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Effects of Mechanical Forces and Mediators of Hypertrophy on Remodeling of Gap Junctions in the Heart

Peter F. Davies, Guest Editor

Effects of Mechanical Forces and Mediators of Hypertrophy
on Remodeling of Gap Junctions in the Heart

Jeffrey E. Saffitz, André G. Kléber

Abstract—This review article focuses on remodeling of gap junctions in response to chemical mediators of ventricular
hypertrophy, mechanical forces, and alterations in cell-to-cell adhesion. Signaling mediated by mechanical forces is
likely to be involved in the upregulation of cardiac gap junctions during the early phase of cardiac hypertrophy and the
subsequent downregulation in cardiac failure. Several signaling pathways involving cAMP, angiotensin II, transforming
growth factor-�, vascular endothelial growth factor, and integrin-mediated regulators have been shown to affect
expression of gap junction proteins. However, a comprehensive view of regulation of gap junction trafficking, synthesis,
and degradation is still lacking. In addition to gap junction regulation by extracellular mechanical forces, there is a close
relation between gap junctions and adhesion junctions and their linkage to the cytoskeleton. This can be inferred from
experiments on neoformation of cell-to-cell coupling, concomitant upregulation of adherens and gap junctions after
mechanical stretch, and human cardiomyopathies caused by genetic defects in cell-cell adhesion junction proteins. The
molecular mechanisms responsible for the interaction between mechanical and functional cell-to-cell coupling remain
to be elucidated. (Circ Res. 2004;94:585-591.)
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Connexin proteins form intercellular pores in many tis-
sues, such as myocardium, vascular endothelium, and

brain.1 Twenty distinct connexin genes have been identified
in the human genome. Three types of connexins, connexin43
(Cx43), Cx40, and Cx45, are expressed in heart.1 Cx43 is
abundant in atrial and ventricular myocardium.2,3 Cx40 is
expressed in atrial tissue and in the atrioventricular conduct-
ing system. Cx45 is observed in the sinoatrial and atrioven-
tricular nodes, and small amounts colocalize with Cx43 in
adult ventricular myocardium.4

Six connexin proteins oligomerize to form a hemichannel
(connexon) that migrates to the cell surface membrane and
becomes incorporated at the periphery of existing junctional

plaques,5,6 where it combines with a corresponding
hemichannel in an adjacent cell to form a complete gap
junction channel. Colocalization of different connexin pro-
teins in gap junction plaques, observed immunohistochemi-
cally,7–9 probably reflects formation of heterotypic or hetero-
meric gap junction channels, as shown in expression systems
(oocytes or immortalized cell lines).10–12

A major role of gap junctions in the myocardium is to
enable rapid and coordinated electrical excitation, a prereq-
uisite for normal rhythmic cardiac function, and probably also
to facilitate intercellular exchange of small molecules, such as
regulatory proteins. Because diffusion of molecules across
gap junctions is possible up to a molecular weight of �1000
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Da,13 an important role of gap junctions may involve the
intercellular exchange of small regulatory molecules and
metabolites.

Over the past years, many of the molecular and biophysical
properties of gap junction channels have been described. For
example, it has been shown that gap junction proteins are
dynamic molecules that turn over rapidly and respond to a
variety of regulatory processes. This is astonishing in the light
of the fact that a steady state of functional cell-to-cell
communication is necessary to assure normal cardiac func-
tion. This review focuses on remodeling of gap junctions in
response to chemical mediators of ventricular hypertrophy,
mechanical forces, and alterations in cell-to-cell adhesion.
Changes in expression of functional gap junctions in myo-
cardial hypertrophy and failure may contribute to ventricular
arrhythmias and atrial fibrillation often observed in these
diseases.

Mediators of Cardiac Hypertrophy and
Failure and Mechanical Forces Regulate Gap

Junctional Conductance
Regulatory Sites on Connexin Proteins, Connexin
Turnover, and Regulation
Regulation of cell-to-cell communication by gap junctions
involves either (1) changes that affect the conductance states
of a connexin protein or (2) processes that affect the amount
of connexin in the junctional plaque through changes in
trafficking, synthesis, or degradation. Connexins are com-
posed of four membrane-spanning domains, two extracellular
loops, and three intracellular domains, including an intracel-
lular loop that connects the second and third transmembrane
domains, and the C- and N-terminal tails. Among the con-
nexins, the C-terminus is the most variable domain in terms
of length and amino acid composition. This component
contains regulatory sites that confer specificity to channels
composed of individual connexins. Changes in phosphoryla-
tion in the C-terminus have been associated with connexin
assembly into gap junctions, channel closure, disassembly,
and degradation.14,15 The N-terminal domain is important for
voltage gating. Specific substitution of amino acids in the
N-terminus has been shown to alter the dependence of the gap
junctional conductance on the voltage across the junction.16,17

In contrast to the C-terminal domain, the intracellular
N-terminal region contains only two serine residues, and no
role for phosphorylation of these residues has been reported.15

Importantly, several phosphorylation sites are sensitive to
several molecules involved in signaling cascades, although
connexin phosphorylation in its totality and integrity has not
been fully elucidated. Cx43, the most abundant connexin
protein in heart, is phosphorylated primarily at serine resi-
dues.14,15 Enzymes that phosphorylate connexins at serine
residues include mitogen-activated protein kinases (MAPKs),18

protein kinase C,19 protein kinase A,20 and casein kinase.
Tyrosine phosphorylation occurs in cells that express acti-
vated tyrosine kinases and usually causes a decrease in
junctional conductance.21–24 The consequences of connexin
phosphorylation for cell-to-cell communication are complex
and involve assembly and disassembly of gap junctions in the

junctional plaque, connexin channel gating, and, probably,
degradation.14,15

The importance of these processes is underlined by the
observation that the trafficking of gap junctions is very rapid,
with half-lives in the plaque of 1 hour up to a few hours.25–28

New connexons assembled in the endoplasmic reticulum and
the Golgi travel in vesicles to the plasma membrane, where
they are added to the periphery of existing junctional plaques.
Steady state is maintained by the simultaneous removal of
connexons from the center of the plaque5 to be degraded via
both lysosomal and proteasomal pathways.27,28

Although multiple studies have defined the role of phos-
phorylation in gap junction channel function and connexin
turnover, relatively little is known about transcriptional reg-
ulation of connexin expression. In early cardiac development,
the Cx40 gene, among others, is regulated by the homeodo-
main transcription factor Nkx2.5.29 Recently, overexpression
of Nkx2.5 in adult cardiomyocytes has been shown to reduce
Cx43 expression,30 a change that may be responsible for
atrioventricular nodal conduction disturbances and bradycar-
dia observed in these pheotypes.31 Ai et al32 have shown that
Cx43 expression is induced by Wnt1 signaling and that this is
mediated transcriptionally, possibly through pathways regu-
lated by �-catenin. However, the exact role of transcriptional
regulation of connexin expression in adult cardiomyocytes is
not clearly defined.33

Mediators of Hypertrophy and Failure Change
Gap Junction Expression
The cardiac hypertrophic response is a dynamic continuum in
which progressive changes in gene expression first create
adaptive structural and functional changes but eventually can
lead to increasingly maladaptive changes, culminating in
heart failure. Ventricular conduction delay, often reflected by
prolongation of the QRS interval in the surface ECG, is a
general feature of chronic left ventricular hypertrophy in
humans. Electrical propagation velocity first increases in
hypertrophied ventricles but then decreases as hypertrophy
becomes more severe.34–36 Decrements in conduction veloc-
ity and conduction block may be related to discontinuities in
extracellular resistance caused by interstitial fibrosis37–39 and
an increase in intercellular resistance attributable to decreased
connexin expression.40–42 It has been demonstrated immuno-
histochemically that ventricular Cx43 expression is reduced
in patients with chronic ischemic heart disease.43 These
results and others suggest that reduced gap junction channel
protein levels occur as a general rule in chronic myocardial
disease states, such as healed myocardial infarction,40–42

chronic hibernation,43 and end-stage aortic stenosis.44 The
signaling mechanisms leading to connexin downregulation in
hypertrophy and failure have not yet been fully defined. An
important role in connexin downregulation in cardiac failure
may be played by stress activation of c-Jun–activated
N-terminal kinase (JNK). Indeed, a rapid and massive de-
crease of Cx43 expression (up to �90%) was consistently
observed with activation of JNK by either exposure of
cultured cells to anisomycin, transfection of cultured cells
with a specific JNK activator, or targeted activation of JNK in
vivo.45
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It is difficult to predict the functional consequences of
cell-to-cell uncoupling in the setting of chronic heart failure.
Cardiac arrhythmogenesis ultimately results from slowing of
electrical propagation velocity and from the development of
discontinuous conduction or unidirectional block. With re-
spect to the first change, cell-to-cell uncoupling by down-
regulation of connexins slows propagation velocity and there-
fore increases the propensity to arrhythmias. However, cell-
to-cell uncoupling can also attenuate the formation of
unidirectional block and therefore decrease the likelihood of
arrhythmia initiation.46 Results from genetically engineered
mouse models are inconclusive. It is not yet possible to
establish a straightforward relationship between a change in
gap junction expression produced by genetic manipulation
and arrhythmogenesis. For instance, heterozygous deletion of
Cx43, the main gap junction protein in ventricle, produces
only a moderate or very small insignificant decrease in
conduction velocity.47–49 Yet heterozygous Cx43 deletion
increases ventricular arrhythmias after induction of acute
regional myocardial ischemia.50 Mice with conditional dele-
tion of Cx43 die in the first weeks after birth from ventricular
arrhythmias,51 and the incidence of arrhythmias is increased if
the reduced gap junction expression is spatially heteroge-
neous (chimeric mice51). This may indicate that arrhythmo-
genesis is related to a decrease or heterogeneity in gap
junction expression.

In contrast to the situation seen in end-stage heart disease,
results of studies in vitro and in vivo suggest that compen-
satory hypertrophic growth may be associated with increased
connexin levels, increased number of gap junctions, and
enhanced intercellular coupling. For example, long-term ex-
posure (24 hours) of cultured neonatal rat ventricular myo-
cyte to a membrane-permeable form of cAMP increases the
tissue content of Cx43 by �2-fold and increases the number
of gap junctions interconnecting cells.52 These changes are
associated with a significant increase in conduction velocity
without apparent changes in active membrane properties.52

Similarly, cultured neonatal rat ventricular myocytes exposed
for 24 hours to angiotensin II (Ang II) also exhibit a 2-fold
increase in Cx43 content and an increase in the number of gap
junctions interconnecting cells.53 As described in more detail
in the next section, chemical mediators such as Ang II and
vascular endothelial growth factor (VEGF) have been shown
to play a role in stretch-induced upregulation of Cx43. These
observations suggest that chemical signals may function by
autocrine or paracrine mechanisms to regulate intercellular
coupling in response to mechanical forces.

Responses of Cultured Myocytes to
Mechanical Load In Vitro

Numerous studies have characterized responses of cardiac
myocytes to mechanical load in vitro. The earliest studies
demonstrated that brief intervals of static stretch of neonatal
rat myocytes induced features of the hypertrophic response,
including increases in protooncogene and contractile protein
expression and activation of signal transduction pathways,
including those mediated by MAPKs, tyrosine kinases, pro-
tein kinase C, and phospholipases C and D.54–57 More recent
experiments in which myocytes have been subjected to

pulsatile stretch have also demonstrated activation of numer-
ous signal transduction pathways, including all three mem-
bers of the MAPK family, focal adhesion kinase (FAK), and
the JAK/STAP pathway.58,59 Mechanical stretch of cultured
neonatal rat ventricles induces release of growth-promoting
factors, including Ang II, endothelin-1, VEGF, and trans-
forming growth factor-� (TGF-�).54,60–63 For example, Shyu
et al60 reported a 3-fold increase in Ang II in the culture
media of rat neonatal myocytes stretched for 1 hour. Seko et
al61 demonstrated that 5 minutes of pulsatile stretch is
sufficient to induce rapid secretion of VEGF and increased
expression of both VEGF and VEGF receptor mRNA in
cultured cardiac myocytes.

Using a custom-designed and -fabricated in vitro system
that produces uniform, unidirectional pulsatile stretch, we
have shown that stretching monolayers of neonatal rat ven-
tricular myocytes to 110% of resting cell length at a fre-
quency of 3 Hz caused dramatic upregulation of Cx43 after
only 1 hour.64 An additional increase occurred after 6 hours of
stretch (Cx43 signal measured by confocal microscopy in-
creased from 0.73 to 1.86 and 2.02% cell area after 1 and 6
hours, respectively). This was paralleled by significant in-
creases in conduction velocity from 27 to 35 cm/sec after 1
hour and to 37 cm/sec after 6 hours.64 No significant changes
in action potential upstroke velocity or cell size were ob-
served, suggesting that more rapid conduction velocity was
related mainly, if not entirely, to enhanced electrical
coupling.64

To gain insights into chemical signaling mechanisms
regulating stretch-induced upregulation of Cx43, we tested
the hypothesis that VEGF and TGF-�, both of which are
known to be synthesized and secreted by cardiac myocytes,61

are released in response to pulsatile stretch and stimulate
Cx43 expression in cardiac myocytes. We showed, for
example, that addition of either exogenous TGF-� (10
ng/mL) or VEGF (100 ng/mL) to unstretched neonatal rat
ventricular myocytes for 1 hour increased Cx43 expression
by �1.8-fold,65 comparable with that observed in cells
subjected to pulsatile stretch for 1 hour.65 We also observed
that stretch-induced upregulation of Cx43 expression could
be blocked by either anti-VEGF or anti–TGF-� antibodies.65

Stretch-induced enhancement of conduction was also blocked
by anti-VEGF antibodies. In additional studies, we showed
that VEGF was secreted into the culture medium during
stretch.65 Furthermore, stretch-conditioned medium (recov-
ered from cultures stretched for 1 hour) was able to stimulate
Cx43 expression when added to nonstretched cells, and this
effect was also blocked by the addition of anti-VEGF
antibody.65 Upregulation of Cx43 expression stimulated by
exogenous TGF-� was blocked by anti-VEGF antibody, but
VEGF stimulation of Cx43 expression was not blocked by
anti-TGF-� antibody. These results show that early (within 1
hour) stretch-induced upregulation of Cx43 expression is
mediated, at least in part, by VEGF, which acts downstream
of TGF-�. In similar studies on Ang II, Shyu et al60 showed
that upregulation of Cx43 after several hours of stretch could
be blocked by addition of the AT1 antagonist losartan. These
results suggest that multiple chemical signals, released from
cells in response to stretch, may mediate upregulation of
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Cx43 and act during different intervals of mechanical
stimulation.

Integrin Signaling and Its Potential Role in
Stretch-Activated Upregulation of Cx43

It is likely that stretch-activated changes in cardiac myocyte
structure and function are mediated by signaling pathways
initiated by interactions between integrins and extracellular
matrix proteins. Indeed, overexpression of �1 integrins, by
itself, can induce a hypertrophic response in neonatal rat
ventricular myocytes in vitro and enhance the effects of �1

adrenergic stimulation.66 Inhibition of �1 integrin function
and signaling reduces the hypertrophic response.66 FAK, a
primary mediator of integrin signaling, may also play a role in
the hypertrophic and adhesive responses of neonatal rat
ventricular myocytes in culture.67–70 FAK can also be acti-
vated by VEGF67 and recently has been shown to translocate
to costameres in cardiac myocytes subjected to stretch.71

Future research will likely elucidate the complete signaling
pathway by which mechanical stimulation of cardiac myo-
cytes leads to altered cell-cell communication at gap
junctions.

Dependence of Gap Junction Expression on
Cell-to-Cell Adhesion

Cell-to-cell adhesion plays an important role in tissue func-
tion.72 Mechanical junctions between cells are composed of
discrete clusters of adhesion molecules that span the mem-
branes of adjacent cells and interact in the extracellular space.
Intracellular domains of these adhesion molecules are con-
nected via linker proteins to components of the cytoskeleton
to create a continuous network that connects intercellular
adhesions junctions across cells. The principal adhesions
molecules localized at intercalated disks of cardiac myocytes
are the N-cadherins, which form fascia adherens junctions,
and the desmosomal cadherins, which make desmosomes.
The major linker proteins include members of the catenin and
plakin families. In fascia adherens junctions of cardiac
myocytes, N-cadherins are linked to actin in sarcomeres by
both �-catenin and �-catenin (plakoglobin). In desmosomes,
the desmosomal cadherins desmoglein and desmocollin are
linked to intermediate filaments of the myocyte cytoskeleton
(composed of desmin) mainly by desmoplakin and
plakoglobin.72

Several studies in cardiac and noncardiac tissue suggest a
close relationship between the number of channels clustered
in the gap junction plaque and the function and integrity of
adhesion junctions. Epidermal tumors of CA3/7 carcinoma
cells, for instance, have fewer gap and adherens junctions
than normal mouse epidermal cells of the same type (3PC).73

Tumor promoters such as phorbol esters and benzoyl perox-
ide concomitantly diminish connexin and E-cadherin expres-
sion in both 3PC and CA3/7 cells. This is consistent with the
notion that diminished cell-to-cell adhesion and communica-
tion are associated with dysregulation of cell growth.73

In the heart, evidence for a close interaction between
regulation of cell-to-cell adhesion and functional cell-to-cell
coupling can be derived from multiple lines of evidence,
including (1) the distinct morphological association between

the two types of junctions, (2) the temporal sequence of
neoformation of cell-to-cell junctions during experimental
cell apposition, and (3) experiments involving mechanical
stretch of cardiac myocytes. A close morphological relation-
ship between gap junction plaques and fascia adherens
junctions has been observed in a 3D analysis of cell-to-cell
coupling in dog ventricular myocardium.74,75 In the terminal
intercalated disks located at the ends of ventricular myocytes,
large ribbon-like gap junctions oriented perpendicularly to
the long cell axis alternate with interdigitated fascia adherens
junctions. This morphological picture74 is generally inter-
preted as reflecting mechanical protection of the gap junction
plaque (with its high density of clustered channels) against
contraction by the adherens junctions.75 The temporal rela-
tionship between neoformation of adherens junctions and gap
junctions has been studied by several investigators76–79 in cell
culture models in which dissociated adult rat ventricular
myocytes reestablished contact. Shortly after cell seeding,
freshly disaggregated myocytes dedifferentiated and mem-
brane regions containing the former intercalated disks be-
came smooth and unstructured. Reformation of intercalated
disks with increasing age in culture (culture days 3 to 4) was
characterized by initial formation of intercellular fibrillar
structures and subsequent appearance of subsarcolemmal
plaques. Early intercalated disks consisted of these nascent
adhesion junctions clustered in zipper-like arrangements.
Immunohistochemical analysis at this early stage showed
positive signal for N-cadherin, �-catenin, and plakoglobin but
only very minor amounts of connexin. Gap junctions contain-
ing Cx43 became evident only once complete adherens
junctions had formed, and in all cases, the new gap junctions
were immediately adjacent to the adherens junctions (culture
days 6 through 12). The authors concluded that the formation
of adherens junctions was a prerequisite for subsequent gap
junction formation. Several studies have implicated an im-
portant role for the zonula occludens-1 protein (ZO-1) and
�-catenin in assembly or maintenance of gap junctions and in
regulating connexin expression. Toyofuku et al80 demon-
strated a direct association of the C-terminal domain of Cx43
with the N-terminal domain of ZO-1 in cardiac myocytes. Ai
et al32 used immunohistochemical and biochemical ap-
proaches to show that Cx43 and �-catenin colocalize in
cardiac myocytes and that Cx43–�-catenin complexes could
be immunoprecipitated from Triton X-100–soluble lysates.
More recently, Wu et al81 showed that when neonatal rat
cardiac myocytes are cultured under low Ca2� conditions,
immunoreactive signals for �-catenin, �-catenin, ZO-1, and
Cx43 occur intracellularly, but when cells are transferred to
physiological Ca2� conditions, signals for �-catenin,
�-catenin, and ZO-1 redistribute to the cell surface membrane
within 10 minutes at sites of cell-cell contact. However, only
after these proteins accumulate at apparent junctions does
Cx43 signal occur at the cell surface. The role of scaffolding
proteins is an emerging subject of great interest not only
regarding gap junction channels but other types of ion
channels as well.

A relationship between cell-cell adhesion junctions and
gap junctions has been suggested in experiments involving
remodeling of cell-to-cell contacts induced by pulsatile
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stretch. If neonatal rat ventricular myocytes, grown on a
collagen substrate, are exposed to short periods of pulsatile
stretch,64 there is not only rapid and highly significant
upregulation of connexin proteins (see the previous section)
but also concomitant upregulation of N-cadherin,64,62 plako-
globin, and desmoplakin82 at sites of intercellular junctions.

A new and fascinating aspect of the relationship between
adhesion junctions and gap junctions has become evident
from the analysis of familial cardiomyopathies caused by
mutations in plakoglobin and desmoplakin, molecules re-
sponsible for linking adhesion junctions to the cytoskeleton.
Naxos disease, which is caused by a recessive mutation in
plakoglobin,83 is a cardiocutaneous syndrome that includes
woolly hair, palmoplantar keratoderma, and arrhythmogenic
right ventricular cardiomyopathy.84 At the level of the heart,
the disease is characterized by progressive loss of right
ventricular working myocardium, with replacement by fat
and connective tissue. Its clinical manifestations involve
life-threatening ventricular arrhythmias and frequent sudden
cardiac death.85,86 The histopathological findings in the right
ventricle predominate, but involvement of the left ventricle
has also been reported. The mutation in Naxos disease is a
deletion of nucleotides 2157 and 2158 in plakoglobin.83 This
defect results in a premature termination of translation and
truncates the C-terminus of the plakoglobin protein by 56
amino acids.83 Most likely this defect interferes with the
linkage between the intercellular adhesion molecules and the
cytoskeleton. The extent to which this potential defect in
mechanical cell-to-cell coupling may lead to altered regula-
tion of connexin expression and resulting arrhythmias has not
yet been elucidated. However, in another cardiocutaneous
syndrome, caused by a mutation in desmoplakin, such a
relationship has been suggested by a recent case report.
Carvajal syndrome, described in 1998 by Dr Luis Carvajal-
Huerta,87 includes woolly hair, palmoplantar keratoderma,
and dilated cardiomyopathy. The cardiomyopathy presents
with an enlarged and poorly contracting left ventricle in the
radiograph and echocardiography. Electrocardiographic signs
include peripheral low voltage, disturbances of the QRS
complex, polymorphic ventricular premature beats, and runs
of ventricular tachycardia.88 In contrast to Naxos disease, the
pathoanatomical findings are more generally distributed and
not confined to the RV. Carvajal syndrome is caused by a
recessive mutation in the gene encoding desmoplakin.89 The
mutation consists of single nucleotide deletion leading to a
premature stop codon and a truncation of the tail of the
protein.89 Immunohistochemistry of palm skin from patients
with Carvajal syndrome has revealed abnormal distribution of
desmoplakin.89 A recent analysis of the pathology of Carvajal
syndrome reported diminished expression of desmoplakin,
plakoglobin, and Cx43 at intercalated disks.90 These obser-
vations suggest that abnormal protein-protein interactions at
intercellular junctions may contribute to both contractile and
electrical dysfunction in Carvajal syndrome. Although sev-
eral studies have been published on remodeling of cytoskel-
etal and adherens proteins per se in the setting of heart failure,
no reports on the interaction between adherens junctions and
gap junctions remodeling are available as yet.91

In summary, experimental research during recent years has
provided evidence for a high degree of plasticity character-
izing cell-to-cell communication. Signaling mediated by me-
chanical forces is likely responsible for upregulation of
cardiac gap junctions during the early phase of cardiac
hypertrophy and, perhaps, the subsequent downregulation.
Several signaling pathways involving cAMP, angiotensin II,
TGF-�, VEGF, and integrin-mediated regulators have shown
to affect expression of gap junction proteins. The list of
substances involved in gap junction regulation is likely to get
longer, and an integrative picture of the complex interactions
between the various regulatory pathways is still lacking.

Several experimental studies as well as data obtained in
patients with genetic defects suggest a close relation between
cell-cell adhesion junctions and gap junctions, not only as
described many years ago, in relation to subcellular topology,
but also with respect to common regulatory pathways. The
molecular mechanisms responsible for the interaction be-
tween mechanical and functional cell-to-cell coupling remain
to be elucidated.

Acknowledgments
This study was supported by the Swiss National Science Foundation
(A.G.K. and R.W.), the Swiss Heart Foundation (A.G.K.), the Swiss
University Conference, and NIH grant HL50598 to J.E.S.

References
1. Willecke K, Eiberger J, Degen J, Eckardt D, Romualdi A, Guldenagel M,

Deutsch U, Sohl G. Structural and functional diversity of connexin genes
in the mouse and human genome. Biol Chem. 2002;383:725–737.

2. Davis LM, Rodefeld ME, Green K, Beyer EC, Saffitz JE. Gap junction
protein phenotypes of the human heart and conduction system. J Car-
diovasc Electrophysiol. 1995;6:813–822.

3. Saffitz JE, Davis LM, Darrow BJ, Kanter HL, Laing JG, Beyer EC. The
molecular basis of anisotropy: role of gap junctions. J Cardiovasc Elec-
trophysiol. 1995;6:498–510.

4. Coppen SR, Dupont E, Rothery S, Severs NJ. Connexin45 expression is
preferentially associated with the ventricular conduction system in mouse
and rat heart. Circ Res. 1998;82:232–243.

5. Gaietta G, Deerinck TJ, Adams SR, Bouwer J, Tour O, Laird DW,
Sosinsky GE, Tsien RY, Ellisman MH. Multicolor and electron micro-
scopic imaging of connexin trafficking. Science. 2002;296:503–507.

6. Laird DW, Castillo M, Kasprzak L. Gap junction turnover, intracellular
trafficking, and phosphorylation of connexin43 in brefeldin A–treated rat
mammary tumor cells. J Cell Biol. 1995;131:1193–1203.

7. Honjo H, Boyett MR, Coppen SR, Takagishi Y, Opthof T, Severs NJ,
Kodama I. Heterogeneous expression of connexins in rabbit sinoatrial
node cells: correlation between connexin isotype and cell size. Car-
diovasc Res. 2002;53:89–96.

8. Kanter HL, Laing JG, Beau SL, Beyer EC, Saffitz JE. Distinct patterns of
connexin expression in canine Purkinje fibers and ventricular muscle.
Circ Res. 1993;72:1124–1131.

9. Yeh HI, Rothery S, Dupont E, Coppen SR, Severs NJ. Individual gap
junction plaques contain multiple connexins in arterial endothelium. Circ
Res. 1998;83:1248–1263.

10. Valiunas V, Beyer EC, Brink PR. Cardiac gap junction channels show
quantitative differences in selectivity. Circ Res. 2002;91:104–111.

11. Martinez AD, Hayrapetyan V, Moreno AP, Beyer EC. Connexin43 and
connexin45 form heteromeric gap junction channels in which individual
components determine permeability and regulation. Circ Res. 2002;90:
1100–1107.

12. Elenes S, Martinez AD, Delmar M, Beyer EC, Moreno AP. Heterotypic
docking of Cx43 and Cx45 connexons blocks fast voltage gating of Cx43.
Biophys J. 2001;81:1406–1418.

13. Kumar NM, Gilula NB. The gap junction communication channel. Cell.
1996;84:381–388.

14. Goodenough DA, Goliger JA, Paul DL. Connexins, connexons, and
intercellular communication. Annu Rev Biochem. 1996;65:475–502.

Saffitz and Kléber Mechanical Remodeling of Gap Junctions 589



15. Lampe PD, Lau AF. Regulation of gap junctions by phosphorylation of
connexins. Arch Biochem Biophys. 2000;384:205–215.

16. Purnick PE, Benjamin DC, Verselis VK, Bargiello TA, Dowd TL.
Structure of the amino terminus of a gap junction protein. Arch Biochem
Biophys. 2000;381:181–190.

17. Purnick PE, Oh S, Abrams CK, Verselis VK, Bargiello TA. Reversal of
the gating polarity of gap junctions by negative charge substitutions in the
N-terminus of connexin 32. Biophys J. 2000;79:2403–2415.

18. Lau AF, Kurata WE, Kanemitsu MY, Loo LW, Warn-Cramer BJ, Eckhart
W, Lampe PD. Regulation of connexin43 function by activated tyrosine
protein kinases. J Bioenerg Biomembr. 1996;28:359–368.

19. Lampe PD, TenBroek EM, Burt JM, Kurata WE, Johnson RG, Lau AF.
Phosphorylation of connexin43 on serine368 by protein kinase C reg-
ulates gap junctional communication. J Cell Biol. 2000;149:1503–1512.

20. TenBroek EM, Lampe PD, Solan JL, Reynhout JK, Johnson RG. Ser364
of connexin43 and the upregulation of gap junction assembly by cAMP.
J Cell Biol. 2001;155:1307–1318.

21. Crow DS, Beyer EC, Paul DL, Kobe SS, Lau AF. Phosphorylation of
connexin43 gap junction protein in uninfected and Rous sarcoma virus-
transformed mammalian fibroblasts. Mol Cell Biol. 1990;10:1754–1763.

22. Giepmans BN, Hengeveld T, Postma FR, Moolenaar WH. Interaction of
c-Src with gap junction protein connexin-43: role in the regulation of
cell-cell communication. J Biol Chem. 2001;276:8544–8549.

23. Lin R, Warn-Cramer BJ, Kurata WE, Lau AF. v-Src phosphorylation of
connexin 43 on Tyr247 and Tyr265 disrupts gap junctional communi-
cation. J Cell Biol. 2001;154:815–827.

24. Toyofuku T, Yabuki M, Otsu K, Kuzuya T, Tada M, Hori M. Functional
role of c-Src in gap junctions of the cardiomyopathic heart. Circ Res.
1999;85:672–681.

25. Darrow BJ, Laing JG, Lampe PD, Saffitz JE, Beyer EC. Expression of
multiple connexins in cultured neonatal rat ventricular myocytes. Circ
Res. 1995;76:381–387.

26. Laird DW, Puranam KL, Revel JP. Turnover and phosphorylation
dynamics of connexin43 gap junction protein in cultured cardiac
myocytes. Biochem J. 1991;273(pt 1):67–72.

27. Laing JG, Tadros PN, Westphale EM, Beyer EC. Degradation of con-
nexin43 gap junctions involves both the proteasome and the lysosome.
Exp Cell Res. 1997;236:482–492.

28. Beardslee MA, Laing JG, Beyer EC, Saffitz JE. Rapid turnover of
connexin43 in the adult rat heart. Circ Res. 1998;83:629–635.

29. Bruneau BG, Nemer G, Schmitt JP, Charron F, Robitaille L, Caron S,
Conner DA, Gessler M, Nemer M, Seidman CE, Seidman JG. A murine
model of Holt-Oram syndrome defines roles of the T-box transcription
factor Tbx5 in cardiogenesis and disease. Cell. 2001;106:709–721.

30. Kasahara H, Ueyama T, Wakimoto H, Liu MK, Maguire CT, Converso
KL, Kang PM, Manning WJ, Lawitts J, Paul DL, Berul CI, Izumo S.
Nkx2.5 homeoprotein regulates expression of gap junction protein
connexin 43 and sarcomere organization in postnatal cardiomyocytes. J
Mol Cell Cardiol. 2003;35:243–256.

31. Wakimoto H, Kasahara H, Maguire CT, Moskowitz IP, Izumo S, Berul
CI. Cardiac electrophysiological phenotypes in postnatal expression of
Nkx2.5 transgenic mice. Genesis. 2003;37:144–150.

32. Ai Z, Fischer A, Spray DC, Brown AM, Fishman GI. Wnt-1 regulation of
connexin43 in cardiac myocytes. J Clin Invest. 2000;105:161–171.

33. Akazawa H, Komuro I. Too much Csx/Nkx2-5 is as bad as too little? J
Mol Cell Cardiol. 2003;35:227–229.

34. McIntyre H, Fry CH. Abnormal action potential conduction in isolated
human hypertrophied left ventricular myocardium. J Cardiovasc Electro-
physiol. 1997;8:887–894.

35. Winterton SJ, Turner MA, O’Gorman DJ, Flores NA, Sheridan DJ. Hy-
pertrophy causes delayed conduction in human and guinea pig myocar-
dium: accentuation during ischaemic perfusion. Cardiovasc Res. 1994;
28:47–54.

36. Cooklin M, Wallis WR, Sheridan DJ, Fry CH. Changes in cell-to-cell
electrical coupling associated with left ventricular hypertrophy. Circ Res.
1997;80:765–771.

37. Spach MS, Dolber PC. Relating extracellular potentials and their deriv-
atives to anisotropic propagation at a microscopic level in human cardiac
muscle: evidence for electrical uncoupling of side-to-side fiber con-
nections with increasing age. Circ Res. 1986;58:356–371.

38. Spach MS, Josephson ME. Initiating reentry: the role of nonuniform
anisotropy in small circuits. J Cardiovasc Electrophysiol. 1994;5:
182–209.

39. Peters NS, Coromilas J, Severs NJ, Wit AL. Disturbed connexin43 gap
junction distribution correlates with the location of reentrant circuits in

the epicardial border zone of healing canine infarcts that cause ventricular
tachycardia. Circulation. 1997;95:988–996.

40. Luke RA, Saffitz JE. Remodeling of ventricular conduction pathways in
healed canine infarct border zones. J Clin Invest. 1991;87:1594–1602.

41. Peters NS. New insights into myocardial arrhythmogenesis: distribution
of gap-junctional coupling in normal, ischaemic and hypertrophied
human hearts. Clin Sci (Lond). 1996;90:447–452.

42. Smith JH, Green CR, Peters NS, Rothery S, Severs NJ. Altered patterns
of gap junction distribution in ischemic heart disease: an immunohisto-
chemical study of human myocardium using laser scanning confocal
microscopy. Am J Pathol. 1991;139:801–821.

43. Kaprielian RR, Gunning M, Dupont E, Sheppard MN, Rothery SM,
Underwood R, Pennell DJ, Fox K, Pepper J, Poole-Wilson PA, Severs NJ.
Downregulation of immunodetectable connexin43 and decreased gap
junction size in the pathogenesis of chronic hibernation in the human left
ventricle. Circulation. 1998;97:651–660.

44. Peters NS, Green CR, Poole-Wilson PA, Severs NJ. Reduced content of
connexin43 gap junctions in ventricular myocardium from hypertrophied
and ischemic human hearts. Circulation. 1993;88:864–875.

45. Petrich BG, Gong X, Lerner DL, Wang X, Brown JH, Saffitz JE, Wang
Y. c-Jun N-terminal kinase activation mediates downregulation of con-
nexin43 in cardiomyocytes. Circ Res. 2002;91:640–647.

46. Kléber A, Rudy Y. Basic mechanisms of cardiac impulse propagation and
associated arrhythmias. Physiol Rev. 2004;84:431–488.

47. Thomas SP, Kucera JP, Bircher-Lehmann L, Rudy Y, Saffitz JE, Kleber
AG. Impulse propagation in synthetic strands of neonatal cardiac
myocytes with genetically reduced levels of connexin43. Circ Res. 2003;
92:1209–1216.

48. Morley GE, Vaidya D, Samie FH, Lo C, Delmar M, Jalife J. Character-
ization of conduction in the ventricles of normal and heterozygous Cx43
knockout mice using optical mapping. J Cardiovasc Electrophysiol.
1999;10:1361–1375.

49. Eloff BC, Lerner DL, Yamada KA, Schuessler RB, Saffitz JE,
Rosenbaum DS. High resolution optical mapping reveals conduction
slowing in connexin43 deficient mice. Cardiovasc Res. 2001;51:
681–690.

50. Lerner DL, Beardslee MA, Saffitz JE. The role of altered intercellular
coupling in arrhythmias induced by acute myocardial ischemia. Car-
diovasc Res. 2001;50:263–269.

51. Gutstein DE, Morley GE, Fishman GI. Conditional gene targeting of
connexin43: exploring the consequences of gap junction remodeling in
the heart. Cell Commun Adhes. 2001;8:345–348.

52. Darrow BJ, Fast VG, Kleber AG, Beyer EC, Saffitz JE. Functional and
structural assessment of intercellular communication: increased con-
duction velocity and enhanced connexin expression in dibutyryl cAMP-
treated cultured cardiac myocytes. Circ Res. 1996;79:174–183.

53. Dodge SM, Beardslee MA, Darrow BJ, Green KG, Beyer EC, Saffitz JE.
Effects of angiotensin II on expression of the gap junction channel protein
connexin43 in neonatal rat ventricular myocytes. J Am Coll Cardiol.
1998;32:800–807.

54. Sadoshima J, Izumo S. Mechanical stretch rapidly activates multiple
signal transduction pathways in cardiac myocytes: potential involvement
of an autocrine/paracrine mechanism. EMBO J. 1993;12:1681–1692.

55. Komuro I, Katoh Y, Kaida T, Shibazaki Y, Kurabayashi M, Hoh E,
Takaku F, Yazaki Y. Mechanical loading stimulates cell hypertrophy and
specific gene expression in cultured rat cardiac myocytes: possible role of
protein kinase C activation. J Biol Chem. 1991;266:1265–1268.

56. Komuro I, Kaida T, Shibazaki Y, Kurabayashi M, Katoh Y, Hoh E,
Takaku F, Yazaki Y. Stretching cardiac myocytes stimulates protoon-
cogene expression. J Biol Chem. 1990;265:3595–3598.

57. Komuro I, Kudo S, Yamazaki T, Zou Y, Shiojima I, Yazaki Y.
Mechanical stretch activates the stress-activated protein kinases in cardiac
myocytes. FASEB J. 1996;10:631–636.

58. Ruwhof C, van der Laarse A. Mechanical stress-induced cardiac hyper-
trophy: mechanisms and signal transduction pathways. Cardiovasc Res.
2000;47:23–37.

59. Seko Y, Takahashi N, Tobe K, Kadowaki T, Yazaki Y. Pulsatile stretch
activates mitogen-activated protein kinase (MAPK) family members and
focal adhesion kinase (p125FAK) in cultured rat cardiac myocytes.
Biochem Biophys Res Commun. 1999;259:8–14.

60. Shyu KG, Chen CC, Wang BW, Kuan P. Angiotensin II receptor antag-
onist blocks the expression of connexin43 induced by cyclical mechanical
stretch in cultured neonatal rat cardiac myocytes. J Mol Cell Cardiol.
2001;33:691–698.

590 Circulation Research March 19, 2004



61. Seko Y, Takahashi N, Shibuya M, Yazaki Y. Pulsatile stretch stimulates
vascular endothelial growth factor (VEGF) secretion by cultured rat
cardiac myocytes. Biochem Biophys Res Commun. 1999;254:462–465.

62. Ruwhof C, van Wamel AE, Egas JM, van der Laarse A. Cyclic stretch
induces the release of growth promoting factors from cultured neonatal
cardiomyocytes and cardiac fibroblasts. Mol Cell Biochem. 2000;208:
89–98.

63. Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angioten-
sin II mediates stretch-induced hypertrophy of cardiac myocytes in vitro.
Cell. 1993;75:977–984.

64. Zhuang J, Yamada KA, Saffitz JE, Kleber AG. Pulsatile stretch remodels
cell-to-cell communication in cultured myocytes. Circ Res. 2000;87:
316–322.

65. Pimentel RC, Yamada KA, Kleber AG, Saffitz JE. Autocrine regulation
of myocyte Cx43 expression by VEGF. Circ Res. 2002;90:671–677.

66. Ross RS, Pham C, Shai SY, Goldhaber JI, Fenczik C, Glembotski CC,
Ginsberg MH, Loftus JC. �1 integrins participate in the hypertrophic
response of rat ventricular myocytes. Circ Res. 1998;82:1160–1172.

67. Takahashi N, Seko Y, Noiri E, Tobe K, Kadowaki T, Sabe H, Yazaki Y.
Vascular endothelial growth factor induces activation and subcellular
translocation of focal adhesion kinase (p125FAK) in cultured rat cardiac
myocytes. Circ Res. 1999;84:1194–1202.

68. Pham CG, Harpf AE, Keller RS, Vu HT, Shai SY, Loftus JC, Ross RS.
Striated muscle-specific �1D-integrin and FAK are involved in cardiac
myocyte hypertrophic response pathway. Am J Physiol Heart Circ
Physiol. 2000;279:H2916–H2926.

69. Taylor JM, Rovin JD, Parsons JT. A role for focal adhesion kinase in
phenylephrine-induced hypertrophy of rat ventricular cardiomyocytes.
J Biol Chem. 2000;275:19250–19257.

70. Eble DM, Strait JB, Govindarajan G, Lou J, Byron KL, Samarel AM.
Endothelin-induced cardiac myocyte hypertrophy: role for focal adhesion
kinase. Am J Physiol Heart Circ Physiol. 2000;278:H1695–H1707.

71. Torsoni AS, Constancio SS, Nadruz W Jr, Hanks SK, Franchini KG.
Focal adhesion kinase is activated and mediates the early hypertrophic
response to stretch in cardiac myocytes. Circ Res. 2003;93:140–147.

72. Gumbiner BM. Cell adhesion: the molecular basis of tissue architecture
and morphogenesis. Cell. 1996;84:345–357.

73. Jansen LA, Mesnil M, Jongen WM. Inhibition of gap junctional inter-
cellular communication and delocalization of the cell adhesion molecule
E-cadherin by tumor promoters. Carcinogenesis. 1996;17:1527–1531.

74. Fawcett DW, McNutt NS. The ultrastructure of the cat myocardium, I:
ventricular papillary muscle. J Cell Biol. 1969;42:1–45.

75. Hoyt RH, Cohen ML, Saffitz JE. Distribution and three-dimensional
structure of intercellular junctions in canine myocardium. Circ Res. 1989;
64:563–574.

76. Kostin S, Hein S, Bauer EP, Schaper J. Spatiotemporal development and
distribution of intercellular junctions in adult rat cardiomyocytes in
culture. Circ Res. 1999;85:154–167.

77. Hertig CM, Butz S, Koch S, Eppenberger-Eberhardt M, Kemler R,
Eppenberger HM. N-cadherin in adult rat cardiomyocytes in culture, II:

spatio-temporal appearance of proteins involved in cell-cell contact and
communication. Formation of two distinct N-cadherin/catenin complexes.
J Cell Sci. 1996;109(pt 1):11–20.

78. Hertig CM, Eppenberger-Eberhardt M, Koch S, Eppenberger HM.
N-cadherin in adult rat cardiomyocytes in culture, I: functional role of
N-cadherin and impairment of cell-cell contact by a truncated N-cadherin
mutant. J Cell Sci. 1996;109(pt 1):1–10.

79. Zuppinger C, Schaub MC, Eppenberger HM. Dynamics of early
contact formation in cultured adult rat cardiomyocytes studied by
N-cadherin fused to green fluorescent protein. J Mol Cell Cardiol.
2000;32:539 –555.

80. Toyofuku T, Yabuki M, Otsu K, Kuzuya T, Hori M, Tada M. Direct
association of the gap junction protein connexin-43 with ZO-1 in cardiac
myocytes. J Biol Chem. 1998;273:12725–12731.

81. Wu JC, Tsai RY, Chung TH. Role of catenins in the development of gap
junctions in rat cardiomyocytes. J Cell Biochem. 2003;88:823–835.

82. Yamada K, Cole EB, Green KG, Pimentel RC, Saffitz JE. Coordinated
regulation of intercellular junction proteins in cardiac myocytes. Circu-
lation. 2002;106(suppl II):II-309. Abstract.

83. McKoy G, Protonotarios N, Crosby A, Tsatsopoulou A, Anastasakis A,
Coonar A, Norman M, Baboonian C, Jeffery S, McKenna WJ. Identifi-
cation of a deletion in plakoglobin in arrhythmogenic right ventricular
cardiomyopathy with palmoplantar keratoderma and woolly hair (Naxos
disease). Lancet. 2000;355:2119–2124.

84. Protonotarios N, Tsatsopoulou A, Patsourakos P, Alexopoulos D,
Gezerlis P, Simitsis S, Scampardonis G. Cardiac abnormalities in familial
palmoplantar keratosis. Br Heart J. 1986;56:321–326.

85. Marcus FI, Fontaine GH, Guiraudon G, Frank R, Laurenceau JL,
Malergue C, Grosgogeat Y. Right ventricular dysplasia: a report of 24
adult cases. Circulation. 1982;65:384–398.

86. Thiene G, Nava A, Corrado D, Rossi L, Pennelli N. Right ventricular
cardiomyopathy and sudden death in young people. N Engl J Med.
1988;318:129–133.

87. Carvajal-Huerta L. Epidermolytic palmoplantar keratoderma with woolly
hair and dilated cardiomyopathy. J Am Acad Dermatol. 1998;39:
418–421.

88. Duran M, Avellan F, Carvajal L. Miocardiopatia dilatada en las displasias
del ectodermo: observaciones electroechocardiograficas en la hiperqu-
eratosis palmpplantar con perlo lanoso. Rev Esp Cardiol. 2000;53:
1296–1300.

89. Norgett EE, Hatsell SJ, Carvajal-Huerta L, Cabezas JC, Common J,
Purkis PE, Whittock N, Leigh IM, Stevens HP, Kelsell DP. Recessive
mutation in desmoplakin disrupts desmoplakin-intermediate filament
interactions and causes dilated cardiomyopathy, woolly hair and kera-
toderma. Hum Mol Genet. 2000;9:2761–2766.

90. Kaplan SR, Gard JJ, Carvajal-Huerta L, Ruiz-Cabezas JC, Thiene G,
Saffitz JE. Structural and molecular pathology of the heart in Carvajal
syndrome. Cardiovasc Pathol. 2004;13:26–32.

91. Hein S, Kostin S, Heling A, Maeno Y, Schaper J. The role of cytoskeleton
in heart failure. Cardiovasc Res. 2000;45:273–278.

Saffitz and Kléber Mechanical Remodeling of Gap Junctions 591


