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Arrhythmic right ventricular cardiomyopathy (ARVC) is a hereditary heart muscle disease that causes sudden cardiac death
(SCD) in young people. Almost half of ARVC patients have a mutation in genes encoding cell adhesion proteins of the desmo-
some, including plakoglobin (JUP). We previously reported that cardiac tissue-specific plakoglobin (PG) knockout (PG CKO)
mice have no apparent conduction abnormality and survive longer than expected. Importantly, the PG homolog, �-catenin
(CTNNB1), showed increased association with the gap junction protein connexin43 (Cx43) in PG CKO hearts. To determine
whether �-catenin is required to maintain cardiac conduction in the absence of PG, we generated mice lacking both PG and
�-catenin specifically in the heart (i.e., double knockout [DKO]). The DKO mice exhibited cardiomyopathy, fibrous tissue re-
placement, and conduction abnormalities resulting in SCD. Loss of the cadherin linker proteins resulted in dissolution of the
intercalated disc (ICD) structure. Moreover, Cx43-containing gap junction plaques were reduced at the ICD, consistent with the
arrhythmogenicity of the DKO hearts. Finally, ambulatory electrocardiogram monitoring captured the abrupt onset of sponta-
neous lethal ventricular arrhythmia in the DKO mice. In conclusion, these studies demonstrate that the N-cadherin-binding
partners, PG and �-catenin, are indispensable for maintaining mechanoelectrical coupling in the heart.

Proper mechanical and electrical coupling of cardiomyocytes
are crucial for normal propagation of the electrical impulse

throughout the working myocardium (30, 39). Junctional pro-
teins concentrated at the termini of cardiomyocytes are responsi-
ble for the integration of structural information and cell-cell com-
munication. The end-to-end connection between cardiomyocytes
called the intercalated disc (ICD) consists of three main junctional
complexes: adherens junctions, desmosomes, and gap junctions.
Desmosomes and adherens junctions act as mechanical cell-cell
adhesion junctions maintaining the structural integrity of the
myocardium. Adherens junctions consist of N-cadherin, the pri-
mary classical cadherin expressed in heart muscle. Extracellularly,
N-cadherins of apposing cells interact, while intracellularly,
catenins, including �-catenin or plakoglobin (PG) and �-catenin,
link N-cadherins to the actin cytoskeleton, forming a cell “adhe-
sion zipper” (43). Desmosomes also provide cell-cell adhesion but
do so through intracellular connection to intermediate filaments
(20). Along with its function in adherens junctions, PG is also a
component of desmosomal complexes. The gap junction provides
intercellular communication via small molecules and ions that
pass through a channel generated by a family of proteins called
connexins. Gap junctions allow for electrical coupling of cardio-
myocytes, ensuring the coordinated muscle contraction required
for proper heart function. There is a growing appreciation for the
integrated nature of the junctional complexes at the ICD and for
how aberrant cell-cell coupling mediated through these junctions
can lead to cardiomyopathy and an increased risk of arrhythmias.

There is evidence supporting an essential function for PG in
maintaining the structural integrity of the myocardium from both
animal models and human disease. PG-null mice exhibit abnor-
mal desmosome structure in the heart and skin that results in
embryonic lethality (9, 38). The human JUP gene encoding PG
was the first mutation linked to the heart muscle disorder known
as arrhythmogenic right ventricular cardiomyopathy (ARVC
[MIM107970]) (32). Patients with ARVC exhibit progressive loss
of cardiomyocytes that are replaced by fibrofatty tissue and show a

propensity for sustained ventricular tachycardia and sudden car-
diac death (SCD) (7, 14, 15, 40, 42). ARVC is considered a disease
of the desmosome, since almost half of the patients carry a muta-
tion in one of the five genes encoding desmosomal proteins ex-
pressed in the heart. Moreover, the importance of PG has recently
been highlighted because patients suffering from ARVC, regard-
less of their desmosomal gene mutation, show diminished PG
localization to the ICD (6). �-Catenin and PG, highly conserved
members of the armadillo protein family, also function as tran-
scriptional regulators via their ability to bind to members of the
T-cell factor/lymphoid enhancer factor (TCF/LEF) family of tran-
scription factors. There is evidence that PG can translocate to the
nucleus resulting in activation of adipogenic genes, highlighting
the potential dual function of these armadillo proteins in ARVC
(18).

In contrast to PG, �-catenin is not required to maintain the
mechanical junctions in the adult myocardium, presumably due
to the upregulation of PG and its ability to substitute for �-catenin
in the adherens junction of the �-catenin mutant mice (49). Con-
versely, although �-catenin can bind to the cytoplasmic domain of
desmosomal cadherins in the absence of PG, it cannot form a
functional link with desmoplakin, resulting in abnormal desmo-
some structure in PG-null keratinocytes (10). The ability of PG to
bind to the cytoplasmic domain of both classical and desmosomal
cadherins and to form a functional link with actin and inter-
mediate filaments, respectively, provides a molecular explanation
for the lack of a structural defect in the cardiac tissue-specific
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�-catenin knockout mice (49). Hence, the primary function of
�-catenin in the adult myocardium is not as a structural protein
but, rather, as a regulator of pathological growth via its ability to
bind TCF/LEF transcription factors and activate genes involved in
cardiac hypertrophy (12).

In the ventricular myocardium, gap junction channels are
composed mainly of connexin43 (Cx43). Aberrant expression and
distribution of Cx43, referred to as gap junction remodeling, plays
an important role in arrhythmogenesis in many forms of heart
disease, including hypertrophy, ischemia, and dilated cardiomy-
opathies (35). In support of this idea, depletion of Cx43-
containing gap junction plaques results in the slowing of ventric-
ular conduction velocity, leading to ventricular arrhythmias and
SCD in mice (21). In ARVC, gap junction remodeling has been
observed in the absence of structural heart disease (23), support-
ing a direct role for mutated junctional proteins in the dysregula-
tion of Cx43 and subsequent arrhythmogenesis and SCD. How-
ever, the molecular mechanisms underlying electrical uncoupling
and subsequent development of conduction abnormalities and
arrhythmia remain poorly understood.

We have previously shown that cardiac tissue-restricted
knockout (CKO) of PG recapitulated many features of ARVC,
including myocyte loss, replacement fibrosis, inflammation, and
dilated cardiomyopathy (31). However, despite gap junction re-
modeling, the PG CKO mice did not exhibit conduction abnor-
malities or susceptibility to induced arrhythmias and survived
longer than expected. Interestingly, �-catenin was upregulated in
the absence of PG, suggesting possible compensation by this
closely related armadillo family member. Here, we report in-
creased association between Cx43 and �-catenin in PG-deficient
hearts, suggesting that �-catenin may enhance the function of the
remaining gap junctions, thus protecting PG CKO mice from
SCD. To further investigate this hypothesis, we generated double
knockout (DKO) mice lacking PG and �-catenin in the adult
heart. DKO mice exhibit cardiomyopathy, extensive gap junction
remodeling, and SCD approximately 3 to 5 months after deletion
of both genes. We conclude that while loss of either �-catenin (49)
or PG (31) alone in the adult heart is not sufficient to induce
conduction abnormalities in mice, deletion of both cytoplasmic
linker proteins leads to disassembly of the cardiac ICD structure
and lethal arrhythmias.

MATERIALS AND METHODS
Generation of PG/�-catenin DKO mice. Previously generated �MHC/
MerCreMer; PGflox/flox (31) mice were mated with either �-cateninflox/flox

or �-catenin�/� mice (Jackson Laboratories, Bar Harbor, ME) to produce
�MHC/MerCreMer; PGflox/flox; �-cateninflox/flox or �MHC/MerCreMer;
PGflox/flox; �-cateninflox/� animals. The PGflox/flox strain will be available
at The Jackson Laboratory Repository (Jax stock number 017575). The
mice were maintained on a mixed 129Sv-C57BL/6J genetic background.
Mice were treated with tamoxifen (Tam) (Sigma) by intraperitoneal in-
jection once a day for 5 consecutive days at a dosage of 80 mg per kg of
body weight per mouse per day. All animal experiments were performed
in accordance with the guidelines of the IACUC of Thomas Jefferson
University.

Histological analysis. Hearts were isolated and fixed in 4% parafor-
maldehyde, dehydrated, and embedded in paraffin. Global heart architec-
ture was determined from longitudinal 6-�m deparaffinized sections
stained with hematoxylin and eosin (H&E). Fibrosis was detected with
Masson’s trichrome or acid fuchsin orange G stain. Cross-sectional cell
area measurements were obtained at the level of the nucleus in cross-

sectioned, H&E-stained myocytes. Surface areas were quantified using
NIS-Elements D software (Nikon). A minimum of 100 myocytes from five
different animals was quantified for each experimental group.

Western blotting. For Western blotting, hearts were homogenized in
a modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA [pH 8.0], 1% NP-40, 0.5% Na
deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing protease
inhibitors and phosphatase inhibitor cocktails I and II (Roche Diagnos-
tics) and centrifuged at 12,000 � g for 15 min. Western blot analyses were
performed with antibodies to N-cadherin (3B9; Invitrogen), �-catenin
(71-2700; Zymed), �E-catenin (C2081; Sigma), �T-catenin (a kind gift
from Frans van Roy, VIB-Ghent University, Ghent, Belgium), plakoglo-
bin (15; BD Biosciences), desmoplakin (multiepitope cocktail; ARP),
desmoglein-2 (a kind gift from My Mahoney, Thomas Jefferson Univer-
sity), plakophilin-2 (2a plus 2b; Fitzgerald), Cx43 (C6219; Sigma), and
dephosphorylated Cx43 (13-8300; Zymed), which binds selectively to de-
phosphorylated S364/S365 (34). For normalization of signals, blotting
was also performed with an anti-GAPDH (anti-glyceraldehyde-3-
phosphate dehydrogenase) (6C5; RDI) monoclonal antibody, followed by
incubation with an IRDye 680- or IRDye 800CW-conjugated secondary
antibody (Li-Cor). Membranes were imaged with the Odyssey infrared
imaging system (Li-Cor), and quantitative densitometric analysis was
performed by applying Odyssey version 1.2 infrared imaging software.

Immunofluorescence analysis. Paraffin-embedded heart sections (6
�m) were mounted, dewaxed in xylene, rehydrated through an ethanol
series, and then heated in 1� antigen unmasking solution (Vector Labo-
ratories) in a microwave oven (350 W) for 10 min to unmask the epitope.
Following blocking with 5% nonfat milk–phosphate-buffered saline
(PBS) for 30 min, sections were incubated at 4°C for 16 h with primary
antibodies diluted in 5% nonfat milk–PBS. The primary antibodies used
are described above. After washing in PBS, sections were incubated with
Alexa Fluor 488- or 555-conjugated goat anti-mouse or -rabbit antibody
(Molecular Probes, Invitrogen) for 1 h at room temperature. After wash-
ing in PBS, sections were mounted using medium (Vectashield) contain-
ing DAPI (4=,6-diamidino-2-phenylindole). Slides were imaged using a
Zeiss LSM 510 META confocal microscope system. Cardiomyocyte cell
death was measured using an in situ cell death detection kit (Roche) and
following the manufacturer’s instructions. Representative images of the
ventricle (n � 10 images and n � 100 nuclei per image) were counted for
positive terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) staining in four different animals per group.

Adult mouse ventricular myocyte isolation and immunocytochem-
istry. Adult murine ventricular myocytes were isolated using the method
previously described (33). Briefly, mice were heparinized (0.5 U/g intra-
peritoneally) and then anesthetized with 2,2,2-tribromoethanol (Avertin;
100 mg/kg intraperitoneally). Hearts were excised, mounted on a Langen-
dorf apparatus, and perfused with Ca2�-free Tyrode’s solution for 6 min
at 3.0 to 3.5 ml/min and a temperature of 36 to 37°C, followed by 12 to 15
min of perfusion with Ca2�-free Tyrode’s solution containing collagenase
B and collagenase D (Roche Chemical Co.) plus protease (fraction XIV;
Sigma Chemical Co.). When the hearts appeared pale and flaccid, they
were removed from the Langendorf apparatus and the ventricles were
dissected away and kept in Ca2�-free Tyrode’s solution with 1 mg/ml of
bovine serum albumin (fraction V; Sigma Chemical Co.). The ventricles
were teased into small pieces and then triturated gently with a Pasteur
pipette to dissociate individual myocytes. Cells were then fixed in 4%
paraformaldehyde for 20 min and subsequently suspended in PBS for
immunostaining as described above. The immunofluorescence signal was
analyzed by quantitative confocal microscopy using methods validated in
previous studies (28, 41). This method is specifically designed to measure
the amount of immunoreactive signal by quantifying the number of pixels
concentrated in clusters showing high-intensity fluorescence. Twenty test
areas were analyzed for Cx43 immunoreactivity for each genotype. Each
test area was scanned within 21,389.06 �m2 (146.25 �m by 146.25 �m)
and digitized into a 1,024 by 1,024 matrix (1,048,576 pixels/test area) in
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which 1 pixel equals 0.02 �m2. The amount of immunoreactive signal in
each test area was expressed as the percentage of total cell area by quanti-
fying the total numbers of pixels in digitized images exceeding prospec-
tively defined signal intensity thresholds divided by the total number of
pixels occupied by tissue. The number and size (pixels) of individual clus-
ters of high intensity signal within each test area were quantified with NIH
Image 1.33u software.

TEM. Hearts were isolated and cannulated on a perfusion apparatus.
Hearts were then pretreated in relaxation medium containing 100 mM
KCl and fixed in 2% glutaraldehyde–1% paraformaldehyde in 0.08 M
cacodylate buffer with 2 mM CaCl2, pH 7.4, and processed for sectioning
(70 nm) for transmission electron microscopy (TEM) (Jeol JEM1010).
Measurements were conducted on a minimum of 10 fields per heart from
three different animals per group.

M-mode, two-dimensional echocardiography. Transthoracic two-
dimensional echocardiography was performed using the Vevo 770 high-
resolution imaging system equipped with a 30-MHz probe (Visual Son-
ics) in anesthetized (2% inhaled isoflurane) wild-type (WT) (n � 13) and
DKO mice (n � 14). The left ventricular (LV) wall thickness and dimen-
sion were measured from M-mode images from the parasternal short-axis
view at the plane bisecting the papillary muscles. Values were obtained by
averaging three consecutive cardiac cycles, and ventricular fraction short-
ening (FS) and ejection fraction (EF) were calculated. Doppler transtho-
racic echocardiography was conducted on the parasternal long-axis view
for aortic valve (AoV) and pulmonary valve (PV) velocity measurements.

Electrophysiological studies. Adult mice were heparinized (0.5 U/g
intraperitoneally) and then anesthetized with 2,2,2-tribromoethanol
(Avertin; 100 mg/kg intraperitoneally). The hearts were quickly removed
through a thoracotomy and rinsed in Tyrode’s solution containing 130
mmol/liter NaCl, 24 mmol/liter NaHCO3, 1.2 mmol/liter NaH2PO4, 1.0
mmol/liter MgCl2, 5.6 mmol/liter glucose, 4.0 mmol/liter KCl, and
1.8 mmol/liter CaCl2 and equilibrated with a 95% O2, 5% CO2 gas mix-
ture. Hearts were then rapidly cannulated, perfused in a retrograde fash-
ion via an aortic cannula with 37°C oxygenated Tyrode’s solution (2 to 3
ml/min), and placed in a chamber. The solution in the chamber was used
as a volume conductor for recording electrocardiograms (ECGs). ECGs
were recorded with a Cyber Amp380 amplifier (Axon Instruments) and
digitized at 10 kHz with a Digidata 1400A and AxoScope 10.2 after equil-
ibration for 20 min. Bipolar pacing electrodes were placed on the epicar-
dium of the ventricle. The ventricle was paced using pulses equivalent to
1.5� threshold amplitude with a 2-ms duration for 15 min. For ambula-
tory ECG monitoring, miniature telemetry transmitter devices were im-
planted as previously described (26). The leads were directed caudally and
anchored into the ECG lead I position for long-term recording. Once the
mice had fully recovered from the implantation procedure (48 to 72 h),
their electrocardiograms were analyzed for any signs of spontaneous ven-
tricular ectopy or atrioventricular conduction disturbances.

IP from whole heart tissue. Heart lysates were prepared as described
for Western blotting. Samples (3 mg) of lysates were precleared using
TrueBlot anti-rabbit or anti-mouse Ig coimmunoprecipitation (IP) beads
(eBioscience) for 1 h at 4°C with rotation. After the beads were discarded,
lysates were incubated for 60 min at 4°C with rotation with 10 �g of rabbit
anti-Cx43 (C6219; Sigma) or mouse anti-N-cadherin (BD Biosciences).
TrueBlot anti-rabbit or anti-mouse Ig IP beads (50 �l) were added to each
reaction mixture, and the tubes were rotated further overnight at 4°C.
Beads were washed four times for 5 min each time with 1 ml RIPA buffer
on ice and once with 1 ml 1� PBS. Proteins were eluted from beads in 25
�l 2� NuPAGE sample buffer and subjected to SDS-polyacrylamide gel
electrophoresis and Western blotting with the antibodies described above.
Lysates subjected to incubation with IgG beads without antibody (�Ab)
served as the negative control.

Statistics. Data are expressed as the mean � the standard error of the
mean (SEM). Comparisons between groups were performed with a two-
tailed Student t test. Survival analysis was performed by the Kaplan-Meier
method, and between-group differences in survival were tested by the log

rank test. One-way analysis of variance (ANOVA) analysis was performed
for comparison of Cx43 immunoreactivity between the four genotypes. A
P value of �0.05 was considered statistically significant.

RESULTS
Increased �-catenin association with Cx43 in PG-deficient
hearts. We previously reported that conditional knockout of PG
in the heart (cardiac-specific PG knockout [PG CKO]) results in
cardiac pathology and gap junction remodeling reminiscent of
those in ARVC patients (31). However, despite decreased Cx43
expression at the ICD, PG CKO mice have no apparent conduc-
tion abnormalities and are not susceptible to arrhythmias, a
prominent feature in ARVC patients. We hypothesize that the
upregulation of �-catenin compensates for the loss of PG in the
N-cadherin/catenin/Cx43 macromolecular complex, resulting in
sufficient electrical coupling and thus protecting the PG CKO
mice from arrhythmias. Adult �MHC/MerCreMer; PGflox/flox

mice were administered tamoxifen (Tam) to induce deletion of
the PG gene specifically in the myocardium as previously reported
(31). No change in N-cadherin expression (Fig. 1A) or distribu-
tion at the ICD (31) was observed in the PG CKO hearts. Interest-
ingly, �-catenin was significantly increased in the PG CKO hearts
(Fig. 1A), suggesting that it may functionally compensate, at least
partially, for loss of PG. To determine whether there was an in-
creased interaction between �-catenin and the remaining Cx43,
coimmunoprecipitation was performed with anti-Cx43 antibody
and probed for �-catenin and PG, as well as N-cadherin. In wild-
type (WT) hearts, both �-catenin and PG were found in a protein
complex with Cx43 and N-cadherin (Fig. 1B). Importantly, when

FIG 1 Increased �-catenin association with Cx43 in PG-deficient hearts. (A)
Western analysis of WT and PG CKO heart lysates probed for N-cadherin
(N-cad), �-catenin (�-cat), and Cx43. GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) served as a loading control. (B) Heart lysates were immuno-
precipitated with anti-Cx43 antibody and subsequently immunoblotted for
�-catenin, plakoglobin (PG), N-cadherin, and Cx43. No-antibody IP served as
the negative control (�Ab). Note the increased association of �-catenin with
Cx43 in PG CKO hearts. **, P � 0.01; ***, P � 0.001.
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PG was depleted, there was an increased association between Cx43
and �-catenin, suggesting that these two armadillo proteins
compete for binding to the Cx43 multiprotein complex. More-
over, despite gap junction remodeling, the association between
N-cadherin and Cx43 was not reduced in the absence of PG (Fig.
1A), suggesting a stable interaction between the remaining gap
junctions and adherens junction components, which may explain
the lack of arrhythmogenicity in the PG CKO mice.

Generation and characterization of PG/�-catenin DKO
mice. To further investigate the role of �-catenin in the PG CKO
mice, we generated �MHC/MerCreMer; PGflox/flox; �-cateninflox/flox

or �MHC/MerCreMer; PGflox/flox; �-cateninflox/� mice. To inac-
tivate both the PG and �-catenin genes specifically in the heart,
PG/�-catenin double knockout (DKO) mice (6 to 8 weeks old)
with and without the Cre transgene (47) were administered Tam
for 5 consecutive days. Immunofluorescence analysis of heart sec-
tions displayed significant reduction of normally strong interca-
lated disc staining of both PG and �-catenin in DKO hearts 3
months after the administration of Tam (Fig. 2A to D). Moreover,
Western analysis of heart lysates revealed a significant decrease in
PG (�79%, P � 0.001) and �-catenin (�63%, P � 0.001) in DKO
hearts compared to the levels in WT hearts (Fig. 2E). In contrast to
mice with either single CKO, sudden death occurred in 100% of
DKO mice (23/23) at between 3 and 5 months (105 days median
survival), compared to 8.5% of PG CKO mice (9/105), 3.9% of
�-catenin CKO mice (3/76), and 3.7% of WT controls (3/81)
within 6 months after Tam administration (Fig. 2F).

Histological analysis demonstrated enlargement of both right
and left ventricles in DKO mice compared to those of littermate
controls 3 months after the administration of Tam (Fig. 3A and
D). In the DKO hearts, fibroblasts were interspersed throughout
the myocardium, accompanied by collagen deposition (Fig. 3E
and F). Reminiscent of the PG CKO model (31), there was no
increase in adipocytes in the DKO hearts. TUNEL analysis showed
increased apoptotic cells in DKO hearts 3 months after Tam ad-
ministration (2.27% for DKO mice versus 0.35% for WT mice,
P � 0.001) (Fig. 3G to I). The DKO mice displayed a significant
increase in heart weight/body weight ratios (7.67 mg � 0.82
[DKO] versus 5.77 mg � 0.67 [WT], P � 0.001) and cardiomyo-
cyte cross-sectional area (12.45 �m � 1.91 [DKO] versus 10.29
�m � 1.69 [WT], P � 0.001), consistent with a hypertrophic
response (Fig. 3J and K). The DKO mice did not exhibit signs of
heart failure, such as liver or lung congestion (data not shown).
Collectively, these data demonstrate a more severe cardiac pathol-
ogy in the DKO than in either single-CKO mouse model (31, 49),
which resulted in sudden death in 100% of the DKO mice.

Disassembly of mechanical junctions in PG/�-catenin DKO
mice. To determine the consequences of deleting these two linker
proteins on the expression of other adherens junctional and des-
mosomal components, we performed immunofluorescence and
immunoblot assays on DKO hearts 3 months after Tam adminis-
tration. Representative images of the ventricular myocardium il-
lustrate the significant decrease in adherens junctional proteins
N-cadherin, �E-catenin, and �T-catenin in DKO hearts (Fig. 4A
to F). In addition to the loss of expression at the ICD evident by
immunofluorescence, Western analysis revealed a considerable
decrease in total N-cadherin protein levels (�89%, P � 0.001) in
DKO hearts. Moreover, �E-catenin and �T-catenin were also sig-
nificantly reduced in DKO hearts, �79%, P � 0.001, and �83%,
P � 0.001, respectively (Fig. 4G). Desmosomal proteins were also

affected in the DKO hearts (Fig. 5). Immunofluorescence analysis
of the ventricular myocardium demonstrated loss of desmoplakin
(Fig. 5A and D), plakophilin-2 (Fig. 5B and E), and desmoglein-2
(Fig. 5C and F) from the ICD in DKO hearts. Furthermore, im-
munoblot assays showed reductions in total protein levels for des-
moplakin (�76%, P � 0.01), plakophilin-2 (�81%, P � 0.001),
and desmoglein-2 (�45%, P � 0.01) in DKO hearts (Fig. 5G).
Taken together, these data indicate that loss of PG and �-catenin
lead to disruption of adherens junctions and desmosomes at the

FIG 2 Sudden death in PG/�-catenin DKO mice. (A to D) Heart sections
from PGflox/flox/�-cateninflox/flox; Cre� (WT) (A and B) and PGflox/flox/�-
cateninflox/flox; Cre� (DKO) (C and D) mice were immunostained for
plakoglobin (PG) (A and C) and �-catenin (�cat) (B and D) 3 months after
Tam administration. (E) Heart lysates from WT (n � 8) and DKO (n � 10)
mice were immunoblotted for PG and �-catenin. (F) Kaplan-Meier sur-
vival curve shows completely penetrant sudden-death phenotype in the
DKO mice (23/23; median survival, 105 days), compared to the survival of
PG CKO mice (9/105), �-catenin CKO mice (3/76), and WT controls
(3/81) within 6 months after Tam administration. ***, P � 0.001.
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ICD that is consistent with the severe cardiomyopathy observed in
the DKO mice.

Loss of intercalated disc structures and impaired cardiac
function in PG/�-catenin DKO mice. To examine myocyte junc-
tions at the ultrastructural level, transmission electron micros-
copy was performed on DKO mouse hearts. ICD structures were
readily visible in the WT hearts, with adherens junctions and des-
mosomes represented by submembranous electron-dense mate-
rial adjacent to intercellular space between the myocytes (Fig. 6A).
In contrast, normal ICD structures were absent in the DKO hearts,
reminiscent of the N-cadherin CKO model (25). At higher mag-
nification, the sarcomeres in DKO mouse hearts appeared dis-
torted and compressed compared with the sarcomeres in WT

mice (Fig. 6B and D), with decreased length (1,131.4 � 68.7 nm
versus 1,324.7 � 41.23 nm for DKO versus WT mice, respectively,
P � 0.001). The sarcomere defects in the DKO myocardium pre-
sumably reflect the lack of myofibril anchorage at the plasma
membrane due to loss of the N-cadherin/catenin complex, result-
ing in decreased myofibril tension.

To assess cardiac function, M-mode two-dimensional echo-
cardiography was performed on DKO mice 3 months after Tam
administration. Quantitative image analysis demonstrated in-
creased left ventricular (LV) end-systolic and -diastolic internal
dimension (LVID) and volume in DKO hearts compared to these
measures in WT hearts (Fig. 6E and F). Both LV ejection fraction
(EF) and fractional shortening (FS) were reduced in DKO mice.

FIG 3 Histological analysis of PG/�-catenin DKO hearts. (A to F) Heart sections from PGflox/flox/�-cateninflox/flox; Cre� (WT) and PGflox/flox/�-cateninflox/flox;
Cre� (DKO) mice 3 months after Tam administration were stained with H&E (A, B, D, and E) or Masson’s trichrome (C and F). Note the extensive fibrosis in
the DKO heart (F) compared with the WT heart (C). (G to I) TUNEL analysis of WT and DKO hearts (n � 1,000 nuclei from four different animals per group).
(J) Quantification of heart weight/body weight ratios of WT and DKO mice at 3 months after Tam administration (n � 30 for each group). (K) Cardiomyocyte
cross-sectional area quantification from histological sections of WT and DKO hearts at 3 months after Tam administration (n � 100 cells from at least five
different animals per group). ***, P � 0.001.
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LV posterior (LVPW) and anterior (LVAW) wall thickness were
increased in DKO mice, further validating cardiac hypertrophy at
both the organ and cellular level (Fig. 3G and H). Doppler inter-
rogation of DKO hearts revealed diminished flow velocities of
both the pulmonary (PV) and aortic valves (AoV) (Fig. 6).

PG/�-catenin DKO mice exhibit conduction abnormalities.
The fully penetrant sudden-death phenotype suggested that the
DKO mice suffer from cardiac conduction abnormalities. Electro-
physiological analysis using volumetric ECG recordings indicated
longer PR intervals (44.3 � 0.9 ms [n � 9, DKO mice] versus
38.8 � 1.0 ms [n � 9, WT mice], P � 0.01) and increased QRS
complex width (15.2 � 0.4 ms [n � 9, DKO mice] versus 12.4 �
0.4 ms [n � 9, WT mice], P � 0.01), consistent with a high pro-
pensity for arrhythmias (Fig. 7A). To determine susceptibility to
induced arrhythmias, ventricular programmed electrical stimula-
tion was performed on the DKO hearts 3 months after Tam ad-
ministration as previously described for the PG CKO model (31).

Burst ventricular pacing at a cycle length of 50 ms induced ven-
tricular fibrillation in DKO hearts (8/11), resulting in cardiac ar-
rest, whereas WT hearts (0/9) were able to regain normal sinus
rhythm following stimulation (Fig. 7B). To monitor heart
rhythms in conscious mice, miniaturized telemetric monitors
were implanted in DKO mice about 3 months after Tam admin-
istration. We successfully captured ventricular arrhythmias in
DKO animals (2/3), coincident with sudden death (Fig. 7C). Thus,
unlike PG CKO animals that are resistant to ventricular arrhyth-
mias (31), the abrupt onset of spontaneous ventricular arrhyth-
mias in the DKO animals suggests disruption of gap junction
communication between the DKO cardiomyocytes.

Gap junction remodeling in single CKO and PG/�-catenin
DKO mice. Previous studies from our laboratory have shown that
N-cadherin is critical for maintaining large Cx43-containing gap
junction plaques at the ICD (28, 29). A recent study has shown
that ischemic stress severs the interaction between the N-cad-

FIG 4 ICD expression of adherens junctional proteins in PG/�-catenin DKO hearts. (A to F) Heart sections from PGflox/flox/�-cateninflox/flox; Cre� (WT) (A to
C) and PGflox/flox/�-cateninflox/flox; Cre� (DKO) (D to F) mice at 3 months after administration of Tam were immunostained for N-cadherin (Ncad) (A and D),
�E-catenin (�Ecat) (B and E), and �T-catenin (�Tcat) (C and F). (G) Heart lysates from WT and DKO mice were immunoblotted for N-cadherin, �E-catenin,
and �T-catenin. Note the decreased expression of each adherens junctional component in the DKO hearts compared with the levels in WT hearts (n � 8, WT;
n � 10, DKO). ***, P � 0.001.

FIG 5 ICD expression of desmosomal proteins in PG/�-catenin DKO hearts. (A to F) Heart sections from PGflox/flox/�-cateninflox/flox; Cre� (WT) (A to C) and
PGflox/flox/�-cateninflox/flox; Cre� (DKO) (D to F) mice at 3 months after administration of Tam were immunostained for desmoplakin (DP) (A and D),
plakophilin-2 (PKP2) (B and E), and desmoglein-2 (DSG2) (C and F). (G) Heart lysates from WT and DKO mice were immunoblotted for desmoplakin,
plakophilin-2, and desmoglein-2. Note the decreased expression of each desmosomal component in the DKO compared with the WT hearts (n � 8, WT; n � 10,
DKO). **, P � 0.01; ***, P � 0.001.
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herin/catenin complex and Cx43, resulting in reduced Cx43 at the
ICD, thus implicating N-cadherin directly in gap junction remod-
eling in diseased myocardium (46). To investigate whether altered
gap junctions correlate with the arrhythmogenic phenotype in the
DKO mice, we compared Cx43 expression in the single-CKO and
DKO mice. Initially, coimmunoprecipitation was performed with
anti-N-cadherin antibody and probed for �-catenin and PG to
confirm the composition of the N-cadherin/catenin complex in
the different genotypes (Fig. 8K). As predicted, PG association
with N-cadherin was enhanced in the absence of �-catenin and
vice versa, consistent with their increased expression at the ICD in
the mutant hearts (31, 49). Importantly, the N-cadherin/catenin
complex was remarkably decreased in the DKO hearts (Fig. 8K),
consistent with depletion of both catenins and the overall decrease
in N-cadherin levels (Fig. 4). Next, we examined the expression
and distribution of gap junction protein Cx43 in situ (Fig. 8A to
D), as well as in isolated cardiomyocytes (Fig. 8E to H) derived
from the single-CKO and DKO hearts. The Cx43 immunostaining
patterns were similar between the heart sections and the isolated
cardiomyocytes, and hence, we chose the latter to determine how
the size and area fraction of Cx43-containing gap junctions varied
between each mouse model. Interestingly, we observed a stepwise
decrease in Cx43 expression between the different strains, with
WT � �-catenin CKO � PG CKO � DKO and the DKO hearts
exhibiting dramatic reduction of Cx43 at the ICD. When
�-catenin CKO hearts were compared to WT hearts, we found no
significant change in the average size of Cx43-containing junction
plaques (�5 pixels) (Fig. 8I); however, the area occupied by gap
junction plaques at the ICD was significantly reduced (�24.5%,
P � 0.001) (Fig. 8J). PG CKO myocytes exhibited a further reduc-
tion in both average size (�42.5%, P � 0.01) and area occupied by
gap junction plaques (�50.0%, P � 0.001) compared to WT myo-

cytes. Finally, DKO cardiomyocytes displayed a striking decrease
in average size (�85.9%, P � 0.001) and area occupied by gap
junction plaques (�85.0%, P � 0.001), consistent with conduc-
tion abnormalities and arrhythmic death in the DKO mice. More-
over, N-cadherin/Cx43 association was significantly reduced in
DKO compared to single-CKO hearts (Fig. 8K). The diseased
myocardium often exhibits an increase in hypophosphorylated
Cx43, along with its redistribution away from the ICD toward the
lateral edges of cardiomyocytes (4). To determine if hypophos-
phorylated Cx43 levels were increased in the mutant hearts, we
performed immunoblot analysis with an antibody that recognizes
particular dephosphorylated serine residues in the large carboxy
terminus of Cx43 (34). DKO animals exhibited a significant in-
crease in levels of dephosphorylated Cx43 compared to the levels
in single-CKO and WT hearts (Fig. 8L). Taken together, compar-
ison of single-CKO and DKO mice illustrates the extent of gap
junction remodeling necessary to elicit arrhythmias in these mu-
rine models.

Gap junction remodeling precedes the onset of arrhythmias.
To investigate the relationship between arrhythmias and cardio-
myopathy, PG/�-catenin DKO hearts were examined at 3, 5, and 8
weeks after Tam administration to correlate changes in cardiac
pathology, function, and arrhythmia susceptibility. Interestingly,
as early as 3 weeks after Tam administration, DKO mice exhibited
signs of cardiac dysfunction (Fig. 9M and N) and aberrant pathol-
ogy, including fibrosis (Fig. 9B). The early onset of the phenotype
correlated with decreased N-cadherin at the ICD (Fig. 9F). Fur-
thermore, gap junction remodeling was also observed at this early
time point before the onset of inducible arrhythmias (Fig. 9J and
O). Taken together, these data indicate that cardiomyopathy and
gap junction remodeling occur prior to arrhythmia susceptibility
in the DKO mouse model, suggesting that additional molecular

FIG 6 Ultrastructural and echocardiographic analysis of PG/�-catenin DKO mice. (A to D) Transmission electron micrographs of LV myocardium from
PGflox/flox/�-cateninflox/flox; Cre� (WT) (A and B) and PGflox/flox/�-cateninflox/flox; Cre� (DKO) (C and D) hearts at 3 months after administration of Tam (n �
10 fields per heart from three different animals per group). Intercalated discs were readily visualized in the control hearts (A, arrows); in contrast, these structures
were absent in the DKO hearts (C). DKO myocytes displayed decreased sarcomere length (double-headed arrow) (D). Bars indicate 2 �m (black) and 500 nm
(white). (E and F) Representative M-mode two-dimensional echocardiography displaying LV chamber dilation in DKO compared to WT mice. Mean values of
echocardiographic parameters are shown in the table. Data represent means � standard deviations. Note significant increased LV end-systolic and -diastolic
internal dimension (LVID) and volume (LV vol) and reduced LV ejection fraction (EF) and fraction shortening (FS) in DKO mice. N/A, not applicable; NS, not
significant; M/F, male/female; bpm, beats per minute; V, velocity.
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and/or structural changes are necessary for the arrhythmogenic
substrate.

DISCUSSION

The identification of mutations in genes encoding desmosomal
proteins in arrhythmogenic right ventricular cardiomyopathy
(ARVC) has highlighted the importance of proper mechanical
coupling in the regulation of gap junction organization in human
disease (7, 14, 15, 40, 42). It is now recognized that this disease
often affects both left and right ventricles, and hence, a broader
term of arrhythmic cardiomyopathy is now considered appropri-
ate for this disease (42). Studies of individuals from the Greek
island of Naxos identified an autosomal recessive form of ARVC
with palmoplantar keratoderma and woolly hair referred to as
Naxos disease (36). Gene sequencing revealed a homozygous 2-bp
deletion (2157-2158delGT) in the plakoglobin (JUP) gene as the
genetic cause of Naxos disease (32). A dominantly inherited PG
gene mutation (S39_K40insS) was recently identified in ARVC
patients without cutaneous abnormalities (5). Both mutant forms

of PG fail to localize properly at the ICD, and the junctional com-
ponents desmoplakin and Cx43 are significantly reduced at the
ICD in these patients. Ultrastructural investigation showed ICD
remodeling with mislocalization and decreased numbers of des-
mosomes (5, 8). We recently deleted the PG gene specifically in the
myocardium in order to generate an animal model of ARVC with-
out the cutaneous syndrome (31). The PG cardiac-specific condi-
tional knockout (CKO) recapitulates many of the pathological
features of ARVC, including myocyte loss, replacement fibrosis,
inflammation, and dilated cardiomyopathy. However, despite gap
junction remodeling, we did not observe conduction abnormali-
ties or increased susceptibility to arrhythmias in the PG CKO
mice. The inability to induce arrhythmias was unexpected as it was
reported that PG heterozygous null animals are susceptible to in-
duced ventricular arrhythmias with no apparent change in Cx43
expression (24). In contrast to the PG CKO model, �-catenin
expression is not increased in the PG�/� hearts that exhibit ar-
rhythmias (16), suggesting that the increased �-catenin may be
protecting the PG CKO mice from arrhythmias. Recently,
�-catenin was reported to be upregulated in a noninducible car-
diac tissue-specific PG knockout model (27). In this murine
model, deletion of the PG gene during the perinatal and postnatal
period with the �MHC/Cre transgene (2) results in rapid devel-
opment of the ARVC phenotype in these animals. Depletion of PG
in the early postnatal heart likely explains the more severe pathol-
ogy observed in these animals compared to that in our inducible
PG CKO model (31) in which PG is depleted from the adult heart.
The extensive cardiac remodeling in the noninducible �MHC/
Cre; PGflox/flox mice may explain, at least in part, the increased
arrhythmogenicity in that model compared to that in the induc-
ible PG CKO model. Future studies will be necessary to address
this possibility.

The present study was performed to explore the significance of
increased �-catenin expression at the ICD and its potential role in
regulating gap junction organization and arrhythmogenicity in
the PG CKO mice. To address this possibility, we performed im-
munoprecipitation experiments and found an increased associa-
tion between Cx43 and �-catenin in the absence of PG. Despite
this increased interaction, gap junction plaques were significantly
smaller in the PG CKO than in the �-catenin CKO and wild-type
cardiomyocytes. In Naxos disease (23), as well as experimental
models of ischemia (46), N-cadherin levels at the ICD remain
unchanged. However, it is the association of N-cadherin with
Cx43 that is critically important for proper gap junction organi-
zation at the ICD and electrical coupling between cardiomyocytes
(46). In this regard, it is important to emphasize that N-cadherin
association with Cx43, as determined by immunoprecipitation,
did not change in PG CKO heart lysates compared to the level of
association in wild-type heart lysates. In contrast, N-cadherin/
Cx43 association is reduced in the DKO hearts, consistent with the
dramatic gap junction remodeling and SCD. We conclude from
the results of these experiments that, although reduced, the re-
maining gap junctions in PG CKO hearts are sufficient to main-
tain proper electrical conduction, at least under nonstressed con-
ditions.

A decrease in �-catenin and Cx43 has been noted in animal
models of cardiomyopathy, suggesting that �-catenin may play a
causal role in gap junction remodeling and subsequent arrhyth-
mogenesis in those models (3, 48). Conversely, inhibiting GSK3�
with lithium stabilizes �-catenin and increases its association with

FIG 7 Inducible and spontaneous ventricular arrhythmias recorded in PG/�-
catenin DKO hearts. (A) Representative volume-conducted ECG recordings
prior to burst pacing. Note the global low voltage signal in the DKO hearts
prior to stimulation. Measurements of ECG recordings revealed increased PR
and QRS intervals. (B) Following burst pacing, ventricular fibrillation was only
observed in the DKO group (8/11) and not in WT mice (0/9) (P � 0.01). (C)
Representative telemetric ECG recordings from a miniaturized transmitter
implanted in awake, freely mobile animals captured lethal ventricular arrhyth-
mias in DKO mice (2/3), whereas WT mice showed normal sinus rhythm.
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Cx43, resulting in increased dye coupling between rat cardiomy-
ocytes (3). Importantly, �-catenin has been shown to be essential
for microtubule-mediated connexon trafficking to the plasma
membrane in HeLa cells (44). It should be noted that possible
effects of PG on gap junction remodeling were not considered in
the above-described studies. Of relevance to our studies, it was
reported that depletion of �-catenin in the adult myocardium

using inducible �MHC/MerCreMer (49) or MLC2v/Cre (22) did
not result in cardiomyopathy, and importantly, Cx43 expression
appeared normal in the �-catenin-deficient myocardium. In the
present study, we also did not observe cardiomyopathy in the
�MHC/MerCreMer; �-catenin floxed mice after Tam adminis-
tration; however, we did observe a modest reduction in Cx43 ex-
pression in the absence of �-catenin. This apparent discrepancy is

FIG 8 Cx43 expression and protein interactions in single-CKO and DKO hearts. (A to D) Heart sections from PGflox/flox/�-cateninflox/flox; Cre� (WT) (A),
�-cateninflox/flox; Cre� (�cat CKO) (B), PGflox/flox; Cre� (PG CKO) (C), and PGflox/flox/�-cateninflox/flox; Cre� (DKO) (D) mice were immunostained for Cx43
3 months after Tam administration. (E to H) Representative images of isolated cardiomyocytes from WT (E), �-catenin CKO (F), PG CKO (G), and DKO (H)
hearts immunostained for Cx43. Quantitative immunofluorescence microscopy was performed on 20 test areas (ICD regions). (I, J) The average size (I) and area
fraction (J) occupied by Cx43-containing clusters for each genotype are shown. (K) Heart lysates were immunoprecipitated with anti-N-cadherin antibody and
subsequently immunoblotted for PG, �-catenin (�cat), Cx43, and N-cadherin (Ncad). No-antibody IP served as the negative control (�Ab). Note the significant
decrease of the N-cadherin/catenin/Cx43 macromolecular complex in the DKO hearts, whereas the single-CKO hearts maintain the multiprotein complex. (L)
Heart lysates from WT, �-catenin CKO, PG CKO, and DKO mice were immunoblotted for dephosphorylated Cx43 (dpCx43) and total Cx43. Note the
significant increase in dpCx43 in DKO hearts. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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probably due to the detailed characterization of Cx43 expression
performed in our study (i.e., quantitative confocal microscopy) in
comparison to the analysis in previous studies (22, 49). Taken
together, �-catenin probably plays a role in trafficking of Cx43 to
the ICD; however, the upregulation of PG functionally compen-
sates for loss of �-catenin, resulting in normal cardiac histology
(49) with a modest reduction of Cx43 at the ICD (this study).

We previously reported a decrease in the number of cardiac
desmosomes in PG CKO mice, resulting in progressive cardiomy-
opathy despite upregulation of �-catenin at the ICD (31). In PG-
null keratinocytes, �-catenin is capable of binding the cytoplasmic
domain of desmosomal cadherins; however, it is unable to provide
a functional linkage via desmoplakin, leading to altered desmo-
some organization (1, 10). Together, these findings emphasize the
importance of PG in maintaining normal desmosome structure

and that �-catenin is not able to functionally substitute for PG in
linking desmosomal cadherins to intermediate filaments. Inter-
estingly, recent data indicate that mixing of adherens junctional
and desmosomal components at the ICD results in a novel hybrid
adhering junction or area composita (11, 17, 19). Hence, loss of
PG in the heart will affect both the desmosome proper and the
desmosomal junctions found in the area composita. �-Catenin
has been shown to be important for microtubule-mediated con-
nexon trafficking to the plasma membrane (44), and �-catenin is
increased at the ICD in the absence of PG; hence, we speculate that
gap junction remodeling in the PG CKO is probably due to the
disruption of desmosome function and not the inability to tether
microtubules to the ICD via the N-cadherin/�-catenin complex.
Future experiments will be necessary to address this and alterna-
tive possibilities. It should be noted that the role of PG in con-

FIG 9 Relationship between cardiomyopathy, gap junction remodeling, and arrhythmic susceptibility in the DKO mice. (A to D) Heart sections from
PGflox/flox/�-cateninflox/flox; Cre� (WT) and PGflox/flox/�-cateninflox/flox; Cre� (DKO) mice were stained with acid fuchsin orange G at 3 (3W) (B), 5 (5W) (C),
and 8 (8W) (D) weeks after Tam administration. Note the fibrotic response as early as 3 weeks in DKO hearts (B) compared with WT hearts (A). (E to L) Heart
sections were immunostained for N-cadherin (Ncad, red) and connexin43 (Cx43, green) at 3 (F, J), 5 (G and K), and 8 (H and L) weeks, respectively, after Tam
administration. Note the decreased localization of both Ncad and Cx43 at the intercalated disc (ID) as early as 3 weeks after Tam administration. Arrowheads
denote remaining N-cadherin/Cx43 colocalization at the ID. Ejection fraction (M) and fractional shortening (N) of DKO and WT hearts at 3, 5, 8, and 12 weeks
after Tam administration as determined by echocardiography. The incidence of ventricular fibrillation in DKO hearts following burst pacing protocol was not
significantly different at 3 (0/4) or 5 (1/5) weeks after Tam administration compared to that in the WT (0/10). However, the percentage of DKO hearts susceptible
to induced arrhythmia at 8 (4/5) and 12 (8/11) weeks after Tam administration differed compared to the results for DKO mice at 3 weeks after Tam adminis-
tration. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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nexon trafficking, assembly, and stabilization at the membrane
has not been previously studied. Importantly, we readily identified
PG in the Cx43 immunoprecipitate in the wild-type hearts, con-
sistent with the idea that these two closely related armadillo pro-
teins are functionally interchangeable in the N-cadherin/catenin/
Cx43 macromolecular complex. Taken together, we conclude that
�-catenin and PG are interchangeable for N-cadherin-mediated
trafficking of connexons to the plasma membrane; however, ad-
ditional studies are required to show direct interaction between
PG and gap junction trafficking machinery.

We have previously shown that N-cadherin is required for
maintaining ICD structure and that loss of N-cadherin results in
gap junction remodeling and spontaneous lethal ventricular ar-
rhythmias (25, 29). The DKO model has many similarities to the
N-cadherin CKO model, including disassembly of the ICD, gap
junction remodeling, and SCD in 100% of the animals. An inter-
esting difference between the models is the lack of myocyte cell
death and replacement fibrosis seen in the N-cadherin CKO hearts
compared to either the PG CKO (31) or the PG/�-catenin DKO
animals (this study). Based on the cardiac phenotypes of the var-
ious junctional protein knockout models (18, 25, 31, 45), we con-
clude that there are distinct signaling pathways downstream from
the two mechanical junction complexes. If the primary defect oc-
curs in a desmosomal component, the phenotype resembles
ARVC pathology, with loss of myocytes, inflammation, and re-
placement fibrosis, whereas loss of N-cadherin alone produces
cardiomyopathy accompanied by an interstitial fibrosis response.

Compared to the PG CKO hearts, there was dramatic gap junc-
tion remodeling in the DKO hearts, consistent with the loss of the
N-cadherin/catenin complex at the ICD. The phosphorylation
status of several serine residues within the large carboxy-terminal
tail of Cx43 is associated with the formation of active gap junction
channels at the cell surface. In contrast, the same residues are
generally dephosphorylated during trafficking/endocytosis in the
cytoplasm. This phenomenon is also observed in diseased myo-
cardium, consistent with electrical uncoupling and increased sus-
ceptibility to arrhythmias (4). In a seminal study, Cx43 knock-in
alleles were generated consisting of either three serine residues
replaced by nonphosphorylatable alanines (S3A) or phosphomi-
metic glutamic acids (S3E) to directly determine the requirement
for phosphorylated Cx43 in proper electrical coupling in the heart
(37). The authors showed that the S3A mice are susceptible to
induced arrhythmias whereas the S3E mice are resistant to ar-
rhythmias, demonstrating the importance of Cx43 phosphoryla-
tion for proper electrical coupling in vivo. We previously observed
increased dephosphorylated Cx43, albeit at different serine resi-
dues, along with increased susceptibility to arrhythmias in the
N-cadherin CKO (29) and N-cadherin heterozygous null animals
(28). In this study, DKO hearts exhibited a significant increase in
dephosphorylated Cx43, consistent with less functional gap junc-
tions and spontaneous lethal arrhythmias in the DKO mice. In
addition to gap junction remodeling, ion channel remodeling
probably contributes to the arrhythmogenic substrate in the DKO
mice, as we recently reported aberrant Kv1.5 channel function in
the N-cadherin CKO model (13). Collectively, the arrhythmo-
genic phenotype in the DKO mice reinforces the importance of
the N-cadherin/catenin complex in the establishment and main-
tenance of gap junctions at the ICD.

In conclusion, our study provides the first in vivo evidence that
PG and �-catenin are required to anchor the N-cadherin/catenin

adhesion complex to the cytoskeleton and that loss of this linkage
leads to disassembly of the cardiac ICD structure and lethal ar-
rhythmias. In future studies, comparison of Cx43-containing
plaques in the single and double mutant mice will allow further
assessment of the relative contributions of PG and �-catenin in
connexon trafficking, assembly, and stabilization at the ICD,
which may have implications for understanding arrhythmogen-
esis observed in ARVC patients.
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