-in images of areas of interest indicated by dotted squares. Scale bars
represent 6 mm.
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phosphorylation was decreased in both models, but more so in the
MHC-Cre LKB1fl/fl compared with KD mice (see Supplementary ma-
terial online, Figure S10D). As such, we could not exclude the possibility
that greater inactivation of AMPK signalling contributed to the more
prominent alterations in the MHC-Cre LKB1fl/fl mice.

Finally, we compared the effects of LKB1 deletion vs. AMPK in-
activation on cardiac function in adult mice at 12 weeks. All MHC-Cre
LKB1fl/fl, but none of the KD mice, were in AF (Figure 7A). Echocardio-
grams showed LA enlargement, increased LV wall thickness, and dimin-
ished ejection fraction in LKB1 knockouts, but again not in KD mice
(Figure 7B). Similarly, we found pronounced atrial fibrosis and myocyte
hypertrophy only in MHC-Cre LKB1fl/fl mice (Figure 7C and see Supple-
mentary material online, Figure S11). Taken together, these results
demonstrate substantially more pronounced cardiac remodelling and
electrophysiological abnormalities in fully backcrossed syngeneic adult
mice with LKB1 deletion compared with those with AMPK inactivation.

4. Discussion
These findings support an important role for LKB1 signalling in atrial
biology, demonstrating early electrophysiological abnormalities and

subsequent structural remodelling in mice with LKB1 deletion in car-
diac myocytes. LKB1 deletion resulted in decreased expression and
function of ion channel and gap junction proteins that are critical to at-
rial excitability, intra-atrial conduction, and coupling. These changes
started to develop prior to atrial structural remodelling and the onset
of AF. However, LKB1 deletion subsequently led to atrial enlargement
and fibrosis, without evidence of necrosis, inflammation, apoptosis, or
cardiomyocyte hypertrophy. The remodelling and fibrosis led to
marked electrophysiological abnormalities in adult mice that very likely
contributed to the perpetuation of AF.

4.1 Changes in ion channel expression
and function in MHC-Cre LKB1fl/fl mice
These results indicate that LKB1 has a critical early atrial-specific role,
modulating the expression of ion channels and gap junction proteins
that underlie the generation and propagation of the AP. During late em-
bryonic development, there was a significant decrease in the expres-
sion of Cx40, the atrial-enriched connexin isoform that facilitates AP
propagation.34,35 LKB1 deletion also led to marked down-regulation
of neonatal atrial Nav1.5 expression and a decrease in inward sodium
current in isolated atrial cardiomyocytes. The combined alterations in

Figure 4 Cardiac LKB1 deletion leads to decreased sodium channel Nav1.5 expression and function in the atria. (A) A representative immunoblot for
Nav1.5 in 1-day-old heart homogenates with quantification by densitometry in bar graph to the right. (B) Representative traces of whole-cell patch-clamp
measurements of inward sodium current density in MHC-Cre LKB1fl/fl and LKB1fl/fl neonatal atrial cardiomyocytes. (C) I-V plot of inward sodium current
density in MHC-Cre LKB1fl/fl and LKB1fl/fl neonatal atrial cardiomyocytes. (D) The peak current amplitude at 215 mV was significantly lower in
MHC-Cre LKB1fl/fl vs. LKB1fl/fl myocytes (**P ¼ 0.01, unpaired two-tailed Kolmogorov–Smirnov test, n ¼ 14–17 cells from 6–8 animals per group).
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Cx40 and Nav1.5 could account for the prolonged P-wave duration,
indicative of an intra-atrial conduction delay, observed at PD1.

Studies on Cx40- or Nav1.5-ablated mouse models provide an add-
itional perspective on our findings. In mice, Cx40 deletion leads to mul-
tiple conduction abnormalities, including atrioventricular block and
atrial re-entrant tachycardia.36,37 Heterozygous Nav1.5 deletion slows
sino-atrial, atrioventricular, and intra-ventricular conduction pathways
in mice.38,39 Although deletion of either protein alone does not cause
AF in mice per se, reduced expression of either Nav1.5 or Cx43 heightens
the susceptibility to AF in response to stressors.38,40 Furthermore, a con-
comitant decrease in Nav1.5 and Cx43 expression increases vulnerability
to ventricular arrhythmias in mice.41 These studies suggest that the com-
bined down-regulation of atrial Nav1.5 and connexin expression could be
central to AF development in the MHC-Cre LKB1fl/fl mice. As alterations
in potassium and calcium channels can also trigger AF,42 it is possible that

changes in the expression of these channels could also have contributed
to their developing AF.

Hitherto unexplored in the previously reported LKB1 deletion
mouse models,18,28,43 our molecular and cellular studies indicate a no-
vel role for LKB1 in the neonatal atria. Cardiomyocyte hypertrophy and
fibrosis,18 as well as increased inflammation and ROS generation,43

have been proposed as precipitants of AF in mice with cardiac LKB1
deletion. These prior studies were performed in older mice (4–12
weeks age range) that had undergone substantial atrial remodelling.
Our findings expand upon these previous observations by elucidating
the early physiological and molecular abnormalities in MHC-Cre
LKB1fl/fl mice. Early changes in channel expression occurred in the atria
prior to the onset of AF. Thus, our results suggest that initial electrical
remodelling may have an important role in their predisposition to the
development of AF.

Figure 5 Cardiac LKB1 deletion results in atrial APD prolongation and uncoupled intra-atrial conduction. Isolated atria loaded with the voltage-
sensitive dye, di-4-ANEPPS, were paced from the right atrium (RA) at pacing cycle lengths (PCL) from 40 to 140 ms. (A) APD at 75% repolarization
plotted against PCL. **P , 0.001 vs. control, n ¼ 4–6, two-way ANOVA with the Sidak multiple comparison test. (B) Upstroke velocity change in
the two groups is compared. *P , 0.01 vs. control group, n ¼ 4–6, unpaired Student’s t-test. (C) Photos of the experimental setup showing both atria,
as well as the RA pacing sites. (D) Representative AP traces reveal intra-atrial uncoupling in the MHC-Cre LKB1fl/fl preparation. Scale bars represent
200 mm.
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4.2 Structural remodelling in MHC-Cre
LKB1fl/fl mice
In adult mice, we found that cardiac LKB1 deletion caused substantial
atrial fibrosis and remodelling, as has been seen in prior models with
cardiac29,43 and striated muscle6 LKB1 deletion. Atrial fibrosis causes
conduction slowing, wave break formation, and re-entrant excitation;
thereby predisposing to AF.44 Indeed, we observed pronounced elec-
trophysiological abnormalities in atria from older mice with LKB1 dele-
tion, using optical mapping techniques, that in part reflect the presence
of atrial fibrosis and would favour the persistence of AF. Whether these
intra-atrial conduction abnormalities further contribute to atrial con-
tractile dysfunction and secondary structural remodelling is also pos-
sible and warrants further investigation.

Our studies show striking chamber-specific differences in MHC-Cre
LKB1fl/fl mice, including greater fibrosis in the atria compared with the
ventricles. These findings are reminiscent of results in mice expressing a
constitutively activated TGF-b1 transgene in cardiomyocytes.45 The
predilection to fibrosis was postulated to reflect a greater sensitivity
of atrial cardiomyocytes and/or fibroblasts to TGF-b1 or its down-
stream cytokines, such as CTGF secreted into the extracellular ma-
trix.45 Our MHC-Cre LKB1fl/fl mice demonstrated increased CTGF
and endothelin-1 selectively in the atria, consistent with a role of
LKB1 in modulating atrial pro-fibrotic pathways. Greater atrial fibrosis
is not restricted to mouse models and has also been reported in the
canine model of rapid ventricular pacing-induced dilated cardiomyop-
athy.46 Elucidation of the mechanism responsible for this differential fi-
brotic reaction would be of interest and will require an additional study.

4.3 Role of LKB1-AMPK signalling in atrial
growth and electrophysiology
AMPK-inactivated KD mice did not display the atrial electrophysio-
logical alterations that were observed in MHC-Cre LKB1fl/fl mice. How-
ever, AMPK KD and MHC-Cre LKB1fl/fl mice had some overlapping
changes in gene expression, including decreased Nav1.5, suggesting
that a subset of the observed effects of LKB1 deletion may be AMPK-
dependent. It is possible that a lesser degree of AMPK pathway inacti-
vation in KD, compared with MHC-Cre LKB1fl/fl mice, could explain the
lack of electrophysiological and structural remodelling in the KD mice.
This hypothesis would be consistent with the recent observation that

striated muscle-specific AMPK b1b2 double knockout mice, which
completely lack cardiomyocyte AMPK activity, develop cardiomyop-
athy, enlarged atria, and AF.47 The precise role of loss of atrial AMPK
activation in the development of AF in this model is unclear, since
ECGs were assessed only in adult mice after the onset of LV contractile
dysfunction, heart failure, and atrial remodelling. LKB1 also modulates
the activity of 12 other LKB1 substrates, termed AMPK-related kinases
(ARKs), whose actions are poorly understood in the heart.5 The lack
of activation of one or more ARKs could also contribute to the atrial
phenotype that we observed and future studies will be needed to
delineate the more specific roles of the ARKs and AMPK in atrial
biology.

4.4 Clinical implications
LKB1 and AMPK are highly expressed in the human heart,7,48 but their
contribution to the development of clinical AF is uncertain. Inactivating
mutations in LKB1 are found in Peutz-Jeghers Syndrome, which is char-
acterized primarily by gastrointestinal polyposis and a high predispos-
ition to malignancy,19 but the incidence of atrial arrhythmias in these
patients is unknown. Activating mutations in PRKAG2, which encodes
the AMPK regulatory gamma 2 subunit, cause cardiomyopathy,
Wolff-Parkinson-White syndrome, and atrial arrhythmias.49 However,
this phenotype is caused primarily by cardiomyocyte glycogen overload
resulting from increased glucose uptake and glycogen synthesis.50

Whether PRKAG2 mutations also directly affect the expression or activ-
ity of atrial ion channels is not known.

Our finding that LKB1 deletion leads to spontaneous AF and a
marked down-regulation of Cx40 and Nav1.5 in the mouse has further
potential clinical implications. In humans, decreased Cx40 expression
due to a single nucleotide polymorphism (SNP) variant in the Cx40
(GJA5) gene promoter is associated with early onset AF.51 The relation-
ship of alterations in Nav1.5 to human AF is less clear. A small cohort
study of patients with valvular AF did not display decreased expression
of SCN5A in surgically excised right atrial appendage samples.42 How-
ever, a common SNP variant in SCN5A, as well as both loss- and
gain-of-function mutations, have been identified in patients with
AF.52 – 54 Collectively, these findings demonstrate the importance of
understanding how LKB1 downstream pathways regulate these chan-
nels in humans.

Figure 6 Effects of cardiac LKB1 deletion on ventricular electrophysiological function. Langendorff-perfused ventricles, isolated from control or
LKB1-deleted mice at 10–12 weeks of age, were paced at various PCL. (A) APD at 75% repolarization plotted against PCL (*P , 0.001 against control,
n ¼ 4–6, two-way ANOVA with the Sidak multiple comparison test). (B) A representative pseudo-coloured map of the left ventricle, showing changes in
di-4-ANEPPS fluorescence over time. (C) A plot comparing averaged conduction velocity.
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5. Conclusions
In summary, LKB1 appears to play a critical role in normal atrial growth
and electrophysiology in mice. Its deletion induces early atrial-specific
reprogramming of ion channel and connexin expression, which give rise
to electrophysiological abnormalities, prior to the onset of AF. These
findings provide mechanistic insights into the predisposition to spon-
taneous AF caused by LKB1 deletion. Additional work is needed to elu-
cidate the role of LKB1 and its downstream signalling pathways in the
prevention or treatment of AF.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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Mäkelä TP, Hardie DG, Alessi DR. LKB1 is a master kinase that activates 13 kinases of
the AMPK subfamily, including MARK/PAR-1. EMBO J 2004;23:833–843.

6. Sakamoto K, Zarrinpashneh E, Budas GR, Pouleur AC, Dutta A, Prescott AR,
Vanoverschelde JL, Ashworth A, Jovanović A, Alessi DR, Bertrand L. Deficiency of
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