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The coxsackievirus and adenovirus receptor (CAR) is a transmembrane protein that belongs to the family of 
adhesion molecules. In the postnatal heart, it is localized predominantly at the intercalated disc, where its func-
tion is not known. Here, we demonstrate that a first degree or complete block of atrioventricular (AV) conduc-
tion developed in the absence of CAR in the adult mouse heart and that prolongation of AV conduction occurred 
in the embryonic heart of the global CAR-KO mouse. In the cardiac-specific CAR-KO (CAR-cKO) mouse, we 
observed the loss of connexin 45 localization to the cell-cell junctions of the AV node but preservation of connex-
in 40 and 43 in contracting myocardial cells and connexin 30.2 in the AV node. There was also a marked decrease 
in β-catenin and zonula occludens-1 (ZO-1) localization to the intercalated discs of CAR-cKO mouse hearts at 8 
weeks before the mice developed cardiomyopathy at 21 weeks of age. We also found that CAR formed a complex 
with connexin 45 via its PSD-95/DigA/ZO-1–binding (PDZ-binding) motifs. We conclude that CAR expression is 
required for normal AV-node conduction and cardiac function. Furthermore, localization of connexin 45 at the 
AV-node cell-cell junction and of β-catenin and ZO-1 at the ventricular intercalated disc are dependent on CAR.

Introduction
The coxsackievirus and adenovirus receptor (CAR) was ini-
tially identified as a common receptor of the viruses for which 
it was named (1, 2). It is expressed in various organs including 
the heart and is indispensable for normal embryonic devel-
opment (3–5). In the adult heart, there is considerable data 
on the role of CAR as a viral receptor in the pathogenesis of 
viral myocarditis; however, the physiological role of CAR in 
the adult heart is less clear.

CAR is a transmembrane protein with 2 extracellular immu-
noglobulin domains that belongs to the family of intercellular 
adhesion molecules. The extracellular region of CAR is thought to 
bind to another CAR molecule on an adjacent cell as an antiparal-
lel homodimer (6). The intracellular domain of CAR contains a 
carboxyterminal hydrophobic peptide that interacts with PSD-95/
DigA/ZO-1 (PDZ; ZO-1, zonula occludens-1) domain–containing 
proteins such as ZO-1 (7, 8). During embryonic development, CAR 
is expressed by E7, and in neonatal mice, CAR is expressed at rela-
tively high levels in the heart (3). After 1 week of age, the majority 
of CAR is localized at the myocyte-myocyte junctional complex 
known as the intercalated disc (9).

Of the conduction system components, the atrioventricular (AV) 
node has a unique role in delaying conduction of the electrical 
impulse from the atria to the ventricle. When AV-node function is 
impaired, there is an abnormal delay in or absence of conduction 
from the atria to the ventricles. The gap junctions that are found in 
the cell-to-cell contacts between AV-nodal cells and in the interca-
lated discs of cardiac myocytes are important for impulse propaga-
tion (10, 11). There are 4 principal connexins that are found in the 
gap junctions of the adult heart (connexins 40, 43, 45, and 30.2) 
(12). Connexins 45 and 30.2 are the predominant connexins that are 
known to be expressed in regions of the AV-nodal tissue (13, 14).

In this manuscript, we hypothesize that disruption of CAR affects 
the function of intercalated discs in the adult heart and that it may 
affect gap junctions in the AV node and the intercalated discs of 
cardiac myocytes. We found that cardiac-specific KO of CAR led 
to abnormal propagation of electrical conduction in the AV node, 
which was associated with decrease in connexin 45 expression on 
the cell membrane. At later time points, the mice developed cardio-
myopathy associated with focal disorganization of the intercalated 
disc ultrastructure and loss of localization of β-catenin and ZO-1 in 
the cardiac myocytes. Colocalization of CAR, ZO-1, and connexin 
45 in a protein complex requires the PDZ-binding motif on CAR 
and connexin 45. These data demonstrate the importance of CAR 
in the normal adult heart.

Results
Generation of cardiac-specific CAR-KO mice. A floxed CAR construct 
was generated by inserting loxP sites just before and just after the 
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second exon that contains the ATG start codon (Figure 1, A–C). 
Mice containing the genetically modified CAR allele were bred with 
transgenic mice that harbored the cardiac-specific α–myosin heavy 
chain–CRE (α-MHC–CRE) transgene (15). Immunoblot and immu-
nofluorescent staining for CAR in 20-week-old mice confirmed 
that 70%–90% of CAR was deleted from the intercalated discs of 
cardiac myocytes in CARflox/flox α-MHC–CRE mice (CAR-cKO).  
However, γ-catenin localization was not altered (Figure 1D).  
CARflox/flox or CARflox/+ littermate mice were used as a control (WT).

Abnormal AV conduction in the CAR-cKO mice. Electrocardiograms 
in lightly anesthetized 4- to 5-week-old mice demonstrated normal 
AV conduction in the wild-type mice but evidence of complete AV 
block in the CAR-cKO mice (Figure 2A). High-resolution signal 
average of 100 ventricular depolarizations demonstrated no sig-
nificant difference in the QRS morphology between the WT and 
CAR-cKO mice; however, because of the dissociation between the 
atrial and the ventricular depolarizations, an averaged P-wave 
was not detectable in the CAR-cKO mice (Figure 2A). The QRS 
duration was 13.5 ± 0.56 vs. 14.3 ± 0.54 ms (P = NS), and the RR 
intervals were 127.3 ± 12.6 vs. 97.4 ± 5.9 ms (P < 0.05) in WT and 
CAR-cKO mice, respectively (mean ± SD; n = 3 mice in each group). 
Given these results, we performed telemetric ECG analysis in 
awake, conscious mice at 8 weeks of age. All WT mice had normal 
sinus rhythm with normal AV conduction. However, all CAR-cKO 
mice had abnormal AV conduction. In 3 of 4 mice, the AV block 
was complete at some point during the recording. Complete heart 

block was the only rhythm in 1 mouse and was present over 75% of 
the time in another. The other 2 mice had first degree AV block over 
90% of the time, with scattered episodes of complete AV block in 
1 of these mice (Figure 2B). The PR interval was 36.5 ± 1.9 in the 4 
WT mice compared with 53.9 ± 2.7 in the 2 CAR-cKO mice that had 
predominantly first degree AV block (mean ± SD, P < 0.01; n = 96  
randomly selected PR intervals for WT and 48 randomly select-
ed PR intervals for CAR-cKO). Second-degree AV block was not 
detected during any of the recordings. Intravenous dobutamine 
infusion of 0.75 to 4 μg/kg/min did not cause a significant change 
in the AV dysfunction in 3 mice evaluated (data not shown).

Normal atrial and ventricular action potential propagation in CAR-cKO 
mice. Given the electrocardiographic abnormalities in AV conduc-
tion, function of the intraatrial and intraventricular conduction sys-
tem was evaluated in the presence and absence of CAR using optical 
mapping of intrinsic epicardial action potential propagation in iso-
lated hearts from 4- to 6-week-old WT (n = 7) and CAR-cKO (n = 6)  
mice. Analysis of the timing and pattern of atrial depolarization 
demonstrated that the atrial impulse originated at or near the area 
of the sinoatrial (SA) node and that there was little difference in the 
timing or general pattern of intrinsic activation of the atria between 
WT and CAR-cKO mice. The time required for depolarization of the 
atria during an intrinsic beat as measured from the anterior optical 
map was 6.3 ± 1.6 vs. 7.7 ± 2.4 ms (P = NS), and depolarization from 
the posterior view was 7.3 ± 3.0 vs. 8.6 ± 3.6 (P = NS) for WT and 
CAR-cKO mice, respectively (mean ± SD) (Figure 2C).

Figure 1
Generation of CAR-cKO mice. (A) Targeting 
strategy for deletion of CAR. Exon 2 of the murine 
CAR gene was flanked by loxP sites, and a neo-
mycin (Neo) resistance cassette was inserted 
downstream, flanked by FRT sites. Sa, SalI; Nh, 
NheI; N, NotI. (B) Genomic Southern blot analy-
sis of mutant floxed allele (M) or WT ES cells 
using probe shown in panel A, after digestion of 
genomic DNA with NheI. (C) PCR of WT, floxed 
heterozygous (H), or homozygous (M) mutant 
mice from extracted mouse-tail genomic DNA 
using primers P1 and P2. (D) Disruption of CAR 
expression in WT or CAR-cKO mice as measured 
by immunofluorescent staining and immunoblot-
ting using an antibody specific for CAR (red) and 
γ-catenin (green) as marker of the cell-cell junc-
tion. The typical intercalated disc staining for CAR 
is noted in the WT mice (arrows) but absent in the 
CAR-cKO mice. Scale bar: 40 μm.
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In addition to the normal atrial depolarization, there was no sig-
nificant difference in the time required for activation of intrinsic ven-
tricular depolarization based on the optical map or the pattern of 
activation of the ventricles between WT and CAR-cKO mice (Figure 
2, D and E). This included evidence of nearly simultaneous depolar-
ization of both the RVs and LVs through both bundle branches. In 
addition, average action potential patterns did not differ significant-
ly between WT and CAR-cKO mice (Figure 2D). Furthermore, there 
was no difference in anterior ventricular activation times between 
WT and CAR-cKO mice during intrinsic heart rhythms or during LV 
epicardial pacing. In addition, there was no significant difference in 
action potential duration (APD) or conduction velocity in hearts fol-
lowing epicardial pacing of the ventricle (Figure 2E). However, there 
was evidence of impaired AV conduction as manifested by complete 
AV block in 100% of the hearts isolated from CAR-cKO mice (n = 6).

AV block in global CAR-KO embryos. In order to determine whether 
there were conduction system abnormalities during development 
in global CAR-KO embryos, we evaluated AV conduction in global 
CAR-deficient mice we had previously generated by gene target-
ing as described in Methods (Figure 3, A and B). To verify that the 
embryos were deficient for both CAR alleles, we performed South-
ern blot on DNA isolated from the embryo yolk sac or embryo tail 
(Figure 3C). Complete disruption of CAR protein expression was 
confirmed by Western blot analysis (Figure 3C).

Similar to previously published results (4, 5) from other labo-
ratories, we found that the CAR-deficient embryos generally died 
between E11.5 and E12.5 (data not shown). In addition, we found 
that some of the CAR-deficient embryos had evidence of hemor-
rhage and a large pericardial effusion at E10.5–E11.5. Histologic 
analysis of the heart of the CAR-deficient embryos failed to dem-
onstrate reproducibly detectable structural defects, hypertrophy, 
or ventricular wall thinning.

Since it is not currently feasible to measure the electrocardio-
gram in a mouse embryo in utero, the flow of blood in the heart of 
embryos in lightly anesthetized pregnant females was assessed using 

Doppler echocardiography. The onset of blood flow from the atrium 
to the LV during atrial contraction, A-wave, served as a marker for 
the beginning of atrial depolarization. Similarly, the onset of blood 
flow through the aortic valve, aortic outflow, served as a marker for the 
beginning of ventricular depolarization. By measuring the interval 
between the beginning of the A-wave and the beginning of the aortic 
outflow, the delay in conduction from the atria to the ventricle was 
quantitated as a surrogate of the PR interval, the electrocardiograph-
ic measure of the time from the beginning of atrial depolarization to 
the beginning of ventricular depolarization (Figure 3D). PR inter-
val was evaluated in E10.5, E11.5, and E12.5 embryos. The mean PR 
intervals in CAR–/– embryos were significantly different from those of 
CAR+/+ and CAR+/– mice (Figure 3D). PR intervals in CAR+/+ embryos 
did not change between E10.5 and E11.5, but the mutant hearts had 
stopped beating by E12.5. 100% of the CAR–/– mice had prolonged PR 
intervals, consistent with first-degree AV block.

CAR expression in the AV-conduction system. To determine whether 
CAR was expressed in the AV-conduction system, hyperpolariza-
tion-activated, cyclic nucleotide-gated cation channels 4–H2B 
(HCN4-H2B) GFP knockin mice were examined. In these mice, 
nuclear GFP expression marks the conduction tissue (16). We 
assessed GFP and CAR immunostaining in the area of the AV 
node. The most intense staining for CAR in GFP-positive cells was 
at cell-cell junctions (Figure 4, A–E).

To assess the overall structure of the AV node, CAR-cKO and WT 
mice were stained with acetylcholinesterase, a marker of cardiac 
conduction cells. This suggested that the AV-node structures in 
CAR-cKO mice were similar to those in WT mice (Figure 4F).

Given the importance of connexins 45, 30.2, and 40 in the car-
diac conduction system, the level of their expression was evalu-
ated in CAR-cKO hearts and compared with that in WT mice. 
Immunoblot demonstrated a marked reduction in connexin 45 
and an increase in connexin 30.2 from whole heart and an increase 
in connexin 40 from atria in the CAR-cKO mice. The amount of 
HCN4 was unchanged in CAR-cKO mice (Figure 5A).

Localization of connexin 45 was assessed in the AV-nodal cell-
cell junction in WT and CAR-cKO mice. HCN4 protein localized 
to the AV node in both WT and CAR-cKO mice. In the WT mice, 
CAR was expressed in the same cells as HCN4 and was colocalized 
with connexin 45 at the cell-cell junctions of the AV node. In addi-
tion, CAR was colocalized with γ-catenin as a cell-cell junction 
marker in the AV node. However, in CAR-cKO mice, CAR localiza-
tion was disrupted in AV-nodal cells that expressed HCN4. Dis-
ruption of CAR expression led to loss of connexin 45 localization 
in the AV-node cell-cell junctions, but γ-catenin localization was 
not disrupted (Figure 5, B–CC).

Abnormalities of cardiac intercalated disc proteins in CAR-cKO mouse ven-
tricular myocytes. To better understand the role of CAR in cardiac cell-
cell junctions and to determine whether the abnormalities described 
above are unique to the conduction system, the levels of several inter-
calated disc proteins were compared at 8 weeks of age in the ventricle 
of WT versus CAR-cKO mice. At this point in time, ventricular func-
tion was normal (see below). We found that expression and localiza-
tion of adherens junction (pan cadherin, α-catenin, and vinculin), 
desmosome (desmoplakin), and gap junction (connexin 43) pro-
teins were not markedly different between WT and CAR-cKO mice 
as shown by immunoblot. However, there were reduced amounts of 
β-catenin and variably decreased levels of ZO-1 (Figure 6A).

Immunofluorescent staining of the ventricular myocardium of 
the CAR-cKO mice demonstrated that pan-cadherin, vinculin, des-

Figure 2
AV–node block in CAR-cKO mice (A) Electrocardiograms obtained 
from lightly anesthetized WT and CAR-cKO 4- to 5-week-old mice 
demonstrated complete AV dissociation in CAR-cKO mice. P (arrow) 
indicates atrial depolarizations (P-wave). Right panel shows repre-
sentative signal averages of 100 beats obtained using high-resolution 
ECG recording in WT and CAR-cKO mice. P-wave (arrow) and QRS 
complex (arrowhead) are shown in a WT mouse. The P-wave is not 
present in the CAR-cKO tracing because it was not associated with the 
QRS complex and was lost in the signal averaging. (B) Telemetric ECG 
analysis in conscious mice. All WT mice had normal AV conduction. 
CAR-cKO mice had either complete AV block (top 2 tracings) or first 
degree AV block (bottom 2 tracings). None of the CAR-cKO mice had 
normal AV conduction. (C and D) Optical mapping studies in CAR-cKO 
mice. The activation maps showed the pattern of intrinsic anterior or 
posterior activation of isolated atria (C) and epicardial intrinsic activa-
tion of isolated heart ventricles (D). There was no significant difference 
in the activation propagation pattern or averaged action potentials over 
several beats in the atria or ventricles of WT versus CAR-cKO mice. 
LA, left atrium; SAN, sinoatrial node; RA, right atrium. (E) Ventricular 
activation times from the anterior view with an intrinsic depolarization 
and LV epicardial pacing is shown (left panel).The conduction veloc-
ity was not different between WT and CAR-cKO mice (middle panel). 
APD from LV epicardial pacing was also not different (APD20, APD50, 
and APD80) (right panel). P = NS between all groups; WT (n = 7) vs. 
CAR-cKO (n = 6); mean ± SD. BCL, basal cycle length.
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moplakin, and connexin 43 were localized to the intercalated disc 
in the CAR-cKO mice (Figure 6B). However, there was a marked 
and consistent decrease in β-catenin and ZO-1 localization to the 
intercalated disc of CAR-cKO mouse hearts (Figure 6C). Vinculin 
staining demonstrated that the intercalated disc was intact but 
that there was a clear decrease in ZO-1 localized to the intercalated 
disc (Figure 6C). These results indicate that the absence of CAR 
affects the level and localization of β-catenin and ZO-1 while spar-
ing many other intercalated disc proteins. Interestingly, disruption 
of β-catenin in the heart has been previously demonstrated to have 
an effect on cardiac function (17).

Electron microscopic evaluation of the cardiomyocyte and intercalated 
disc in the absence of CAR. Histologic evaluation at 8 weeks of age was 
normal by H&E staining (data not shown). Intercalated disc struc-

ture was assessed in WT and CAR-cKO mice by electron micros-
copy at 8 weeks of age. While there were no clear abnormalities in 
myofilaments, intercalated discs were punctuated by areas where 
there was an increase in the space between cardiac myocytes. These 
were generally found in the adherens junctions of the intercalated 
disc. Concomitant with these abnormalities, there was apparent 
disorganization in the electron-dense structures associated with 
the intercalated disc (Figure 6D) and disorganization of the myo-
filament attachments to the intercalated disc at the same location. 
Gap junctions were present and appeared intact in the ventricles of 
both WT and CAR-cKO mice (data not shown).

Late-onset cardiomyopathy in CAR-cKO mice. To determine whether the 
AV block was associated with ventricular dysfunction and whether 
the abnormalities in the intercalated discs of the ventricles were asso-

Figure 3
First-degree AV block in global CAR-KO  
embryos. (A) Generation of global 
CAR-deficient mice by gene target-
ing. Exon (E) 2 of CAR was deleted 
and replaced with a β-galactosidase–
neomycin cassette (β-Gal/Neo). B, 
BglII. (B) Homologous recombina-
tion was confirmed by Southern 
bolt analysis using genomic DNA 
digested with NheI from selected ES 
cells. WT (+/+); heterozygous (+/–). 
(C) Genotype of the embryos was 
confirmed by Southern blot analysis 
on DNA isolated from embryo yolk 
sacs (left panel). CAR expression 
was determined using immunoblot 
analysis of embryos (right panel) of 
heterozygous, homozygous-deficient 
(–/–), and WT mice. (D) AV block in 
global CAR-KO mouse embryos was 
demonstrated by Doppler analysis of 
mitral inflow during the period of early 
rapid filling (E), atrial filling (A), and 
aortic outflow (OF). The PR intervals 
were calculated using the time from 
the beginning of the A-wave to the 
beginning of the aortic outflow. Mean 
PR intervals and heart rate in CAR+/+ 
(n = 8), CAR+/– (n = 9) and in CAR–/–  
(n = 8) embryos are shown (lower 
panel). Mean ± SD. *P < 0.001.
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ciated with cardiomyopathy, ventricular function was evaluated at 
several time points. Similar to a previous report (5), cardiac-specific 
disruption of CAR using the α-MHC–CRE transgene did not cause 
embryonic lethality in the current study. The CAR-cKO mice survived 
to at least 33 weeks of age without an increase in mortality. Histology 
and cardiac function was normal at 8 weeks of age, a time point at 
which AV block and abnormalities in the intercalated discs and inter-
calated disk proteins had already been detected. However, histologic 
evaluation of hearts of the CAR-cKO mice at 25 weeks of age demon-
strated a clear increase in myocardial fibrosis (Figure 7A).

Ventricular function by echocardiography was not significant-
ly abnormal up to 17 weeks of age; however, there was a pro-
gressive decrease in fractional shortening, an echocardiographic 
parameter of cardiac function, at 21 and 25 weeks of age in the 
CAR-cKO mice (Figure 7, B and C). There was not a significant 
increase in LV end-diastolic dimension at 25 weeks of age nor 
significant differences in heart weight/tibia length (Figure 6C) 
or heart weight/body weight (not shown) between CAR-cKO and 
WT mice. This demonstrates that the absence of CAR is associ-
ated with a decrease in cardiac function at older ages without 
a clear increase in ventricular end-diastolic dimension or heart 
weight to body weight ratios. Therefore, the AV block described 
occurred in embryos and at a time point that clearly preceded 
the onset of cardiomyopathy.

CAR forms a complex with connexin 45, β-catenin, and ZO-1. The 
cytoplasmic domains of CAR and connexin 45 have been shown 

to have PDZ-binding motifs that bind to PDZ domain–con-
taining proteins such as ZO-1 (8, 18, 19). In order to define the 
interaction between CAR and connexin 45, whole-heart extracts 
were immunoprecipitated with CAR antibody. This pulled down 
connexin 45. Immunoprecipitation with connexin 45 antibody 
also precipitated CAR (Figure 8A). Connexin 45 is not expressed 
in HeLa cells. Therefore, a connexin 45–Flag expression vector 
was coexpressed with a CAR expression vector in HeLa cells. 
Coimmunoprecipitation using anti-Flag agarose demonstrated 
that CAR coprecipitated with connexin 45. However, a mutated 
CAR (CARΔPDZ) expression vector in which the PDZ-binding 
motif (ITVV) at the C terminus of CAR had been deleted failed 
to coprecipitate with cotransfected connexin 45–Flag (Figure 
8B). It has been reported previously that the C terminus of con-
nexin 45 interacts with PDZ domains of ZO-1 (19). To determine 
whether the PDZ-binding motif of connexin 45 was required for 
the interaction with CAR, the 4 C-terminal residues (SVWI) were 
mutated to alanine. The mutated connexin 45 no longer inter-
acted with CAR. Cells were also transfected with Flag-tagged 
4.5 LIM domain protein 2 (FHL2) as a negative control to dem-
onstrate the lack of interaction with other membrane proteins 
(Figure 8C) (20). These findings demonstrate that the CAR–con-
nexin 45 protein complex requires the PDZ-binding motif at the 
C terminus of both CAR and connexin 45 and indicates that 
a PDZ domain–containing protein such as ZO-1 is involved in 
the CAR–connexin 45 protein complex. This is consistent with 

Figure 4
CAR expression in AV node of WT 
mice and intact AV-node structure in 
WT and CAR-cKO mice. (A and B) 
GFP nuclear staining in HCN4-GFP 
knockin mouse. (A) Section through 
the right atria (RA) and left atria (LA) 
shows the AV node in B. (B) Higher 
power view of the AV node (AVN). (C) 
High-power view from HCN4-GFP 
knockin mouse (green nuclear stain) 
at the region of the AV node. Scale 
bars are measured in micrometers. 
(D) Immunofluorescent staining for 
CAR (red, indicated by arrows). (E) 
Merged images of D and E demon-
strate that CAR is located between 
GFP-positive AV-nodal cells (arrows). 
Lower panels in C, D, and E show dif-
ferent areas from the same mouse. 
(F) Acetylcholinesterase stain of the 
WT and CAR-cKO mice demonstrate 
similar staining patterns in the AV 
node. Lower panels show enlarged 
photographs of the insets.
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Figure 5
Protein expression in AV node of WT 
and CAR-cKO mice. (A) Immunoblot 
for HCN4, connexin 45 (Cx45), connex-
in 30.2, and connexin 40, and GAPDH 
demonstrate that the levels of connex-
in 45 are markedly decreased where-
as levels of connexins 30.2 and 40 are 
somewhat increased. (B–CC) Immu-
nofluorescent staining of the AV node 
in WT (B–O) and CAR-cKO (P–CC)  
mice. HCN4 stain in the area of the 
AV node identified the conduction tis-
sue (B and P). Higher magnification of 
the area of the AV node (rectangles) 
stained with HCN4 and CAR (D–F and 
R–T). An adjacent section of the AV-
nodal tissue that stained positive for 
HCN4 was costained for connexin 45 
and CAR (G–I and U–W). As a control 
for AV-node, cell-cell junction adjacent 
sections were costained for γ-catenin 
and CAR (J–L and X–Z). The AV 
nodes of WT and CAR-cKO mice were 
then costained for CAR and connexin 
45 and imaged at high magnification 
using deconvolution microscopy (M–O 
and AA–CC). Scale bars are mea-
sured in micrometers. Arrows indicate 
staining of cell-cell junctions.
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Figure 6
Abnormal intercalated disc proteins and cardiomyopathy in CAR-cKO mice. (A) Intercalated disc protein levels in 8-week-old WT and 
CAR-cKO mouse ventricles by immunoblot. β-catenin and ZO-1 were significantly reduced in mutants (n = 3 for each group, *P < 0.01), as 
quantified by densitometry. (B) Immunofluorescent stains illustrating the localization pattern of intercalated disc proteins. Scale bar: 40 μm. 
(C) 8-week-old mouse hearts were costained for β-catenin (green) and CAR (red) (upper panels), or vinculin (green) and ZO-1 (red) (lower 
panels). Localization of β-catenin and ZO-1 at the intercalated disc was abnormal in CAR-cKO mice. Scale bar: 20 μm. (D) Representative 
electron micrographs from the ventricular myocardium of WT and CAR-cKO mice at 8 weeks of age. Scale bars: 1.4 μm (upper panels); 
0.36 μm (lower panels).
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the pull down of ZO-1 in the coprecipitation experiment with 
full-length CAR. However, we found that connexin 43 does not 
coprecipitate with CAR (data not shown).

Given the loss of β-catenin at the intercalated disc of CAR-cKO  
hearts, we sought to determine whether CAR and β-catenin 
may associate in the heart. β-catenin coprecipitated when 
immunoprecipitation of ventricular protein extracts was per-
formed with anti-CAR antibody but was not precipitated with 
IgG as a control (Figure 8D). To define the direct interac-
tion between CAR and β-catenin, HeLa cells were transfected 
with CAR-Flag expression vector. Immunoprecipitation with 
anti–β-catenin antibody pulled down CAR-Flag (Figure 8E). 
Immunoprecipitation with anti-Flag agarose eluted with a 3x 
Flag peptide demonstrated the presence of β-catenin in the eluate.  
This did not occur with transfection of FHL2-Flag as a nega-
tive control (Figure 8F). These findings indicate that CAR and 
β-catenin are part of a protein complex. However, cotransfection 
of connexin 45–Flag expression vector with β-catenin expression 
vector failed to demonstrate an interaction between β-catenin 
and connexin 45 (data not shown). These results demonstrate 
that CAR and connexin 45 can associate in a protein complex and 
that the PDZ-binding motif on CAR and connexin 45 is required 
for this interaction. While connexin 45, ZO-1, and β-catenin 
can form a complex with CAR, it appears that connexin 45 and  
β-catenin do not have a direct association to each other.

Discussion
Our findings demonstrate that CAR is required for normal func-
tion of the AV node in both the adult and embryonic hearts and 
for normal ventricular function with aging. Since connexin 45 is 
a prominent connexin expressed in the compact AV node (21), 
the loss of connexin 45 in the cell-cell contacts of the AV node 
provides a sound explanation for why there is abnormal AV con-
duction in hearts that lack CAR. While the conduction system 
also expresses connexin 30.2, it appears that it is not sufficient to 
maintain normal AV conduction. This may be related to its very 
slow conduction properties (11).

Persistent expression and localization of connexins 40 and 
43 in other conduction and myocardial cells likely accounts for 
the normal conduction in the atria and the ventricles as deter-
mined by optical mapping. The AV-node dysfunction identi-
fied occurs in the absence of detectable myocardial disease, but 
it is also important to note that the deficiency of CAR in the 
heart causes a relatively late onset cardiomyopathy identified 
at 21 weeks of age. The cardiomyopathy is associated with loss 
of β-catenin and ZO-1 in the cardiomyocyte intercalated disc. 
Immunoprecipitation experiments combined with the in vivo 
pathophysiologic effects of CAR disruption indicate that CAR 
and connexin 45 are part of a previously unrecognized protein 
complex and that CAR also interacts with β-catenin and the 
PDZ domain–containing protein ZO-1.

Figure 7
Cardiomyopathy in CAR-cKO mice. (A) Histological findings in WT and CAR-cKO mouse hearts at 25 weeks of age stained with H&E, trichrome, 
and picro-sirius red demonstrating myocardial fibrosis. Original magnification, ×200 (lower 6 panels). (B and C) Echocardiographic analysis of 
CAR-cKO mice showed cardiomyopathy starting around 21 weeks of age (B). The heart weight/tibia length (HW/TBL) ratio was not significantly 
different between WT and CAR-cKO mice. LV end-diastolic dimension (LVDD), LV end-systolic dimension (LVSD), and fractional shortening (FS) 
are shown quantitatively (C). n = 5 for each group tested. Error bars show mean ± SEM. **P < 0.01 versus WT by Student’s t test.
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Other adhesion molecules have been shown to have a crucial 
role in maintaining the integrity of the intercalated disc. For 
example, the global KO of N-cadherin, the stereotypical fascia 
adherens intercalated disc adhesion molecule, results in midgesta-
tional embryonic lethality associated with a severe cardiovascular 
defect (22). Loss of N-cadherin in the adult cardiac myocyte was 
reported to result in loss of the intercalated disc structure (23–25). 
This was accompanied by a loss of connexins 43 and 40, β- and  
α-catenin, and p120. The effects on connexin 45 were not report-
ed. N-cadherin deficiency resulted in inducible atrial and ventricu-
lar arrhythmias and a decrease in the conduction velocity in the 
ventricle. Altogether, these data have been interpreted to indicate 
that N-cadherin is required for formation of the intercalated disc 
and that in its absence there is a generalized loss of intercalated 
disc structure and localization of intercalated disc proteins. This 
includes normal formation of the gap junction (26). The loss of 
CAR has an important effect on the intercalated disc, but it is 
clearly distinct from that observed with N-cadherin deficiency.

While it is clear that N-cadherin interacts with intracellular 
proteins, it is not clear whether it is part of a connexin-contain-
ing protein complex or whether the loss of N-cadherin disrupts 
the structure of the intercalated disc to the point that connexins 
can no longer associate with the intercalated disc. Using pull-
down experiments and mutational analysis, the current data 
indicate that CAR is a part of a protein complex that includes 
connexin 45. The integrity of this interaction requires the PDZ-
binding motif at the carboxy terminus of CAR. With loss of 
CAR, there is loss of connexin 45, ZO-1, and β-catenin localiza-
tion to the cell-cell contacts of the AV node and loss of β-catenin 

and ZO-1 to the intercalated disc. Loss of CAR does not result in 
loss of the intercalated disc structure as has been reported with 
deficiency of N-cadherin.

Given the localization of CAR to the tight junction of epithelial 
cells, it might be expected that CAR would be localized to the 
fascia adherens in the intercalated disc. However, the existence of 
a protein complex that includes CAR and connexin 45 indicates 
that CAR may be juxtaposed to or within the gap junction of 
the AV node. There are data showing that protein localization 
to the distinct compartments of the intercalated disc are not as 
clear as in other cell types (27). Another point for consideration 
is that the AV-nodal cells have a different morphology than myo-
cardial cells and the cell-cell junctions are structurally distinct 
from those of the contractile myocardial cells (21). Nevertheless, 
the data indicate that CAR and connexin 45 are part of a protein 
complex and that CAR expression is required for localization of 
connexin 45, ZO-1, and β-catenin.

Previous reports have demonstrated that global KO of connexin 
45 leads to embryonic lethality at E9.5–E10.5, a time point that is 
similar to that of global CAR KO. Prior to death, there is evidence 
of an AV-conduction abnormality (28). Similarly, a striated mus-
cle-specific connexin 45 KO mouse has abnormal AV conduction. 
The AV conduction abnormality in the global CAR-KO embryo 
has similarities to the connexin 45 KO hearts and suggests the 
possibility that AV-conduction abnormalities could contribute 
significantly to the embryonic lethality in the absence of CAR as 
was demonstrated in the cardiac-specific connexin 45 KO mice 
(29). Differences in the timing of expression during development 
for the different promoters that have been used to disrupt CAR 

Figure 8
CAR associates with connexin 45, β-catenin, 
and ZO-1. (A) Whole-heart protein extracts were 
immunoprecipitated using IgG as a negative control 
and anti-CAR (top panels) or connexin 45 antibod-
ies (bottom panels). (B) HeLa cells were transfected 
with connexin 45–Flag only (Cx45-Flag; lane 1) as 
control, with connexin 45–Flag and CAR (Cx45-Flag 
+ CAR; lane 2), or with connexin 45–Flag and CAR 
lacking the PDZ domain–binding motif (Cx45-Flag + 
CARΔPDZ; lane 3). Connexin 45–Flag pulled down 
CAR and ZO-1 in the connexin 45–Flag– and CAR-
expressing HeLa cells. In contrast, connexin 45– 
Flag was not able to precipitate CAR or ZO-1 after 
transfection of HeLa cells with CARΔPDZ. (C) To 
confirm the importance of the PDZ domain–bind-
ing motif of connexin 45, CAR was transfected with 
connexin 45–Flag (Cx45-Flag + CAR; lane 2) or 
connexin 45–Flag lacking the PDZ domain–binding 
motif (Cx45ΔPDZ-Flag + CAR; lane 3) or FHL2-Flag 
as control (FHL2-Flag + CAR; lane 1). Connexin 45 
lacking the PDZ domain–binding motif did not copre-
cipitate with CAR. (D) Protein extracts from the ven-
tricular myocardium were immunoprecipitated using 
IgG as a negative control or the anti-CAR antibody. 
β-catenin and CAR were detected in the precipitate. 
(E) CAR-Flag was precipitated with anti–β-catenin 
antibody in CAR-Flag–transfected HeLa cells. (F)  
β-catenin was precipitated with CAR-Flag from HeLa 
cells transfected with CAR-Flag but not with the neg-
ative control, FHL2-Flag.
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or connexin 45 in the heart may explain why the CAR-cKO mice 
described herein did not die during embryonic development, 
while mice in which disruption of CAR was accomplished using 
the cardiac troponin T-CRE transgene died during development 
in a manner similar to that of global CAR-KO mice (5).

It was initially unexpected that CAR-cKO mice had AV block 
without evidence of conduction abnormalities in the atria or ven-
tricle. The data indicate that an impulse arises normally in or near 
the SA node of the CAR-cKO atria and that it propagates normally 
to the AV node where the impulse is blocked or delayed. An escape 
impulse originating in the AV node or His bundle (below the area 
of block in the AV node) stimulates a normal pattern of depolar-
ization in the ventricle through both the right and left bundle 
branches. These findings indicate that the cardiac-specific deletion 
of CAR in the cardiac myocyte does not significantly affect propa-
gation of the electrical impulse in the cell-cell contacts of the His-
Purkinje system or the intercalated discs of the cardiac myocytes 
and that the most significant effect on the electrical conduction 
through the intercalated discs occurs at the level of the AV node 
in the CAR-cKO mice. While we did not detect an abnormality in 
SA-nodal function, this was not evaluated extensively.

The cytoskeletal adaptor protein ZO-1 has been previously 
shown to bind to the carboxyterminal PDZ-binding motif of CAR 
(7, 30) as well as to the carboxyl terminus of connexin 43. It has 
also been shown that ZO-1 colocalizes with N-cadherin. The last 
5 amino acids (aa 378–382) of connexin 43 are required for ZO-1 
binding in vitro when introduced into a connexin 43–deficient 
MDCK cell line. However, those amino acids are not essential for 
colocalization of connexin 43 and ZO-1 in a cell membrane (31). 
That may explain why in the CAR-cKO mice, ZO-1 was disrupted 
in the intercalated disc but connexin 43 had a similar pattern of 
localization in the intercalated disc as in the presence of CAR. In 
addition, it has been previously shown that KO of connexin 43 
did not affect localization of ZO-1 in Rat-1 cells (32). Our find-
ings indicate that the CAR and ZO-1 protein complex is required 
to localize connexin 45 to the cell-cell junction of AV-nodal tissue 
but that they are not required for localization of connexins 40 and 
43 in the intercalated disc.

It is notable that there is loss of β-catenin localization in the inter-
calated disc of the CAR-deficient hearts. Disruption of β-catenin  
has been demonstrated to cause ventricular dysfunction and 
attenuated hypertrophic response (17). It is not known whether 
this phenotype is due to the structural effects of the absence of 
β-catenin or alterations in β-catenin signaling. In our results, CAR 
deficiency in the heart also leads to a decrease in amount and 
mislocalization of β-catenin and a cardiomyopathy. These data 
demonstrate that CAR is required for localization of β-catenin 
to the adult heart intercalated disc and its mislocalization may 
be related to the development of cardiomyopathy. It is not clear 
why β-catenin expression and localization were maintained in the 
global CAR-deficient embryo in a previous report (4).

Altogether these data define a novel protein complex in which 
an adhesion protein localized to the cell-cell junctions of the AV 
node and intercalated discs of working myocardium is required 
for proper localization of connexin 45, β-catenin, and ZO-1. CAR 
is also required for normal AV-node function at early time points 
and for normal cardiac function as the heart ages. While there are 
changes noted in the intercalated discs, the effect on the interca-
lated disc is clearly less than that observed with loss of N-cadherin. 
These findings demonstrate a clear role for CAR in the heart and 

have implications for the identification of novel therapeutic and 
diagnostic strategies for AV block and ventricular dysfunction in 
genetic and acquired diseases.

Methods
Generation of CAR-cKO and global CAR-KO mice. A genomic CAR fragment 
was isolated from a 129/SVJ library (Stratagene) and used to construct the 
CAR-targeting vector by standard techniques. For CAR-cKO mice, a floxed 
CAR construct was generated by inserting loxP sites just before and after 
the second exon. The targeting vector was digested with SalI and NotI and 
electroporated into R1 ES cells. G418-resistant ES cells were screened by 
Southern blot (Figure 1B). Recombination was confirmed using PCR. A 
positive clone that met all the above criteria was injected into blastocysts 
from C57/B6 mice. Chimeric mice were inbred with Swiss Black mice to 
generate germline-transmitted heterozygous mice. CAR genotype was con-
firmed by PCR (Figure 1C). CAR-cKO mice were compared with mice that 
were homozygous for the WT genotype of CAR.

For global CAR-KO mice, exon 2 was deleted and replaced by a β-galac-
tosidase–neomycin selection cassette (Figure 3A). The targeting vector was 
electroporated into R1 ES cells. One clone was identified that had under-
gone homologous recombination (Figure 3B). This clone was injected into 
blastocysts from C57/B6 mice. Germline-transmitted CAR+/– mice were 
then identified. These heterozygous mice were mated with Swiss Black 
mice to generate homozygous CAR–/– embryos. All procedures were carried 
out in accordance with guidelines set by the UCSD Institutional Animal 
Care Program and with IACUC approval.

Immunoblot analysis. To evaluate CAR and intercalated disc protein 
expression level, heart proteins from 8-week-old mice (n = 3) were subjected 
to immunoblot analysis using an ECL detection system as described previ-
ously (33). Primary antibodies used were rabbit anti-CAR (Santa Cruz Bio-
technology Inc.), pan-cadherin (Sigma-Aldrich), vinculin (Sigma-Aldrich), 
α-catenin (Sigma-Aldrich), β-catenin (BIOMOL International), ZO-1 
(Zymed; Invitrogen), desmoplakin (AbD Serotec), connexins 30.2, 43, 40, 
and 45 (Zymed; Invitrogen), α–skeletal muscle actin (Sigma-Aldrich), and 
GAPDH (Santa Cruz Biotechnology Inc.). Protein expression levels were 
evaluated with Image Lab software (MCM Design) based on the signal 
intensity of each protein using α-skeletal muscle actin or GAPDH as an 
internal control for protein loading.

Expression vectors. N-terminal Flag-tagged CAR and connexin 45–tagged 
vector were generated for pull-down assays. CAR and connexin 45–Flag–
tagged vectors were also mutated to eliminate the C-terminal PDZ binding 
motifs (ITVV for CAR and SVWI for connexin 45, CARΔPDZ, and con-
nexin 45ΔPDZ, respectively). The PDZ-binding motif was deleted for CAR, 
and alanine substitutions were used for connexin 45. Each protein-cod-
ing sequence of the mRNA was amplified by RT-PCR from mouse heart 
and spleen total RNA and cloned into eukaryotic expression vectors using 
HindIII-EcoRI (for CAR and CARΔPDZ) and NotI-HindIII (for connexin 
45 and connexin 45ΔPDZ) sites. p-3XFlag–CMV-10 (Sigma-Aldrich) and 
p-EGFP-C3 (Clontech) expression vectors were used for the insertion of 
N-terminal Flag and GFP tags, respectively.

Coimmunoprecipitation. To examine the direct interaction between CAR 
and β-catenin, Flag-tagged CAR protein was expressed in HeLa cells 
by transfection. The CAR-Flag was pulled down in 500 μl of HeLa cell 
extracts 72 hours after transfection using agarose beads conjugated with 
anti-Flag (M2) antibody (Sigma-Aldrich). Precipitated agarose beads 
were washed 4 times with the cell lysis buffer, and the CAR-Flag pro-
tein was specifically eluted from the beads by incubation with a 3x Flag 
peptide (Sigma-Aldrich) using competitive reaction for anti-Flag anti-
body. The direct binding of CAR to β-catenin was confirmed using the 
eluted proteins by immunoblot analysis with anti–β-catenin antibody. 
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To investigate (a) the direct interaction between connexin 45 and CAR 
and (b) the importance of PDZ-binding motif in CAR and connexin 45 
for the interaction, connexin 45–Flag was coexpressed with (a) CAR and 
(b) CARΔPDZ or CAR was coexpressed with( a) connexin 45–Flag and 
(b) connexin 45ΔPDZ-Flag in the HeLa cells, respectively. As a negative 
control, FHL2-Flag was coexpressed with CAR. The pull down was per-
formed using anti-Flag agarose beads as described above followed by 
immunoblot with anti-CAR antibody. FHL2-Flag expression vector was 
kindly provided by Stephan Lange and Ju Chen (UCSD).

Histology and transmission electron microscopy. H&E, trichrome, and picro-
sirius red staining were performed using 10-μm paraffin-embedded sec-
tions as described previously (34). For transmission electron microscopy, 
Karnovsky solution, a mixture of 4% glutaraldehyde and 6% formaldehyde, 
was injected into coronary artery by retrograde perfusion to maintain the 
ultrastructure of the heart. Tissue embedding and processing were per-
formed as described previously (35).

Immunofluorescent staining. Heart was snap-frozen by embedding in 
OCT Tissue-Tek (Sakura Finetechnical Co. Ltd.) using isobutane chilled 
in dry ice. 7-μm sections were cut by cryosector. Specimens were fixed 
with ice-cold acetone followed by blocking and permeabilization with 
2% BSA and 1% Triton X-100 in PBS and incubated with primary anti-
bodies against CAR (1:100; Santa Cruz Biotechnology Inc.), pan-cadherin 
(1:500; Sigma-Aldrich), vinculin (1:500; Sigma-Aldrich), β-catenin (1:200; 
BIOMOL International), ZO-1 (1:200; Zymed, Invitrogen), desmoplakin 
(1:500; AbD Serotec), connexin 45 (1:50; Zymed, Invitrogen), and HCN4 
(1:500, Abcam). The target proteins were visualized with the secondary 
antibodies conjugated with fluorescence (Alexa Fluor 488 and 594, 1:400; 
Invitrogen) and Hoechst nuclear stain. Fluorescence images were taken 
and processed using deconvolution microscope (DeltaVision; Applied 
Precision). Acethylcholinesterase stain identifying AV node was per-
formed as described previously (36).

Adult and embryo mouse echocardiography. For adult mice, M-mode echocar-
diograms were performed using 16- to 25-week-old mice as described previ-
ously (35). For embryonic Doppler studies, pregnant mothers were anes-
thetized with 1% isoflurane, and the blood flow in the embryonic LV was 
analyzed using a Vevo 770 Imaging System (VisualSonics). We measured 
the time from the beginning of the A wave generated by atrial contraction 
to the beginning of LV ejection as a substitutive marker for PR interval on 
ECG to estimate the AV-conduction disturbance. The genotype of each 
embryo was confirmed by PCR after the Doppler study. Careful recording 
of the embryo location within the mother by ultrasound made it possible 
to follow the same embryo over time and to genotype the embryo after the 
embryos were extracted from the womb.

Surface ECG and optical mapping studies. For ECG study, mice were anesthe-
tized with 1% isoflurane. Needle electrodes (30 gauge) were inserted sub-
cutaneously into limbs. ECG signals were amplified using Warner Instru-
ments DP-304 Differential Amplifier bandpass filtered between 0.1 and 
100 Hz. Signal was further filtered through a Quest Scientific HumBug 

50/60 Hz Noise Eliminator and digitized at 3000 Hz. Data were acquired 
and analyzed using QRS analysis software (QRS Phenotyping Inc.).

For optical mapping studies, hearts were isolated from 4- to 6-week-
old mice (n = 7, WT group; n = 6, CAR-cKO group) and Langendorff 
perfused with a heated, oxygenated modified Krebs-Henseleit solu-
tion. The heart was submersed in heated perfusate in an optical bath 
chamber, and a volume-conducted ECG was recorded throughout the 
experiment. The voltage-sensitive dye di-4-ANEPPS (1 ml bolus, 26 μM) 
was injected into the perfusion line. The atrial or ventricular epicardi-
um was illuminated by 2 470 nm wavelength LED lamps, and fluores-
cence was filtered at more than 610 nm, focused with a fast video lens 
(F/0.95; Navitar), and recorded by a 12-bit charge-coupled device camera  
(64 × 64 pixels, 950 frames/s, CA-D1-0128T; DALSA). During recording 
of paced beats, the atrium or ventricle was stimulated epicardially with a 
unipolar platinum electrode at a constant current (×1.5 threshold) using 
a digital stimulator (DS8000; WPI). Activation patterns were assessed in 
the freely beating heart, but 15 mM of the electromechanical uncoupler 
2,3-butanedione monoxime was perfused to eliminate motion artifacts 
while measuring APDs.

Telemetry ECG. For unanesthetized electrocardiography studies, ECG 
transmitter TA10ETA-F20 or TA10EA-F20 (DSI) was subcutaneously 
inserted into the backs of the mice as described previously. Positive and 
negative leads were fixed to the right shoulder muscle and the left leg mus-
cle, respectively. To exclude the effect of injury due to the surgery, data were 
collected for 24 hours after a 1-week recovery period.

Statistics. Data are expressed as mean ± SEM unless otherwise noted. Sta-
tistical significance was evaluated using the unpaired Student’s t test for 
comparisons between 2 means. For multiple comparisons, 1-way ANOVA 
using Tukey-Kramer post hoc test was used. P values of less than 0.05 were 
considered statistically significant.
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