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Abstract
The intercellular propagation of action potential is a necessary prerequisite of cardiac function. It
is widely held that this is achieved by direct coupling between myocytes mediated by gap
junctions – aggregates of cell-to-cell connexon channels. Connexons in the plasma membrane of
cardiomyocytes not docked within gap junction aggregates are thought tightly regulated, though
there is evidence that so-called connexon hemichannels may open in certain pathological
conditions. It is presently not known whether undocked connexons are concentrated in specialized
domains of membrane. Recently, we reported that interaction between the MAGUK scaffolding
protein Zonula Occludens-1 (ZO-1) and the gap junction protein connexin 43 (Cx43) is
concentrated in a region of the plasma membrane surrounding the gap junction plaque called the
perinexus. It was found that ZO-1-Cx43 interaction governs a balance between undocked
connexons in the perinexus and connexons docked in functional intercellular channels in the gap
junction. In ongoing work it has been determined that the perinexus of cardiomyocyte gap
junctions likely does contain high concentrations of undocked connexons composed of Cx43. This
connexon-enriched zone of membrane appears to be a specialized nidus for integration of channel,
junctional, and signal transduction molecules. Further insight into the function of the perinexus
could provide new therapeutic avenues for the treatment of arrhythmia and other cardiac diseases.
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A Controversy of Connexins
One of the more interesting debates going on in gap junction (GJ) biology is whether
connexin hemichannels function in vivo or not? For those who accept the evidence for such
structures, the hemichannel is envisaged as a gated pore in the plasma membrane formed by
a hexamer of connexins (also known as a connexon) that is capable of undergoing regulated
opening and closure. For those who do not, the concept that a connexon could be
functionally operational as a membrane channel in living tissues prior to docking with
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another connexon in a GJ is viewed as highly improbable. Figure 1 provides a model
illustrating conceptions of connexon hemichannels, intercellular channels and GJs.

The position that connexin hemichannel-associated phenomena do not occur, except as an
experimental artifact, draws support from a number of propositions. First, a good deal of the
data on connexin hemichannels comes from studies of cultured cells, heterologous
expression systems and related experimental models1. Accounts of hemichannel function in
vivo are less frequent, and often associated with pathology1. Second, with few exceptions,
the connexin subunits of connexons form channels of large conductance1. The unregulated
opening of even just a few of such large pores in the plasma membrane is generally thought
to be inconsistent with cell survival. In a related third proposition, there is as yet little
evidence for a specialized mechanism, cellular machinery and/or domain that could serve in
the tight regulation that would be surely required for such prospectively dangerous channels.

In this perspective, data will be reviewed from recent work that could have bearing on the
third proposition outlined above. In particular, the perinexus – a novel region surrounding
GJ channel aggregates composed of connexin 43 (Cx43) that contains undocked connexons
bound to a ZO-1 scaffold – will be discussed. The perinexus represents a specialized domain
of plasma membrane that is enriched for connexons and patterns of protein-protein
interaction that may provide opportunity for regulation of hemichannel activity.

Established Models of Gap Junction Structure
The origin of present understandings of the structure of GJs comes largely from the electron
microscope (EM). Tangential sections through lanthanum-traced GJs in the EM gave the
first hints of the channel array2. Freeze fracture EM provided higher spatial resolution views
of GJs3. Aggregates of particles within GJs thought to represent individual connexons were
revealed by freeze fracture to cluster in variably sized plaques in the membrane of nearly
every cell type examined.

In a landmark study by Caspar and Makowski, low-dose EM was employed to resolve the
micro-organization of the GJ and its connexon sub-units from negatively stained
preparations of isolated plaques, giving us a structural model that persists almost unchanged
in its primary features to this day4 (e.g. Figure 1). Ongoing work on GJ sub-structure has
largely focused using methods such as cryoEM, X-ray diffraction, NMR, and atomic force
microscopy to resolve the deployment of connexin proteins within channels at increasingly
impressive levels of molecular resolution5. That being said, over the last decade other new
insights into GJ organization have emerged. It turns out that not all parts of the plaque are
the same. Of most pertinence to this essay is the periphery of the channel aggregate. It is
now widely accepted that the edge of the GJ is of particular importance to its assembly. In
key papers by Gaietta et al and Lauf et al undertaken in the early 2000s it was shown that GJ
aggregates accumulate new channels at the periphery of the junction3.

Subsequent work from our laboratory provided evidence for a mechanism in which
connexon accretion could be regulated at the GJ periphery6, 7. Zonula occludens-1 (ZO-1),
which had previously been shown to interact with the Cx43, was shown to colocalize
preferentially with the edge of GJ plaques, and regulate GJ size through its interaction with
Cx43. As we will describe, it was via this work on the regulation of connexon recruitment
that the significance of the perinexal domain of plasma membrane proximal to Cx43 GJs
came into focus.
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ZO-1 at the Edge
Before discussing our recent work in which the perinexus was described, a brief primer on
ZO-1: Originally reported from studies of the tight junction, ZO-1 is a member of the
membrane-associated guanylate kinase (MAGUK) family of multifunctional adaptor
proteins that have roles in channel clustering, trafficking, signaling, and cell polarity.
MAGUKs, such as ZO-1, synaptic protein PSD95 and the Drosophila tumor suppressor
discs large (dlg) are characterized by amino-terminal protein-protein binding motifs,
including one or more PDZ domains. A four amino acid PDZ-binding ligand at the extreme
carboxyl terminus (CT) of Cx43 has been shown to be necessary for interaction with the
second of three PDZ domains on ZO-18, though ongoing work has indicated that stable
ZO-1-binding includes the last 19 amino acids of Cx43 CT and likely involves interaction
with a ZO-1 homodimer9, 10.

Initial work on Cx43/ZO-1 interaction suggested that, like other MAGUK-membrane
protein interactions, ZO-1 stabilized Cx43 at the cell surface11. Subsequent work has
indicated an interesting interplay between ZO-1 and activated c-Src competing for mutually
exclusive binding of the Cx43 CT9, 12. At the outset, a simple mechanism in which c-Src
displacement of ZO-1 from the Cx43 CT resulted in reduced cell-surface Cx43 and GJIC
was favored12. However, recent elegant microscopic work by Baker et al, and Gilleron et al
has demonstrated that the c-Src-mediated GJ internalization mechanism requires both Cx43/
ZO-1 and Cx43/c-Src interaction in an asymmetric mode, with c-Src on the outside and
ZO-1 on the inside of annular junctions 13, 14. Importantly, these data corroborated earlier
work in which we observed an increase in annular junctions and Cx43 colocalization with
ZO-1 in primary cardiomyocytes post-isolation15.

In the early and mid 2000s, our lab developed evidence for two further aspects of ZO-1
structure and function with respect to GJs composed of Cx43. First, we observed an
accumulation of ZO-1 at the GJ perimeter. Second, it was determined that Cx43/ZO-1
interaction was controlling the rate at which Cx43 moved between non-junctional
(detergent-soluble) and junctional (detergent-insoluble) pools of the protein on the basis of
experimental strategies involving mutant constructs and competitive inhibitors6. However,
whether ZO-1 interactions at the GJ, or elsewhere in the cell, controlled the transition
between non-junctional and junctional pools of Cx43 was not clear until recently.

The Perinexus is a Novel GJ Associated Domain of Membrane
The rationale underpinning our recently published work on where and how ZO-1 governs
the transition of Cx43 into GJs were driven by two questions. First, it was of interest to
determine the molecular mechanism by which ZO-1 controlled Cx43 GJ size. Second, we
were curious to find whether ZO-1 modulated Cx43 functions via its effects on GJ size.

In addressing the first of these questions, the most intensive work has focused on localizing
Cx43/ZO-1 interaction at increased sub-cellular resolution. An important technical aid to
this effort has been an ability to amplify patterns of Cx43/ZO-1 association with improved
sensitivity using the Duolink assay. In addition to confirming that ZO-1 was concentrated at
the periphery of the GJ, this novel assay also resolved an extended domain of Cx43/ZO-1
interaction in the plasma membrane proximal to the GJ edge i.e., the perinexus (Fig. 2a).
Using Duolink in combination with competitive inhibition approaches similar to those
employed previously6, it was determined that the perinexus likely represented the primary
site where ZO-1 controls the rate at which connexons composed of Cx43 transition to GJs7.

Rhett et al also provided information on the partitioning mechanism of Cx43 between
detergent-soluble (non-junctional) and detergent-insoluble (junctional) pools of the protein7.
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Using immunolabeling and co-immunoprecipitation we determined that Cx43/ZO-1
complexes in the perinexus have less avid interactions with actin than those at or within the
GJ. Detergent solubility thus appears to be determined by whether Cx43 is linked to the
actin cytoskeleton or not. In a more recent use of the Duolink assay, we amplified Cx43-
Cx43 interactions within connexon channels. The rationale was to resolve Cx43 in the GJ
and surrounding perinexus simultaneously. The distance that Cx43/Cx43 interaction extends
from the GJ edge was identical to that resolved for Cx43/ZO-1 (Fig. 2b). These data
indicated that the perinexus was indeed a site of Cx43 connexon enrichment in the plasma
membrane adjacent to the GJ proper, as well as a site of interaction with ZO-1.

Taken together, our results indicate a new aspect of structure that might be considered for
addition to Caspar and Makowski’s classical model (Fig. 1), at least for GJs composed of
Cx43. In this revised model the Cx43 GJ plaque does not stand alone, but is surrounded by a
perinexal scaffold - a sub-membrane network containing ZO-1 that extends beyond the edge
of the GJ proper. This network appears to act as a meshwork that concentrates undocked
connexons and regulates the rate at which connexons transition from the surrounding plasma
membrane into the gap junction (Fig. 1).

The Functional Significance of The Perinexus
The question of whether ZO-1 regulation of the connexon transition has functional
correlates was also addressed in our recent report. Based on the structural and biochemical
data discussed above, it was anticipated that disruption of Cx43/ZO-1 interaction should
increase GJ intercellular communication (GJIC) and reduce connexon hemichannel function.
In other words, disruption of Cx43/ZO-1 interaction should increase GJ size (i.e.
intercellular channels) at the expense of perinexal hemichannels - resulting in an increase in
functional intercellular channels and a concomitant decrease in hemichannels available to
act as pores between the cytoplasm and extracellular space.

The changes observed in Cx43 function observed experimentally were in line with these
expectations7. Using multiple methodologies to reduce Cx43/ZO-1 interaction, GJIC was
assayed by scrape loading and fluorescence recovery after photobleaching (FRAP), and
hemichannel activity was assessed by ethidium bromide (EtdBr) uptake. It was found that
when Cx43/ZO-1 was inhibited, HeLa cells expressing Cx43 (Cx43-HeLa) showed greater
dye spread in a scrape-loaded monolayer and increased rates of bleached-cell fluorescence
recovery (i.e., FRAP) through GJ connections to neighboring unbleached cells7. Conversely,
hemichannel-mediated membrane permeability was reduced by blockade of Cx43/ZO-1
interaction7. Specifically, disrupting Cx43/ZO-1 interaction reduced the rate and magnitude
of EtdBr uptake from the extracellular medium in monolayers of Cx43-HeLas. Interestingly,
we could show that the observed changes were not likely to be due to changes in gating of
connexon hemichannels, as cells not in contact with other cells did not display changes in
dye uptake when Cx43/ZO-1 was reduced. Together, the results indicate that by controlling
the conversion of perinexal connexons to GJ intercellular channels, ZO-1 not only regulates
GJ organization, but also may govern a balance between levels of intercellular
communication and hemichannel-mediated membrane permeability.

Is there a physiological counterpart to ZO-1 regulation of Cx43 function? In the heart it is
well established that GJs are disrupted in a variety of cardiac pathologies in a process called
remodeling. A feature of remodeling is redistribution of Cx43 from intercalated disks to the
lateral borders of myocytes. Given the redistribution of connexons observed when Cx43/
ZO-1 interaction is perturbed, it is difficult not to draw parallels to GJ remodeling processes
occurring during cardiac disease states. Consistent with this, work from the Severs lab has
demonstrated a negative correlation between ZO-1 and Cx43 immunofluorescence levels in
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the intercalated disc of working ventricular myocytes from the transplanted hearts of
patients suffering from dilated and ischemic cardiomyopathies16. It was further shown in
this study that Cx43 had greater co-immunoprecipitation with ZO-1 in the disease samples.

It is tempting to speculate that changes observed in Cx43/ZO-1 interaction in some diseases
of heart may occur preferentially in the perinexus. Cx43 redistribution during cardiac
remodeling and/or lateralization may also represent a pathological shift in connexon
hemichannel location from constraint in the perinexus and GJ, to free mobility in the plasma
membrane. Unregulated opening of hemichannels would slow action potential velocity by
decreasing space constant and also increase the chance of spontaneous depolarizations by
altering membrane potential. In addition, hemichannels in isolated myocytes have been
reported to prompt release of ATP and promote cell death under pathologic conditions17.

This model of GJ lateralization is complicated by other studies demonstrating a reduction in
Cx43/ZO-1 interaction following an ischemic injury. In one recent example, NMR, yeast 2-
hybrid, and surface plasmon resonance studies demonstrated that c-Src can bind ZO-1 with
greater affinity than Cx4318. It was additionally demonstrated that this interaction between
Src and ZO-1 increased in the injury border zone following coronary occlusion in a dog
model of myocardial infarction. GJ lateralization and reduction of Cx43 levels were
observed, and concomitantly, Cx43/ZO-1 interaction was reduced. Given the works of
Gilleron et al, Baker et al, and Barker et al discussed earlier in this viewpoint essay, it is
possible that these data represent GJ internalization through the mechanism of asymmetric
ZO-1 and c-Src binding to opposite faces of the plaque13–15. The differences in accounts of
the role of Cx43/ZO-1 interaction in cardiac pathology may be explained by considering that
a variety of species, models and pathologies have been examined in these studies. Detailed
molecular studies will be needed to resolve the various mechanisms that may be involved in
pathological GJ remodeling and the role that the perinexus plays.

Are there additional physiological roles for the perinexus other than as a staging post for
connexons waiting to dock in the GJ? Mori et al may provide the context for such a
function. Using a 3D electrodiffusion model of cardiac conduction, these authors found that
within a small range of cleft widths (i.e., the span of extracellular space in the intercalated
disc between the sarcolemma of two myocytes) sodium channel-mediated conduction
between cells can theoretically take place without recourse to GJs19.

The perinexus is physically located at the cleft between the membranes of adjacent cells
where these membranes come together to form a GJ. The extracellular width at the
perinexus thus has the potential to be extremely narrow. Additionally, it is well established
that a population of Nav1.5 channels are concentrated at the intercalated disk and that some
of these channels co-localize at, or in the vicinity of, GJs20. These data, together with our
demonstration that the myocyte perinexus contains high concentrations of connexons,
suggests the possibility that one function of the Cx43 perinexus may be to provide the
framework for an ephapse between cardiomyocytes. Interestingly, a related unconventional
ephaptic role for connexin hemichannels in inhibitory signaling between horizontal cells and
cones in the vertebrate retina has recently been identified by Klaaseen and colleagues21.

Concluding Comments
The identification of the perinexus opens up a number of new opportunities in further
understanding GJ biology and cardiac physiology. First, the perinexus likely has a
biochemistry that is distinct from the GJ. This would include characteristic dynamic patterns
of interaction between Cx43 and known partnering proteins, as well as unique protein-
protein interactions. Uncovering the partitioning of Cx43 binding partners between the GJ
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and perinexus should assist in elucidating the unique functions of these two distinct
domains. Second, novel aspects of hemichannel biology could be uncovered by studies
specifically targeted to the perinexus. For example, it would be most interesting to determine
whether hemichannel gating differs between the perinexus and other non-junctional regions
of plasma membrane.

Finally, the study of cardiac GJ biology in the context of the perinexus could have clinical
implications. Indeed, work from our laboratory has already shown that competitive
inhibition of Cx43/ZO-1 interaction may contribute to reduced arrhythmogenic potential in
injured mouse hearts22. Strategies for targeting the transition of connexons between the
perinexus and the GJ, as well as the inhibiting potential loss of connexons from the
perinexal domain, may hold promise in therapeutic strategies for treating heart disease.
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Abbreviations

Cx43 Connexin43

ZO-1 Zonula Occludens-1

GJ Gap Junction

EM Electron Microscope

MAGUK Membrane Associated GUanylate Kinase

dlg discs large

CT carboxyl terminus

GJIC Gap Junction Intercellular Communication

EtdBr Ethidium Bromide

FRAP Fluorescence Recovery After Photobleaching
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Figure 1.
Cx43 oligomerizes to form hexameric half-channels called connexons or hemichannels,
which interact with connexons on adjacent cells to create intercellular channels (top right).
Intercellular channels aggregate in structures called gap junctions (GJs), which have a
defined border in the Caspar and Makowski model (top left). The MAGUK scaffolding
protein ZO-1 and actin have recently been demonstrated to complex with GJ-associated
Cx43 (top left and bottom). Importantly, Cx43/ZO-1 interaction (sans actin) was shown to
extend well beyond the edge of the GJ into a novel region called the perinexus (bottom).
This region appears to function in regulating the transition of connexons from a non-
junctional to a junctional configuration, and may be a hub for integration of channel-related,
signaling, and cytoskeletal molecules.
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Figure 2.
Cardiomyocytes possess a perinexus concentrated in Cx43 connexons and Cx43/ZO-1
interaction. (A) Rat epicardial cells expressing GFP-tagged Cx43 in addition to endogenous
Cx43 (Green), and Duolink labeling of Cx43/ZO-1 interaction (Red). (B) Cardiomyocytes
labeled for Cx43 (Green) and Duolink Cx43/Cx43 interaction (Red). Scale bars = 5μM.
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