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Abstract

Cardiac gap junctions have been implicated in maintaining cardiac conduction and function.  In car-
diac disease, expression of connexin43, the most abundant ventricular gap junction protein, is
markedly abnormal, a process termed “gap junction remodeling.”  To date, however, the gap junction
has not been directly targeted therapeutically in cardiac disease states.  Therefore, we have developed
novel and complementary experimental models to investigate whether loss of connexin43 expression
in the heart can be directly linked to the arrhythmic and functional complications of heart disease.  In
this article, we discuss how data from connexin43 conditional and chimeric knock-out mice support
the hypothesis that gap junction remodeling is a key molecular feature underlying the high incidence
of sudden arrhythmic death and exacerbating the ventricular dysfunction associated with acquired
heart disease.
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A D E TA I L E D U N D E R S TA N D I N G of biological func-
tion is vital to the process of developing thera-
peutic breakthroughs.  In cardiovascular re-
search, studies related to arrhythmia and heart
failure may lead to therapies that will reduce
the morbidity and mortality associated with
these complications of heart disease.  First,
h o w e v e r, targets for these therapies must be
identified.  One such potential target is the car-
diac gap junction.  Gap junctions have been im-
plicated in maintaining cardiac conduction and
function (1– 4).  However, they have not yet
been targeted in the treatment of cardiovascular
disease.  Therefore, using animal models, we
have attempted to establish whether the gap
junction could be an important therapeutic tar-
get in the diseased heart.

Gap junctions are arrays of intercellular
channels that allow for the diffusion of ions and
signaling molecules between cells.  In the heart,
gap junctions also form a low-resistance path-
way for cell-to-cell conduction of electrical im-
pulses.  Gap junctions are made up of a family of
proteins called connexins, of which more than a
dozen have been cloned in mammals.  W h i l e
connexins are present in most tissues, the distri-
bution of individual isotypes tends to be more re-
stricted, with substantial overlap of diff e r e n t
connexins in many tissues (5, 6).  Certain tissues
have one predominant connexin subtype, and
single-gene mutations in these subtypes tend to
have profound phenotypic sequellae.  For exam-
ple, in Schwann cells, which are responsible for
forming the myelin sheath around nerves, con-
nexin32 predominates.  Mutations in connexin32
cause a demyelinating neuropathy in humans
known as X-linked Charcot-Marie-Tooth disease
(7).  Similarly, connexin43 is the predominant
subtype in the cardiac ventricles, and mutations
of connexin43 have been implicated in cardiac
developmental abnormalities (8).

In the adult heart, abnormalities of con-
nexin43 expression have been described in a
variety of cardiac disease states (9–11).  A b-
normal connexin43 expression in the diseased
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heart, referred to as “gap junction remodeling,”
consists of a loss of connexin43 expression from
its usual location at the intercalated discs and a
global down-regulation in the cardiomyocyte
(12).  Gap junction remodeling has been described
in conditions such as myocardial infarction, hy-
p e r t r o p h y, ischemia and hibernating myocardium,
which are also associated with arrhythmias and
ventricular dysfunction (9–11).  In ischemic car-
diomyopathies, gap junction remodeling is
p a t c h y, affecting areas of hibernating myocardium
most profoundly (9).  In the peri-infarct zone of
experimental myocardial infarction in dogs, both
altered electrophysiological properties and con-
nexin43 dysregulation have been described (13,
14).  The peri-infarct region, in addition, serves as
an important focus for the generation of malignant
ventricular arrhythmias, and is also the area in-
volved in infarct expansion (15– 1 7 ) .

As a result of these data regarding gap junc-
tion remodeling, we hypothesized that dysregula-
tion of connexin43 expression may be a key mol-
ecular feature of arrhythmogenicity and may con-
tribute to ventricular dysfunction.  In order to test
this hypothesis, we had to develop novel models
for the loss of connexin43.  We were unable to use
germline knock-out mice to study physiologic al-
terations in the adult heart, since these mice de-
velop right ventricular outflow tract obstruction i n
u t e ro and die perinatally from presumed pul-
monary oligemia (18).  The connexin43 germline
knock-out phenotype was theorized to result from
loss of connexin43 in the neural crest cell lineage
rather than in the cardiomyocytes themselves
( 1 9 –21).  Thus, we elected to knock out con-
nexin43 specifically in cardiomyocytes, using the
C r e - l o x P conditional knock-out system (22).  For
this system, loxP sites, 34 base pair palindromic
sequences, are cloned into sites surrounding a
gene of interest, which in our case was c o n -
n e x i n 4 3.  The gene of interest is deleted upon ex-
posure to Cre recombinase, an enzyme that cat-
alyzes the recombination of the loxP sites.  Cre re-
combinase can be introduced via a transgene, and
its expression is driven in specific tissues by
choosing a promoter for the Cre transgene that is
active only in specific tissues.  In order to gener-
ate the connexin43 heart-specific, conditional
knock-out mice, we first created a line of mice in
which we surrounded the c o n n e x i n 4 3 gene with
l o x P sites (23).  Next, we bred these mice with
transgenic lines expressing Cre under heart-spe-
cific promoters (either alpha-myosin heavy-chain
or myosin light-chain 2v in order to create two
separate lines of conditional knock-out mice; see
Fig. 1) (24, 25).

The connexin43 conditional knock-out mice
had significantly lower levels of connexin43 in
their hearts than did littermate controls, but did
not differ from controls in gross morphology,
h i s t o l o g y, and echocardiographic dimensions
and function.  However, all the conditional
knock-out mice died suddenly within the first
few months of life, which contrasts with the nor-
mal murine lifespan of more than two years.  To
evaluate the cause of sudden death, we im-
planted miniaturized telemetry transmitters in a
subset of conditional knock-out mice and moni-
tored their heart rhythms continuously.  All four
monitored mice had ventricular tachycardia that
degenerated into ventricular fibrillation at the
time of death.  In separate experiments, conduc-
tion velocity was found to be significantly de-
creased in isolated hearts from connexin43 con-
ditional knock-out mice perfused with a volt-
age-sensitive dye (23).  Thus, we found that
heart-specific deletion of c o n n e x i n 4 3 led to con-
duction slowing and sudden arrhythmic death.

Numerous studies (26) have predicted that
cellular uncoupling may lead to the initiation of
arrhythmias and their propagation.  Cellular un-
coupling may promote arrhythmogenesis by un-
masking ectopic foci or by enhancing the gen-
eration of early afterdepolarizations (27).  Cel-
lular uncoupling may also lead to increased dis-
persion of action potential duration, which has
been shown to promote reentry and arrhythmia
propagation (28, 29).  In addition, slow conduc-
tion as a result of cellular uncoupling can also
provide the substrate for reentry (26).  Potential
mechanisms of arrhythmia generation and prop-
agation are outlined in Fig. 2.

I n t e r e s t i n g l y, ventricular function was nor-
mal echocardiographically in the connexin43-
conditional knock-out mice.  However, since
gap junction remodeling may be patchy in dis-
eased myocardium (9), we wanted to model a
more heterogeneous loss of connexin43.
Therefore, we generated chimeric mice from
connexin43 knock-out embryonic stem cells,
using wildtype recipient blastocysts (see Fig.
3).  The chimeric connexin43 knock-out hearts
appeared grossly and histologically normal, but
immunofluorescent staining showed a patchy
loss of connexin43 staining throughout the my-
ocardium.  Conduction patterns in isolated
chimeric connexin43 knock-out hearts per-
fused with a voltage-sensitive dye showed dis-
tinct areas of conduction delay resulting in
scalloped and irregular epicardial conduction
wavefronts.  These conduction patterns dif-
fered markedly from the smooth wildtype con-
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trol patterns.  In addition, ventricular systolic
function in the chimeric mice was significantly
depressed in comparison to controls (30).
These findings suggest that loss of the normal
p a t t e rn of electrical activation in the heart may
result in disordered contraction and mechanical
d y s f u n c t i o n .

The conditional and chimeric connexin43
knock-out models have provided important
clues regarding the potential role of gap junction
remodeling in the diseased heart.  For example,
heart-specific deletion of connexin43 does not

Fig. 1. Schematic illustration of breeding strategy for the generation of cardiomyocyte-specific connexin43 conditional
knock-out mice.  Genetically altered mice with loxP sites flanking their connexin43 loci (connexin43 “floxed”) were bred
with transgenic mice expressing Cre recombinase under the control of heart-specific promoters in order to produce con-
nexin43 conditional knock-out mice.

Fig. 2. Potential mechanisms of arrhythmia generation
and propagation in the connexin43 conditional knock-out
mouse.  EAD = early afterdepolarization; APD = action
potential duration.

Fig. 3. Strategy for the generation of chimeric connexin43
knock-out mice.  Mouse embryonic stem cells with the con-
nexin43 gene loci deleted on both alleles were injected into
wildtype blastocysts and implanted into pseudopregnant fe-
males.  The resulting chimeric embryos developed into
chimeric mice that were used for the experiments described
in the text.
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perturb cardiac development, morphology or
function.  Loss of connexin43 in the heart, how-
e v e r, does lead to conduction delay and sudden
arrhythmic death.  On the other hand, patchy loss
of connexin43 in the chimeric mouse is associ-
ated with discrete conduction defects and ven-
tricular systolic dysfunction.  Thus, our studies
support the hypothesis that gap junction remod-
eling is a key molecular feature underlying the
high incidence of sudden arrhythmic death, and
exacerbating the ventricular dysfunction associ-
ated with acquired heart disease.  Gap junctions
may represent a worthwhile therapeutic target in
patients at risk for lethal ventricular arrhythmias.
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