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Increased Association of ZO-1 With Connexin43 During
Remodeling of Cardiac Gap Junctions

Ralph J. Barker, Robert L. Price, Robert G. Gourdie

Abstract—The intercellular geometry of connexin43 (Cx43) gap junctional coupling is key to coordinated spread of

electrical activation through the ventricle of the mammalian heart. A progressive redistribution of electrical and
mechanical junctions into intercalated discs occurs during postnatal development. Breakdown of disc-localized pattern
in the adult heart, to recapitulate immature distributions, is thought to be key to the genesis of conduction disturbance
and arrhythmia. Recently, ZO-1 (a PDZ-MAGUK protein), has been suggested to have a role in generating coupling
geometries between myocytes. We therefore investigated the codistribution of ZO-1 with Cx43 and N-cadherin in the
adult rat ventricle using quantitative immunoconfocal and immunoelectron microscopy. These analyses indicated that,
whereas ZO-1 and Cx43 codistribute within discs, only low to moderate point-by-point colocalization of Cx43 and ZO-1
is found within these domains compared with the relatively high level of colocalization between N-cadherin and ZO-1.
By contrast, levels of association between Cx43 and ZO-1 increased rapidly and significantly (P<<0.001) after partial
or complete enzymatic dissociation of myocytes from intact ventricle—a treatment known to induce gap junction
endocytosis. Coimmunoprecipitation using Cx43- and ZO-1-specific antibodies confirmed that significantly (P<<0.03)
increased ZO-1 is precipitated relative to Cx43 in freshly dissociated myocytes as compared with intact ventricle. On
immunoblots, decreases in Cx43 relative mobility, consistent with increased phosphorylation, were observed following
myocyte dissociation. The increased ZO-1-Cx43 association that occurs after remodeling of myocyte intercellular
contacts indicates the possibility of unanticipated roles for ZO-1 in gap junction turnover during cardiac development
and disease processes. (Circ Res. 2002;90:317-324.)
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he gap junction (GJ) is an aggregate of channels that
functions in intercellular communication by directly
linking the cytoplasm of adjacent cells.! These channels
provide a pathway for metabolic coupling and homeostatic
exchange of molecules, as well as for propagation of electri-
cal activation in excitable tissues such as the heart.>-> Each of
the apposed membranes in a GJ is composed of a
honeycomb-like array of transmembrane channels termed
connexons. Connexons from adjacent cells combine to form
an intercellular channel that permits particles of less than
1000 Daltons to pass freely. Connexons, in turn, are com-
posed of 6 protein subunits known as connexins, of which
multiple subtypes exist in various animal species, cells, and
tissue types. In the atrial and ventricular myocardia of adult
and developing mammalian heart, connexind3 (Cx43)-
containing GJs contribute to low-resistance pathways for
propagation of electrical activation.®7 Atrial myocardium
furthermore expresses Cx40 and Cx45, connexins also found
in the pacemaker and conduction systems.3-57
In the mammalian neonate, GJs and Ca?*-dependent adhe-
sion junctions (adherens junctions and desmosomes) are

distributed uniformly across the sarcolemma of ventricular
myocytes.8-1° During postnatal development, the distribution
of these junctions undergo a progressive remodeling, leading
to the development of ahighly organized structure at myocyte
termini known as the intercalated disc. There isalag in the
rate at which GJs accrue at the disc compared with that of
mechanical junctions.’® The eventua preferentia colocaliza-
tion of GJs at intercalated discs is a significant component of
the norma maturation of electromechanical function and
stability of cardiac activation.’>2 The understanding of the
mechanisms regulating differentiation of cell-cell contacts at
intercalated discs has pertinence to human cardiac dis-
ease.2413 Breakdown of disc localization of GJsin ventricular
myocardium?3 and, as recently reported by Chien and co-
workers in conduction tissues,*4 to recapitulate distributions
found at immature developmental stages may be a key factor
in the genesis of conduction disturbance and arrhythmia.
The mechanisms involved in cumulative targeting of
Cx43-GJs to the intercalated disc are uncharacterized. At
present, 2 hypotheses have been proposed to explain how GJs
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become preferentially localized to this region of specialized
sarcolemma. In the first, it has been independently suggested
by 2 groups that there may be different rates of turnover of
GJs in different domains of sarcolemma.%15 In particular, it
has been proposed that GJs associated with concentrations of
adhesion junctions at the disc are preferentially maintained
over GJs located in myocyte lateral domains. In the second
hypothesis, Cx43-containing GJs are actively maintained at
the intercalated disc via direct interactions with cytoskeletal -
related anchoring or adapter proteins and other disc compo-
nents. This latter hypothesis has received support from
identification of zonula occludens-1 (ZO-1), a PDZ domain—
containing protein localized at the intercalated disc,6-18 as a
candidate molecule mediating anchorage of Cx43 to the
cytoskeleton. Originally discovered in association with the
tight junction plague, ZO-1 is one member of the membrane-
associated guanylate kinase family, which are known to
function in protein targeting, signal transduction, and deter-
mination of cell polarity.® ZO-1 has been linked to the
function of tight junctions,*® adherens junctions,'¢ and more
recently, GJs.17.1820 Evidence supporting protein-protein in-
teractions between Cx43 and ZO-1 have come from landmark
work involving coimmunoprecipitationi”18 and the yeast
2-hybrid system.20 Together this work has shown that the
terminal 5 amino acids (DDLEI) of Cx43 bind the second
PDZ domain of ZO-1 and that this interaction may be
regulated by src-tyrosine phosphorylation of Cx43.18

In the following study, we have used immunoconfocal,
immunoelectron microscopy, and coimmunoprecipitation to
examine the relationship between Cx43 and ZO-1 in the
ventricular myocardium of the adult rat heart. Our data
indicate that association between ZO-1 and Cx43 is surpris-
ingly limited to low to moderate levels in intact ventricular
myocardium. Furthermore, we find that disruption of inter-
cellular contacts between myocytes, a treatment inducing gap
junction endocytosis,2t results in a dynamic change in the
pattern of association between ZO-1 and Cx43. Our data
suggests previously unanticipated roles for ZO-1 in the
turnover of Cx43 during, or after, gap junctional endocytosis.

Materials and Methods

Myocyte | solation

All reagents were purchased from Sigma Chemical Company, unless
otherwise indicated. In this and subsequent procedures, 90-day-old
(adult) Holtzman Sprague-Dawley rats were used. Rats were pur-
chased from Harlan Biosciences (Indianapolis, Ind). Experiments
were conducted in accordance with the Guide for the Use of
Experimental Animals at the Medical University of South Carolina
and conformed to the Guide for the Care and Use of Laboratory
Animals published by the NIH (Publication No. 85-23, revised
1985). The myocyte isolation procedure used was based on the
Langendorff perfusion method developed by Isenberg and Klock-
ner22 with minor modifications (see expanded Materials and Meth-
ods section in the online data supplement available at
http://www.circresaha.org).

Immunoconfocal and Immunoelectron Microscopy
Immunolabelings of ZO-1 (rabbit polyclonal, Zymed Laboratories,
San Francisco, Cdlif), Cx43 (mouse monoclonal, Chemicon Interna-
tional, Temecula, Calif), and N-cadherin (mouse monoclonal) were
carried out and imaged on a BioRad MRC 1024 laser scanning
confocal microscope (LSCM) using standard protocols outlined

previously1023 (see data supplement). Double immunol abelings were
done using FITC and CY-5 secondary fluors to eliminate “bleed
over” between detection channels. For immunoel ectron microscopy,
ventricular samples were prepared as previously described,2* with
modifications as outlined (see data supplement), labeled using a
rabbit polyclona antibody directed against ZO-1 (Zymed), and
viewed on a JEOL 200CX EM.

Western Blotting

Immunoblotting was carried out using standard methodologies as
outlined previously2® with slight modifications (see data supple-
ment). Primary antibodies used were against Cx43 (Sigma rabbit
polyclonal anti-Cx43) and ZO-1 (Zymed rabbit anti—-ZO-1). NIH
Image was used for densitometric analyses of gels scanned on a
Chemlmager gel imager (Alpha Innotech Corp).

Immunopr ecipitation-lmmunoblotting

The immunoprecipitation method used was based on a protocol by
Lukas et a5 with modifications (see data supplement). Immunopre-
cipitations were performed using 2 anti-Cx43 antibodies against
independent Cx43 epitopes (Sigma rabbit polyclonal anti-Cx43 No.
C6219, Zymed polyclonal rabbit anti-Cx43 No. 71-0700). To con-
firm reproducibility, immunoprecipitations were repeated at least 3
times. To test specificity of the reaction, further control immunopre-
cipitations were carried out in the presence of a peptide inhibitor
(Zymed polyclonal rabbit anti-Cx43 peptide). Immunoblots were
performed to detect Cx43 and ZO-1 as described.

Colocalization and Statistical Analyses

FITC and CY-5 channels were thresholded to precisely match
immunolabeling patterns as previously described,1023 superimposed,
and ZO-1 particles overlapping Cx43 particles were counted. The
area of thresholded Cx43 particles and area of myocyte profile were
also measured using NIH Image software. A pixel-by-pixel colocal-
ization analysis, using proprietary BioRad software, was also used to
assess levels of ZO-1 colocalization with Cx43. One-way ANOVAs
were carried out on the data using Minitab statistical software. A
more detailed description of the colocalization and statistical analy-
sesis given in the expanded Materials and Methods section that can
be found in the online data supplement available at
http://www.circresaha.org.

Results

Cx43 and Z0O-1 Show Limited
Coimmunolocalization Within Intercalated Discs
Consistent with previous findings, our immunoconfocal sur-
veys of rat ventricle confirmed that ZO-1 was localized in
endothelial tissues, interstitial cells, and at zones of cell-to-
cell contact between myocytes, including intercalated
discs.17.18.26 To examine association between ZO-1 and Cx43
or N-cadherin at intercalated discs in detail, we next per-
formed double immunolabelings followed by optical section-
ing at high resolution on the confocal microscope.

Initially, analyses were confined to sections of ventricular
myocytes arrayed longitudinally (Figure 1). In such perspec-
tives, discs are typically resolved as linear profiles. These
studies confirmed that Cx43, N-cadherin, and ZO-1 were all
localized within intercalated discs. However, detailed inspec-
tion and analysis of immunofluorescence colocalization indi-
cated that the proportional degree of point-by-point overlap
between Cx43 and ZO-1 immunolabeling was not as high as
that of N-cadherin and ZO-1 (compare Figures 1laand 1b with
1c and 1d).

The differencein relative levels of colocalization was more
apparent if discs were optically sectioned and reconstructed
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Figure 1. a and b, Cx43 (red-CY-5 secondary fluor) and ZO-1
(green-FITC secondary fluor); ¢ and d, N-cadherin (red-CY-5)
and ZO-1 (green-FITC) double immunolabelings in intact ventric-
ular myocardium. Overlap between the fluors is shown in yellow.
Details shown in b and d correspond to the boxed regions in a
and c. Scale bar=25 um.

en face (Figure 2 and 3). In such views, components of the
disc may be observed as part of an extended 2-dimensional
surface.2” Although points of overlap occurred between
immunolabeled ZO-1 and Cx43, for the most part, the 2
immunolocalized proteins appeared to have relatively inde-
pendent patterns of distribution (Figures 2a through 2c). A
view of the signa channel images for Cx43 (Figures 2d
through 2f) and ZO-1 (Figures 2g through 2i) in the same
single optical sections confirms that the signal overlap be-
tween these 2 proteins is low to moderate. In contrast, ZO-1
and N-cadherin colocalized at relatively much higher spatial

Optical Section - Cx43 Oplical Section - Z0-1

Figure 2. a through ¢, 3-D reconstruction of a ventricular inter-
calated disc in en face orientation immunolabeled for Cx43 in
red and ZO-1 in green (a), with single channel perspectives of
Cx43 and ZO-1 in b and c, respectively. “Cx43 and ZO-1 colo-
calizations. d through f and g through i, Single optical sections
of Cx43 and ZO-1 labelings, respectively, through the disc.
Arrows point to Cx43 immunopositive structures that show low
levels of colocalization with ZO-1. Scale bar=5 um.
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Figure 3. a through ¢, 3-D reconstruction of an intercalated disc
immunolabeled for N-cadherin in red and ZO-1 in green (a), with
single channel perspectives shown of N-cadherin and ZO-1 in b
and c, respectively. *Areas in which both N-cadherin and ZO-1
signal are correspondingly low. d through f and g through i, Sin-
gle optical sections of N-cadherin and ZO-1 labelings, respec-
tively, through the disc. Arrows indicate areas of significant
colocalization. Scale bar=5 um.

densities in these en face disc perspectives (Figures 3a
through 3c). A much higher degree of correspondence be-
tween the distribution of these proteins is apparent in the
single optical sections labeled for N-cadherin (Figures 3d
through 3f) and ZO-1 (Figures 3g through 3i).

Because the results outlined appeared to differ from pre-
vious reports, we examined the association between GJs and
ZO-1 in intact adult ventricular myocardium using immuno-
gold electron microscopy (EM). Ultrastructurally defined GJs
and cell adhesion junctions werereadily identified in ultrathin
sections of adult ventricle labeled with antibodies against
ZO-1. The undulating profiles of adherens junctions were
aways extensively labeled with gold particles (Figure 4a),
including those directly adjacent GJs (Figure 4b). Similarly,
vascular endothelial cells also showed prominent accumula-
tions of gold particles at presumed tight junctions (data not

Figure 4. a and b, Immunogold electron microscopy of fascia
adherens (labeled fa with white arrows in a and b) and gap junc-
tions (labeled gj with black arrow in b) in ventricular myocardi-
um. Scale bar=500 nm.
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Figure 5. a through f, Freshly isolated ventricular myocytes
immunolabeled for ZO-1 (FITC-green) and Cx43 or N-cadherin
(CY-5-red). a and b show ZO-1 and Cx43 immunolabeling,
respectively. ¢, Color merge of a and b. d and e, N-cadherin
and ZO-1 immunolabeling, respectively. f, Color merge of d and
e. The inset is of the boxed region in f. Internalized ZO-1 parti-
cles are indicated with arrows. Scale bars=50 um.

shown). By contrast, though wholly consistent with the
immunoconfocal analyses, all 22 ultrastructurally defined GJs
observed in this survey showed no specific immunogold
labeling (Figure 4b).

Colocalization of Cx43 and ZO-1 Increases After
Dissociation of Ventricular Myocytes
Based on our immunoconfocal and immuno-EM data, we
concluded that there was evidence for only limited colocal-
ization between ZO-1 and Cx43 at intercalated discs in vivo.
Nonetheless, the data for interaction between ZO-1 and Cx43
from the earlier coimmunoprecipitation and yeast hybrid
studies were compelling.17:1820 \We speculated that if signif-
icant interaction occurred, it may be transient, and thus not
easily resolved in intact myocardium. One well-characterized
dynamic change in GJ distribution occurs following disrup-
tion of intercellular contacts. During isolation of adult car-
diomyocytes, the entire population of GJs is internalized,
undergoing redistribution from the sarcolemma to cytoplas-
mic vesicles known as annular GJs and cell surface located
gap junctional vesicles.2r We therefore undertook immuno-
confocal analyses of freshly isolated ventricular myocytes. In
such cells, striking increases in levels of colocalization
between immunolabeled Cx43 and ZO-1 were found (Figures
5a through 5c) relative to those observed at GJs in intact
myocardium (Figures la and b). It should be noted that
although association increased, a proportion of ZO-1-immu-
nolabeled particles was not associated with Cx43 and vice
versa. This increase in ZO-1-Cx43 colocalization is rapid,
being detectable within 5 minutes of initiation of collagenase
dissociation (Online Figure 1 available at http://www.circresaha.
org). Interestingly, this figure also reveals immunolocaliza-
tion of ZO-1 in myocyte nuclei in partially dissociated cells.
An increase in association after cell isolation was not ob-
served between ZO-1 and N-cadherin (Figures 5d through 5f).
Indeed, in freshly isolated ventricular myocytes, ZO-1 and
N-cadherin colocalization appeared to decrease. Furthermore,
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Figure 6. a, Cx43-Z0O-1 colocalization analyses carried out
pixel-by-pixel (PIXELS), or by Cx43 particle (PARTICLES), on
optical sections of intact ventricular myocardium (intact) and
isolated ventricular myocytes (isolated). Increases in ZO-1 colo-
calization with Cx43 measured within 60 minutes of dissocia-
tion, as determined by either quantitative method, were signifi-
cant (P<0.001). b. On the left axis (squares), colocalization
levels of ZO-1 with Cx43 (as determined by the pixel-by-pixel
method on confocal optical sections) in intact ventricular myo-
cardium (ie, the 0 time point) and isolated ventricular myocytes
cultured for 1, 30, or 60 minutes after dissociation are plotted.
**Difference between a given time point and the intact ventricu-
lar myocardial preparation that is significant at P<<0.01. ##Differ-
ence between the 30- and 60-minute time points is significant at
P<0.01 from the preceding time points. On the right x-axis (tri-
angles), a corresponding time course is illustrated of Cx43 sig-
nal area (um? per cell area after myocyte isolation.

whereas N-cadherin was maintained exclusively at the remnants
of discs, clear dispersion of particulate ZO-1 to the cytoplasm
was observed inisolated cells (Figure 5f, arrows inset). Presum-
ably, a fraction of such ZO-1 particles were associated with
internalized GJs, such as those seen in Figure 5c.

Next, we undertook quantitation of the colocalization
between Cx43 and ZO-1 in the intact and dissociated ven-
tricular preparations (Figure 6). This analysis was done using
2 approaches. In the first approach, we analyzed codistribu-
tion of Cx43 particles with ZO-1 in single optical sections of
cells or tissues. Our presumption was that such particles
corresponded to individual sarcolemmarlocalized or internal-
ized (annular) GJs. Figure 6a (particles) shows that the degree
of colocalization between Cx43 particles and ZO-1 particles
increases significantly (P<<0.001) following myocyte isola-
tion. In the second approach (pixels, Figure 6a), we examined
the pattern of colocalization on a pixel-by-pixel basis. The
level of pixel-by-pixel colocalization increased over 3-fold
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(P<0.001) following dispersion—a similar increase to that
observed in the particle colocalization analysis. Finaly, we
undertook a O- to 60-minute time course examining colocal -
ization between Cx43 and ZO-1 following isolation of myo-
cytes (Figure 6b). Colocalization percentages of ZO-1 with
Cx43 approximately doubled in the first minute after myocyte
isolation and climbed to a peak of 60% at 30 minutes before
faling back to 40% after an hour of culture of isolated
myocytes. Each change in colocalization percentage over this
time course was significantly different (P<<0.01) from the
time point preceding it. In contrast to the changing pattern of
Z0O-1-Cx43 association observed following myocyte dissoci-
ation, there was no significant variation in the area of Cx43
per cell over the time course examined (Figure 6b).

Coimmunoprecipitation Indicates an Increased
Cx43 and ZO-1 Interaction and Potential
Increases in Cx43 Phosphorylation After

Myocyte Dissociation

Using anti-Cx43 antibodies, it was found that both Cx43 and
Z0O-1 could be coimmunoprecipitated, under nondenaturing
conditions, from intact myocardium and freshly isolated
myocytes (Figure 7a). Immunoprecipitations were performed
using 2 anti-Cx43 antibodies against independent Cx43
epitopes. Western blots of ZO-1 and Cx43 immunoprecipi-
tated by either of the anti-Cx43 antibodies used revealed that
relatively more ZO-1 was consistently coimmunopreci pitated
from isolated myocytes than intact myocardium. Densitomet-
ric analysesindicated that the relative level of ZO-1 (asaratio
of Cx43 levels in the sample) brought down by anti-Cx43
antibodies increased significantly (P<<0.03) between intact
and isolated preparations (Figure 7b). Addition of peptide to
which anti-Cx43 antibody was raised abolished immunopre-
cipitation of both Cx43 and ZO-1, indicating that the immu-
noprecipitation of ZO-1 was due to the specific interaction
between Cx43 in the nondenatured preparations and the
anti-Cx43 antibody (Figure 7a). Taken together, these data
are consistent with the confocal colocalization analyses and
strongly support that arisein direct interaction between Cx43
and ZO-1 occurs after disruption of intercellular contact
between myocytes.

The induction of endocytosis of Cx43-containing GJs in
cultured cells has been reported to be associated with an
increase in the phosphorylated isoforms of Cx43.22 We
therefore undertook Western blotting with emphasis on in-
creasing separation in the 40- to 50-kDa range of protein
relative mobility. These blots revealed that after dispersion of
cardiac myocytes, there was a shift toward increased levels of
higher molecular mass isoforms of Cx43 at 10, 30, and 60
minutes, as compared with Cx43 isoforms in intact myocar-
dium (Figure 7c). The change in relative mobility of Cx43 has
been correlated with changes in phosphorylation status of the
protein. Thus, the decrease in relative mobility of Cx43 in
PAGE following myocyte isolation likely corresponds to an
increase in phosphorylated Cx43 isoforms. The majority of
Cx43 protein detectable after myocyte isolation is consistent
with a more phosphorylated form of Cx43. A comparison
between the lanes of the Western blot shown in Figure 7c
indicates that there is no decrease in Cx43 protein in the
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Figure 7. a, Western blots of Cx43 and ZO-1 in anti-Cx43
immunoprecipitates from intact myocardium (i. int) and isolated
myocytes (ii. iso). Preincubation with peptide to which the Cx43
antibody was raised (Cx43 IP+PI) inhibited immunoprecipitation
of Cx43 and ZO-1 from both intact (iii. int) and isolated (iv. iso)
samples. b, Ratios of immunoprecipitated Cx43 to ZO-1 in
intact or isolated cells. The difference between ratios is signifi-
cant at P<<0.03. c, Anti-Cx43 and anti-GAPDH Western blots of
intact myocardium (int) and myocytes isolated for 10, 30, and
60 minutes.

post-isolation time course relative to immunobl otted GAPDH
levels.

Discussion
Here, using high-resolution analyses, we show that ZO-1 and
Cx43 have low to moderate point-by-point colocalization
within intercalated discs in normal ventricular myocardium.
This is in contrast to the precise and extended pattern of
colocalization observed between ZO-1 and N-cadherin, a
component of fascia adherens. Relative levels of association
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between Cx43 and ZO-1 increase conspicuously after disso-
ciation of living ventricular myocytes from intact heart.
Previous workers have characterized that this treatment,
which results in the break-up of electrical and mechanical
intercellular couplings, induces the formation of cytoplasmic
gap junctiona vesicles known as annular junctions.2* That
thisincrease in ZO-1 immunolocalization at internalized GJs
is accompanied by increases in direct interaction between
Cx43 and ZO-1 at the protein-protein level is supported by
coimmunoprecipitation analyses. Taken together, our find-
ings are consistent with the growing evidence29-30 that previ-
ously hypothesized functions for MAGUK proteins (eg,
Z0O-1, dig, PSD-95 and PSD-93) in active localization of
proteins to membrane subdomains and in ion channel aggre-
gation may need reevaluation, or at least, expansion to
consider other possible modalities. Indeed, athough an in-
volvement of ZO-1 in stabilization and function of GJ
channel clusters at intercalated discs remains possible, our
data are aso consistent with ZO-1 partnering with Cx43
subsequent to the disruption of functional communicative
contact between myocytes. A similar conclusion has recently
been reported in 42GPA9 Sertoli cells treated with lindane.3!

Previous reports have suggested that ZO-1 may be an
important factor in the intercalated disc-targeting and func-
tion of Cx43-containing cardiac GJs.171820 These conclusions
were based largely on studies of cultured cells, and included
coimmunoprecipitation, yeast 2-hybrid assays, transfection
experiments, and low-resolution single immunolabelings of
Cx43 and ZO-1. To date, high-resolution immunoconfocal or
immuno-EM analyses of the pattern of association within
intact myocardial preparations have not been undertaken.
Together, with data from coimmunoprecipitation experi-
ments, our detailed spatial analyses indicate that low to
moderate levels of Cx43-Z0-1 association occurs in normal
adult myocardium. The results shown here nonetheless are
consistent with those of previous reports in that significant
contact between these 2 proteins can occur in cells in vivo,
albeit under specific circumstances, namely, ZO-1-Cx43
interactions appear to be particularly increased at former GJs,
internalized within living ventricular myocytes.

Previous studies of isolated myocytes suggest that all gap
junctional membrane is immediately internalized (ie, no gap
junctional membrane remains exposed to the myocyte exte-
rior) directly following myocyte dissociation.2t The magjority
(>70% in rabbit and guinea pig) of these junctionsin freshly
dissociated cells are annular gap junctions. This internaliza-
tion occurs mainly at or just subjacent to sites at which former
cell contact occurred, including near the remnants of interca-
lated discs.2t Over time courses, annular gap junctions did not
undergo significant reduction in number (ie, did not break
down) nor did they traffic more deeply into the myocyte
interior from initial subsarcolemmal locations. There was no
apparent evidence for repopulation of gap junctions to the cell
surface. As such, all Cx43 immunolabeling shown in Figure
5isinternalized and probably mostly located within annular
gap junctions.

In guinea pig, though 77% of junctions in isolated myo-
cytes at time zero are annular gap junctions, the percentage
rises to 91.5% after a few hours.2! This has been interpreted

as evidence that in guinea pig, gap junction endocytosis
continues following dissociation. The rat undergoes a similar
progressive time course of gap junction endocytosis follow-
ing dissociation of myocytes.32 It is thus possible that a
progressive time course of gap junction endocytosis after
cellular dissociation explains, or at correlates with, the
cumulative time course of Cx43-ZO-1 colocalization that we
show in Figure 6b.

Although a distinction should be drawn between processes
occurring in vivo and those resulting from enforced cellular
dissociation, annular GJs have been shown in awide range of
normal and diseased tissues. Intact myocardia tissues in
which internalized GJ vesicles have been located include
mammalian myocardium during early postnatal life33 and
adult hearts affected by myocardia pathologies.?* Nonmyo-
cardia tissues in which annular GJs have been observed
include ovarian granulosa cells, bone, iris epithelium, ora
epithelium, hepatocytes, and embryonal carcinoma cells.3®
More recently, Laird et al3¢ used GFP-tagged Cx43 to provide
direct evidence that annular GJ formation is a normal mech-
anism for removal and turnover of membrane channel aggre-
gates. On an ultrastructural scale, this study reveals that the
process is swift and dramatic. Within minutes, GJs are torn as
extended bi-membranous structures from the plasma mem-
brane and internalized intact within aneighboring cell. On the
basis of these in vivo and in vitro studies, it is probable that
rapid generation of cytoplasmic GJ vesicles is “part and
parcel” of the remodeling of cell-cell contacts that occurs
during normal developmental and disease processes. Finaly,
consistent with the low levels of ZO-1-Cx43 association we
report in undisrupted ventricular muscle, it is noteworthy that
annular GJs are rare in nondiseased myocardial tissues from
adult mammals.3334

One reason that we initially focused on internalized GJs as
a potential target for increased Cx43-ZO-1 interaction is that
earlier workers had reported that elements of the actin
cytoskeleton were closely associated with annular junc-
tions.37:38 As the C-termina of ZO-1 is thought to interact
with the actin cytoskeleton,1617 we reasoned that ZO-1 may
aso be localized to annular GJs. A logical extension then is
to surmise that ZO-1 may be involved in the generation of
these cytoplasmic membrane structures per se. Actin is
known to directly participate in endocytosis processes,3®
including specific involvement in GJendocytosis.?8 ZO-1, via
its ability to simultaneously interact with Cx43 and cytoskel -
eton, may confer specificity to actin-based contractile pro-
cesses. The tearing out and internalization of structures as
large and potentially noncompliant as GJ channel clustersin
toto presumably requires powerful, site-directed mechanisms
of force generation.

A putative role for ZO-1 in GJ endocytosis re-raises the
prospect for ZO-1 involvement in generation of myocyte
coupling patterns in development and disease, athough not
necessarily just as a multivalent adapter, stabilizing the
components of electrical and mechanical junctions within
intercalated discs. We have formerly hypothesized that discs
a myocyte termini may differentiate by mechanisms that
include more rapid turnover of Cx43-containing GJs at lateral
domains of ventricular myocytes.1© Interestingly, annular GJs
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are significantly more common in ventricular muscle during
the postnatal period in which intercalated disc differentiation
occurs.® Whether thisinternalized GJ population in postnatal
myocardium has associated ZO-1 remains to be explored.
Other explanations of the increased association of Cx43 and
ZO-1 after cell dissociation also deserve consideration. These
aternates would include roles for ZO-1 in targeting of
annular GJs to the lysosome and/or recycling of Cx43 from
annular junctions back to functional GJs in the plasma
membrane.

Phosphorylation of Cx43 represents an important mecha-
nism for the regulation of GJ gating, assembly, trafficking,
and degradation.#*41 Cx43 in normal intact myocardium can
be resolved into 2 distinct phosphorylated species on Western
blotting, although as many as 5 species have been reported.42
We found that an increase in potential Cx43 phosphoiso-
forms, as discriminated by electrophoretic mobility shift,
consistently accompanies myocyte isolation and the induction
of GJ endocytosis. A similar decrease of the relative mobility
of Cx43 on immunoblots has been previously reported
following induction of GJ endocytosis in studies of cultured
cell lines.28 Further evidence supporting our observation
comes from reports that antibodies specific for the nonphos-
phorylated isoform of Cx43 immunolocalize at internalized
annular GJs at only relatively low levels.#2 In this respect, it
is aso important to note that no overall ateration in Cx43
levels occurs over the time course following myocyte disso-
ciation, as assessed by both immunoconfocal quantitation and
immunoblotting. The changes in Cx43-Z0O-1 association and
Cx43 relative mobility observed in this study are therefore
unlikely to be the result of selective degradation of gap
junctions not containing phosphorylated Cx43 and not asso-
ciated with ZO-1.

In conclusion, this study establishes a number of observa-
tions and raises some equally important questions. Based on
theresults, it seems that direct interactions between ZO-1 and
Cx43 are dynamic and capable of undergoing rapid change
after disruption of functional contact between myocytes. This
change occurs over a specific time frame in living cells, with
levels of association quantifiably rising and falling within 60
minutes of myocyte dissociation. Finally, the increased Cx43-
ZO-1 interaction we observe is correlated with an equally
rapid change in the relative mobility (and possibly phosphor-
ylation status) of Cx43. Whether phosphorylation of Cx43 is
aprerequisite for increased ZO-1-Cx43 interaction remains to
be determined. Of other remaining questions, perhaps the
most important is whether ZO-1 directly participates in GJ
endocytosis. Future experiments targeting Cx43-ZO-1 inter-
action using dominant negative approaches might enable
discrimination of whether this interaction is necessary during
or subsequent to the genesis of annular GJs. Resolution of this
guestion may provide important new avenues for understand-
ing the mechanistic basis of gap junctional remodeling in
cardiac development and disease.
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DATA SUPPLEMENT

Materials and Methods.

Myocyte Isolation. All reagents were purchased from Sigma Chemical Company, unless
otherwise indicated. The myocyte isolation procedure used was based upon a Langendorff
perfusion method developed by Isenberg and Klockner'. In this, and all subsequent procedures,
90 day old (adult) Holtzman Sprague-Dawley rats were used. Rats were anesthetized with ether,
hearts were surgically removed and then perfused retrogradely through the aorta with warm
(37°C) Joklik’s S-MEM (Gibco) on a Langendorff apparatus. After five minutes, the perfusion
solution was switched to Joklik’s S-MEM with 30mM . taurine, ImM adenosine, 26 mM
NaHCO,, 25 mM glutamic acid, and 1 mg/mL of collagenase (Worthington Biochemical) for 10
minutes, then to KB solution (85 mM KCI, 30 mM K,HPO,, 5 mM MgSO,, 5 mM Na,ATP, 5
mM pyruvate, 5 mM succinate, 5 mM B-hydroxy-butyrate, 5 mM creatine, adjusted to pH 7.2
with KOH) for 5 minutes. Following collagenase perfusion, hearts were taken down, the
ventricles extensively minced and then incubated at 37°C in KB media on an orbital shaker for
variable periods of time. This solution was removed and run through steel mesh to separate cells,
which were then pelleted by centrifugation at 1000rpm (10 minutes) on a Marathon 16K

centrifuge (Fischer Scientific).

Immunoconfocal and Immunoelectron Microscopy. Immunoconfocal microscopy was
performed according to protocols previously established with modifications as described

below™”. For preparation of intact tissues, hearts from adult rats were surgically removed, or
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taken down intact from the Langendorff perfusion apparatus following exposure to collagenase,
and embedded in TBS tissue freezing compound (Triangle Biomedical Sciences, Durham, NC).
The specimens were then immersed immediately in liquid nitrogen-cooled isopentane. Fresh

frozen sections (10 um) were prepared at —32 °C and placed on glass slides. Sections were fixed

with 4% paraformaldehyde in phosphate buffered saline (PBS) for 10 minutes, washed 3x with
PBS-A (PBS with 0.2% sodium azide) with 0.1% Triton X-100 added, and blocked with 1%
bovine serum albumin (BSA) in PBS-A for 1 hour. Isolated adult rat ventricular myocytes were
fixed in suspension with 4% paraformaldehyde for 10 minutes, then centrifuged for 10 minutes at
1000 rpm and washed 3x in PBS-A, then blocked with 1% BSA in PBS-A with 0.1% Triton X-
100 added for 1 hour. Suspended cells were attached to glass slides for staining using Cel-Tak
tissue adhesive (Becton-Dickinson).

Slides were incubated overnight at 4°C in a combination of primary antibodies directed
against ZO-1 (rabbit polyclonal, Zymed Laboratories, San Francisco, CA), Cx43 (mouse
monoclonal, Chemicon International, Temecula, CA), and N-cadherin (mouse monoclonal).
Appropriate secondary antibodies (Molecular Probes) conjugated to fluorescein or CY-5 were
used to label the primary antibodies. Double labelings were carried out using FITC and CY-5
secondary fluors, to eliminate any possibility of “bleed over” between detection channels.
Slowfade Light anti-fade agent (Molecular Probes) was added and the sections were coverslipped
and sealed. Slides were examined using a BioRad MRC 1024 laser scanning confocal
microscope (LSCM).

For immuno-electron microscopy, intact ventricular myocardial tissue was dissected from
adult rats and minced into chunks of less than Imm. All materials for electron microscopy were

obtained from Electron Microscopy Sciences (Ft. Washington, PA). Tissues were then fixed in



4% paraformaldehyde and 0.2% glutaraldehyde in Sorenson’s phosphate buffer, pH 7.4, as
previously described®. Samples were rinsed in PBS (pH 7.4), dehydrated through a graded
ethanol series, embedded in Lowicryl K4M and polymerized by UV irradiation. Dehydration,
embedding, and polymerization were carried out at —20°C. Sections (150-200nm) were stained
using a rabbit polyclonal antibody directed against ZO-1 (Zymed) and a secondary goat anti-

rabbit antibody conjugated to 10nm colloidal gold and viewed on a JEOL 200CX TEM at 160

and 200k V.

Western Blotting. Western blotting was performed according to protocols previously

established with minor modifications as described below”. Samples of ventricular myocardium
from adult rats were snap frozen in liquid nitrogen. The tissues were then ground in a mortar and
pestle which was kept cold in a liquid nitrogen bath. After grinding, samples were solubilized in
sodium dodecyl sulfate (SDS) reducing buffer (60 mM Tris-HCI pH 6.8, 10% SDS, 20%
glycerol) and sonicated at high power for 30 seconds. Samples were placed in an SDS-
polyacrylamide gel electrophoresis (PAGE) using a Biorad Mini-Protean II Electrophoresis Cell.
Following PAGE, gels were transferred to PVDF membranes (Biorad Laboratories) for one hour.
Membranes were washed and blocked for one hour in TBS-T (100 mM Tris HCI pH 7.5, 770
mM NaCl) and 5% non-fat milk. Primary antibodies were added against Cx43 (Sigma rabbit
polyclonal anti-Cx43) or ZO-1 (Zymed rabbit anti-ZO-1) for 1 hour. After washing 3x in TBS-
T, secondary reagents linked to fluorescein (Molecular Probes) were added for one hour, then
membranes were again washed 3x in TBS-T. Final detection was accomplished using an
alkaline phosphatase conjugated anti-fluorescein antibody (Tropix Inc.) and ECL’s CDP-Star

system (Tropix Inc.). Results were recorded on chemiluminescent film (Amersham). The NIH



Image software (http:/rsb.info.nih.gov/nih-image) was used for densitometric analyses of gels scanned

on the ChemImager gel imager (Alpha Innotech Corp).

Immunoprecipitation. Immunoprecipitation was performed based on the protocol developed
by Lukas et al.” . Samples of adult rat ventricular tissue (approximately Imm x 1mm size) and
freshly isolated adult rat ventricular myocytes were placed in ice-cold lysis buffer (1% Triton X-

100, 0.5% NP-40, 20mM HEPES pH 7.4, 50mM sodium chloride, ImM EGTA, 5mM -

glycerophosphate, 30mM sodium pyrophosphate, 1x Sigma protease inhibitor cocktail, 1x Sigma
phosphatase inhibitor cocktail II) and homogenized by hand using a Elvjhem tissue grinder.
Samples were incubated on ice for 30 minutes with vortexing and grinding every 5 minutes, then
centrifuged at 8000rpm on a Marathon 16K centrifuge for 10 minutes. The supematant was

transferred to a fresh eppendorf tube. To preclear the solution of endogenous antibody, 40 ul of

protein A-agarose (Biorad) was added for 1 hour and the tubes were incubated at 4°C on a
Nutator (Fischer). Tubes were spun for 30 sec at full speed to pellet protein A—agarose; the
supernatant was then transferred to a new tube. 5Smg of a anti-Cx43 primary antibody was added
and the samples were incubated overnight at 4°C on a Nutator. 50mg of protein A-agarose was
then added for 1 hour. The protein A-agarose-antibody was spun down 5x with washes in ice-
cold lysis buffer after each spin. After the final spin, the supernatant was removed and 200ul of
PSB was added. The solution was vortexed for 30 seconds and boiled at 95°C for 5 minutes.
Immunoblot assays were then performed to detect Cx43 and ZO-1. Two anti-Cx43 antibodies
raised against completely independent peptide epitopes from the C-terminal of Cx43 (Sigma
rabbit polyclonal anti-Cx43 #C6219, Zymed polyclonal rabbit anti-Cx43 #71-0700) were used

for the immunoprecipitations. To confirm reproducibility, immunoprecipitations were repeated at



least 3 times. To test specificity of the reaction, further control immunoprecipitations were
carried out in the presence of a peptide inhibitor commercially available for one of the anti-Cx43

antibodies (Zymed polyclonal rabbit anti-Cx43 peptide).

Co-Localization and Statistical Analyses. 15-30 random optical sections double
immunolabeled for Cx43 and ZO-1 from adult rat myocardium (from 3 rats) and freshly isolated
adult rat ventricular cardiomyocytes (from 3 independent isolations) were taken on a BioRad
MRC 1024 LSCM using a 40 x 1.4 NA Zeiss objective. Constant gain, black level and confocal
iris settings were used for capture of each image. For particle analyses, information from FITC

(ZO-1) and CY-5 (Cx43) channels were thresholded to precisely match immunolabeling patterns

as previously described”*

. NIH image was then used to count the number of Cx43 and ZO-1
particles in each channel (particles of 2 pixels in size or less were not counted). Next, thresholded
particles in each channel were gray-level-encoded and superimposed. The frequency of Cx43
particles overlapping ZO-1 particles were then counted for each image. A pixel-by-pixel co-
localization analysis, using proprietary BioRad software, was also used to assess levels of ZO-1
co-localization with Cx43. Data from confocal optical sections and scanned immunoblots were
checked for normality and homogeneity of variance using Minitab. No transformations were
required. One way ANOVA was carried out on the data using Minitab, a widely used statistical
software program for the Power Mac which permitted basic statistical analyses. F statistics with
p values above 0.05 were rejected as not significant. Data shown together with p values from
ANOV As include the mean and standard error of the mean.

Cx43 Quantitative Immunoconfocal Microscopy of Isolated Myocytes. Immunolabeled

slides of isolated adult rat cardiomyocytes were prepared as described above. Sixteen random



single optical sections were taken of myocytes isolated on a Langendorff perfusion apparatus for
1, 30, and 60 minutes. Measurement of the area of gap junctions per cell area was performed as
previously described' using NTH Image. Data was processed using Minitab computer software.
One way ANOVA was performed. No significant difference in the amount of Cx43 per cell area

was found between the three groups examined (1, 30, 60 minutes).



Data Supplement Figure 1. a-c¢, Immunolabeling for Cx43 (CY-5) and ZO-1 (FITC) in a
partially collagenase-digested ventricular myocardial preparation. a and b are the single channel
information for Cx43 and ZO-1 immunolabeling respectively. ¢ is the color merge of these 2

channels (ZO-1-green, Cx43-red). Arrows indicate the partial separation of an intercalated disc.

Asterisks indicate nuclear ZO-1 immunolabeling.
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