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Abstract
The perinexus is a recently identified microdomain surrounding cardiac gap junctions that
contains elevated levels of connexin43 and the sodium channel protein Nav1.5. Ongoing work has
established a role for the perinexus in regulating gap junction aggregation. However, recent
studies have raised the possibility of a perinexal contribution at the gap junction cleft to
intercellular propagation of action potential via non-electrotonic mechanisms. The latter
possibility could modify current theoretical understanding of cardiac conduction, help explain
paradoxical experimental findings, and open up entirely new avenues for antiarrhythmic therapy.
We review recent structural insights into the perinexus and its potential novel functional role in
cardiac excitation spread, highlighting presently unanswered questions, the evidence for ephaptic
conduction in the heart and how structural insights may help complete this picture.
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Introduction
The gap junction (GJ) is a specialization of cardiomyocyte membranes that has long been
recognized as vital to conduction of action potential in the heart. Recently, we provided
evidence that non-junctional membrane bordering GJs may itself represent a specialized
sub-structure, in that it contains a unique cohort of protein-protein interactions between
scaffolding and channel proteins including, ZO-1, connexin43 (Cx43), and Nav1.5 (Rhett et
al., 2012; Rhett et al., 2011). This newly identified sarcolemmal microdomain has been
called the perinexus owing to its proximity to the GJ. Our work on the perinexus has
demonstrated its role in regulating gap junction (GJ) assembly. Interestingly, other recent
experimental results vis-à-vis cardiac conduction suggest a role for the perinexus in
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intercellular propagation of the action potential. This review will summarize recent findings
regarding the perinexus and then examine the possible functional implications of this
structure in the light of ongoing functional investigations of the basis of cardiac conduction.

Historical Conception of Cardiac Conduction
Since the first demonstration of cardiac conduction by Engelmann in the late 19th century
(Engelmann, 1875), the myocardium has been considered an electrical syncytium. Indeed,
pioneering work by Silvio Weidmann (Weidmann, 1952; Weidmann, 1970), Lloyd Barr
(Barr et al., 1965; Dewey and Barr, 1962) and others later connected the apparent syncytial
nature of the myocardium to GJs at intercalated disks - the end-to-end abutments of
cardiomyocytes. Thus, the mechanism of excitation propagation in the myocardium was
viewed as distinct from that in nerves, in which cell-to-cell transmission of action potential
occurs via neuro-chemical signaling at synapses without the need for low resistance
electrical coupling between cells. In the heart, the structure of the GJ was seen as affording
cytoplasmic continuity between cells thereby enabling electrical conduction of action
potential through myocardial tissues. GJs are composed of subunit proteins called
connexins, which form channels in the plasma membrane. Connexin channels directly
couple the cytoplasms of connected cells, allowing for the passage of ions and molecules
<1000Da in size. It is thought that the passage of ions through GJs is the mechanism by
which electrical coupling between cardiomyocytes is achieved. For a detailed review on the
biology of cardiac connexins, the reader is referred to the review by Desplantez et al
(Desplantez et al., 2007).

The picture of the intercalated disk that emerged from early studies supported a purely
electrical model of cardiac conduction, wherein the tissue could be represented as a network
of resistors and capacitors. For in-depth descriptions of the history of the field the reader is
referred to excellent reviews by Spach and Kootsey (Spach and Kootsey, 1983) and Kleber
and Rudy (Kleber and Rudy, 2004). The above being said, recent studies have suggested that
the intercalated disk and its constituent intercellular junctions are more complex,
interdependent, and dynamic structures than previously conceived. Additionally, recent
experimental data has raised questions about the conventional view of how cardiac
conduction works. Such new perspectives raise the possibility that a new electrochemical
model of cardiac conduction may be necessary. This review focuses on some structural and
functional observations that are contributing to this emerging story.

GJ and Perinexus: Ultrastructure and Molecular Components
In general, GJs are large, semi-crystalline aggregates of intercellular channels arranged in a
honeycomb-like hexagonal array (Fig. 1A). The works of Gaietta et al. (Gaietta et al., 2002)
and Lauf et al. (Lauf et al., 2002) established the canonical pathway for GJ accretion by
which half-channels (called connexons or hemichannels) composed of connexin subunits
delivered to the plasma membrane diffuse laterally in the membrane to points of cell-cell
contact where they are incorporated into the GJ plaque as intercellular channels. Questions
of considerable interest in this model of GJ aggregation are the regions of membrane where
connexons are delivered to and dock to form intercellular channels. Robin Shaw’s group has
provided evidence that microtubules tethered to cadherin-complexes provide pathways for
connexon trafficking (Smyth et al., 2010).

Data from the Gourdie lab provided insight into how the process of GJ accretion is regulated
once connexons are trafficked to the cell membrane. Work by Hunter, Barker et al. (Hunter
et al., 2005) first demonstrated that zonula occludens-1 (ZO-1) interaction with the Cx43
carboxyl-terminus regulates GJ size. Colocalization of ZO-1 with the GJ edge, combined
with biochemical data showing that inhibiting Cx43/ZO-1 interaction increased the
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proportion of junctional to nonjunctional Cx43, indicated that ZO-1 could be controlling the
transition of hemichannels to GJ-associated intercellular channels. This mechanism was
confirmed in subsequent work, which gave us the first view of the perinexus (Rhett et al.,
2011). In this 2011 paper, the in-situ protein-protein interaction assay Duolink provided
visualization of an unanticipated phenomenon wherein ZO-1 interaction with Cx43 gave a
robust signal in the region around the GJ aggregate proper.

Interestingly, perinexal Cx43/ZO-1 Duolink signals around GJs were not co-localized with
Cx43 immunolabeling. As such, it was hypothesized that Cx43 molecules in the perinexus
were not at sufficient concentrations to be visualized by standard immunofluorescence. In
order to increase the dynamic range of detection and directly label perinexal Cx43, Duolink
assay was used in a single-detection, high-sensitivity mode – essentially assaying for Cx43-
Cx43 interaction, as would occur within a connexon. The assay revealed that Cx43 is more
concentrated in the perinexus than other non-junctional regions of the cell, but not nearly as
concentrated as in the GJ plaque (Rhett et al., 2012). Biochemical and functional assays
confirmed that the channels in the perinexus were likely to be in the form of connexon
hemichannels (Rhett et al., 2012; Rhett et al., 2011).

At the same time, data began to emerge suggesting a relationship between Cx43 and the
voltage-gated sodium channel, Nav1.5. Studies by the Abriel lab showed that both proteins
localized to the intercalated disk (Petitprez et al., 2011). Additionally, it had previously been
demonstrated that Cx43 and Nav1.5 co-precipitate from mouse heart lysates (Malhotra et al.,
2004). We again used Duolink to assay for Cx43/Nav1.5 interaction and elucidated the
subcellular location of putative complexes formed by these two proteins. It was found that,
much like Cx43/ZO-1 interaction, Cx43/Nav1.5 interaction localized preferentially to the
perinexus (Fig. 1C)(Rhett et al., 2012). Interestingly, in agreement with Pretiprez et al,
Nav1.5/ZO-1 interaction was not detected (Petitprez et al., 2011). This indicated that ZO-1
likely did not serve as a molecular scaffold for Cx43/Nav1.5. Whether Cx43 and Nav1.5
interact directly or through a molecular mediator remains unknown, but both proteins have
been reported to interact with the scaffolding proteins SAP97 (Petitprez et al., 2011;
Macdonald et al., 2012) and ankyrin-G (Malhotra et al., 2002; Sato et al., 2011).

GJs and the Perinexus: Implications for Cardiac Conduction
While GJs have been established as a key determinant of cardiac conduction, the
electrophysiological impacts of loss of GJ coupling remain to be fully understood. On the
one hand, pharmacological GJ uncoupling uniformly slows conduction in experiments,
suggesting a positive (direct) linear relationship between conduction velocity and GJ
coupling (Rohr et al., 1998; de Groot et al., 2003; Kojodjojo et al., 2006; Delmar et al.,
1987; Balke et al., 1988; Jalife et al., 1989; Callans et al., 1996). However, the results from
mice heterozygous for a null mutation of the Cx43 gene GJA1 have not been as
straightforward to interpret. Some studies reported conduction slowing in these mice
compared to wild-type (WT) littermates (Eloff et al., 2001; Guerrero et al., 1997) while
others didn’t - even in cases where the Cx43 heterozygote null mice were obtained from the
same source (Morley et al., 1999; van Rijen et al., 2004; Thomas et al., 2003; Beauchamp et
al., 2004; Vaidya et al., 2001; Danik et al., 2004; Stein et al., 2009). Likewise, while reduced
expression and lateralization of Cx43 are associated with multiple pathologies, the
relationship of such changes to conduction disturbance and arrhythmias is highly complex
(Poelzing and Rosenbaum, 2004; Akar and Tomaselli, 2005; Cascio et al., 2005; Gard et al.,
2005; Severs, 2002).

The recent experimental study of the electrophysiologic impact of changes in interstitial
volume by two of the authors of this essay, Drs. Veeraraghavan and Poelzing further
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reinforced the notion that the conduction velocity-GJ relationship is not as straightforward
as previously conceived (Veeraraghavan et al., 2012). In these studies, Langendorff
preparations of isolated guinea pig ventricles were perfused with solutions designed to
prompt predictable decreases or increases in interstitial volume - the volume of extracellular
space excluding the vasculature. This experimental manipulation of interstitium in turn
enabled measurable adjustments to the spacing between cardiomyocyte membranes. In this
experimental setting a negative (inverse) relationship between conduction velocity and
interstitial volume was observed: decreasing interstitial volume resulted in acceleration of
conduction and vice versa. Also, interstitial volume changes preferentially affected
transverse relative to longitudinal conduction. The acute time course of these effects argued
against these effects being mediated by significant GJ remodeling.

The inverse relationship observed in our studies stood in contrast to prevailing theoretical
models (e.g., the bidomain model), which predicted a positive relationship between
conduction velocity and interstitial volume (Spach et al., 2004). Such models anticipate that
increased interstitial volume should decrease longitudinal interstitial resistance and thereby
speed up conduction. While experiments in cable-like papillary muscles have yielded results
consistent with this concept (Fleischhauer et al., 1995), our observations in the intact
ventricular myocardium were not consistent with the model’s prediction (Veeraraghavan et
al., 2012). In the same study, we demonstrated that swelling of the interstitial space (i.e.,
interstitial edema) unmasked a steeper conduction velocity - GJ relationship than was
observed under control conditions. Further, the combination of edema and GJ uncoupling
was more pro-arrhythmic than either condition alone. The prevailing theoretical models
could not explain these findings. Based on our observations, we concluded that a
reassessment of our theoretical understanding of cardiac conduction in intact myocardium
was in order.

Since the 1960s Sperelakis (Sperelakis and McConnell, 2002; Sperelakis et al., 1983) and
others (Pertsov and Medvinskii, 1979; Zemlin et al., 2006) have argued that current flow via
GJs may not be the sole mechanism mediating the intercellular propagation of action
potential in the heart. Early work focused on the idea that mechanisms such as an electric
field extending via the gap junctional cleft could electrically couple cardiomyocytes without
a need for GJ-mediated electrotonic coupling (Sperelakis and McConnell, 2002). Given the
wealth of data on the role of gap junctions in normal and pathological conduction (Rohr,
2004; Jongsma and Wilders, 2000), the idea was met with wide skepticism. However,
mounting evidence of a complex conduction velocity - GJ relationship as detailed above has
fueled a resurgence of interest in non-electrotonic mechanisms. In a theoretical study, Mori
et al. demonstrated that an ‘ephaptic coupling’ mechanism may operate in tandem with GJ
coupling during cardiac conduction, dubbing the resulting mechanism ’mixed mode’
coupling (Mori et al., 2008). This computational model further suggested that localization of
Na+ channels to the intercalated disk and the width of the gap junctional cleft may be key
factors in conduction.

Cardiac Conduction: Revising our Present Understanding
One missing underpinning for ephaptic coupling is a functional unit as structurally definitive
as the neural synapse – an ephapse. Facilitation of any non-electrotonic mechanism for the
intercellular transfer of action potential would require some definable element of cellular
ultrastructure. The narrow gap junction cleft and the preferential localization of Nav1.5 at
the plaque edge (Fig. 1A and B)(Rhett et al., 2012), raises the prospect that the perinexus is
the myocardial ephapse. As yet there are too many unknowns to make definitive claims, but
the data suggesting that the perinexus localizes the machinery necessary for ephaptic
conduction provides a basis for further investigation.
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More broadly the essential questions seem to come down to: a) how, specifically, are ion
channels, particularly Nav1.5, organized at the intercalated disk and b) what are the
functional implications of this organization with respect to intercellular conduction of action
potential? It has been known for some time that the cardiac isoform of the voltage gated Na+

channel localizes to the intercalated disk (Maier et al., 2004). Since then Petitprez et al. have
demonstrated the localization of Na+ channels to the intercalated disk and the lateral
membrane via distinct sets of interaction involving PDZ proteins (Petitprez et al., 2011).
Recently, Lin et al. demonstrated greater INa density at the intercalated disk relative to the
lateral membrane (Lin et al., 2011). Furthermore, they found most Na+ channels in the
lateral membrane to be inactive at normal resting potential and suggested that the initiation
of the action potential primarily occurs at the intercalated disk. Parallel developments in
theoretical models of conduction have suggested a mechanistic role for subcellular Na+

channel localization. Kucera et al. proposed that transient changes in Na+ concentration
within the narrow intercellular cleft at the intercalated disk could modulate the magnitude of
INa when Na+ channels are located at the intercalated disk (Kucera et al., 2002).
Additionally, they suggested that when GJ coupling is reduced, activation of INa in the
upstream cell could induce negative cleft potentials and thereby suprathreshold
depolarization of the downstream cell. Such a mechanism would act to preserve conduction
when GJ coupling is compromised.

More recent models incorporating ephaptic coupling theorized that Na+ channel localization
and GJ cleft width to be major determinants of conduction velocity (Mori et al., 2008; Lin
and Keener, 2010). Further, these studies inferred that Na+ channels located at the
intercalated disk may participate in transmission of the action potential between myocytes,
and that this mechanism may help sustain conduction when direct electrical coupling at GJs
is reduced. As a result, determinants of ephaptic coupling modulating the conduction
velocity - GJ relationship were anticipated in these theoretical treatments. Importantly, it
was suggested that Na+ channels located at the intercalated disk face the small, restricted GJ
cleft, which may represent a specialized extracellular compartment with important
mechanistic implications for cardiac conduction.

The inclusion of subcellular Na+ channel localization and GJ cleft effects into models of
conduction is driving a revision of our understanding of the phenomenon and may help
answer some of the open questions posed earlier in this essay. In this context, new
knowledge of the perinexus raises some interesting possibilities. For instance, within the
perinexus Na+ channels from apposed cells face the same, narrow interstitial cleft (Fig. 2).
Put another way, the GJ cleft is formed by the two cell membranes apposed at the perinexus.
Such a structure would allow for, and even facilitate local effects such as ion depletion or
accumulation, particularly over the time course of the action potential upstroke. Thus,
perinexal Na+ channels could make significant contributions to conduction. Moving
forward, it is vital to continue careful investigation of the ultrastructure of the intercalated
disk and to allow this information to inform functional investigations of cardiac conduction.
Changes in intermembrane spacing at the GJ cleft seem like a tractable experimental target
for modulation of the conduction velocity - GJ relationship. Results from such studies could
potentially explain the seemingly paradoxical results obtained in models of reduced GJ
coupling as well as residual conduction observed in homozygous conditional Cx43 knockout
mice (Gutstein et al., 2001). Furthermore, weakening of ephaptic coupling secondary to GJ
cleft widening could by itself slow conduction (Mori et al., 2008; Kucera et al., 2002; Lin
and Keener, 2010). Such a mechanism may explain the experimentally observed inverse
relationship between conduction velocity and interstitial volume.
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Clinical implications
Aside from scientific value, revisions to our theoretical understanding of conduction could
have important clinical implications. Given that arrhythmogenic conduction defects are a
major cause of the 450,000+ cases of sudden cardiac death that occur annually in the U.S.
(Zheng et al., 2001), there is an urgent need for new mechanistically-guided treatment
options. Recent insights into trafficking mechanisms and inter-protein interactions of
sarcolemmal channels have helped identify novel targets for antiarrhythmic therapy. In this
respect, Cx43/Nav1.5 interaction in the perinexus merits investigation as a potential target
for antiarrhythmic therapy - especially in the light of the recent report that Nav1.5 is
downregulated in Cx43 HZ mice (Jansen et al., 2012). Further, O’Quinn et al. demonstrated
the antiarrhythmic properties of a Cx43 mimetic peptide targeting Cx43/ZO-1 interaction in
a murine infarction model (O’Quinn et al., 2011) while results from Rhett et al. indicate the
Cx43/ZO-1 and Cx43/Nav1.5 interactions to be mutually exclusive (Rhett et al., 2012). One
interpretation of these data is that blocking Cx43/ZO-1 interaction frees Cx43 molecules to
interact with Nav1.5 (Rhett et al., 2011). The resulting sequestration of Nav1.5 in the
perinexus and GJ cleft in such a model would in turn increase ephaptic contribution to
conduction, thereby contributing to the antiarrhythmic effect observed in response to the
Cx43 mimetic peptide. Other proteins that interact with Cx43 or Nav1.5 might warrant study
along these lines.

Another new approach to antiarrhythmic therapy may involve targeting the intercalated disk
microstructure itself rather than sarcolemmal proteins. Veeraraghavan et al. demonstrated
the interstitial volume to be a potent modulator of not just the conduction velocity - GJ
relationship but also of arrhythmia propensity during GJ uncoupling (Veeraraghavan et al.,
2012). Therefore, targeting the vasculature (the endothelial glycocalyx in particular), with a
view to preventing myocardial edema and the consequent increase in distance between cell
membranes, may represent a viable antiarrhythmic strategy in pathologies where GJ
coupling is compromised.

Conclusion
Although these are early days, the data already available underscores the need to revise
theoretical models of conduction to include detailed structural information and careful
accounting of electrochemical effects that may occur within extracellular microdomains
such as that formed by the perinexus. Indeed, a parallel could be drawn here with the
molecular machinery of cardiac Ca2+ cycling where the recognition of specialized structural
microdomains and transient ion accumulation/depletion within these confined spaces has
revolutionized our theoretical understanding of the phenomenon in recent years (Cannell and
Kong, 2012).

In closing, it does not go unnoticed that one irony here is that the gap junction may turn out
to be central to a non-electrotonic mechanism of action potential propagation in the heart -
the rationale being that is there is no other location where the membranes of adjacent cells
come closer together and where the extracellular space between cells is more narrowly
confined. The gap junction or its immediate vicinity would thus be the logical place for a
putative jump of action potential between myocytes to occur. This perhaps will be a wrinkle
in the tale that not even the embattled early proponents of ephaptic conduction could have
foreseen.
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Figure 1. The perinexus
A) Freeze fracture electron micrograph showing en face view of a gap junction plaque in
ventricular myocardium (outlined by dashed black line) surrounded by perinexus (tinted
orange) at 98000x magnification (Severs, 2002). Individual connexons, seen as particles, are
densely packed in a hexagonal array within the gap junction (solid rectangle) but are less
concentrated and organized within the perinexus (dashed rectangle). B) Transmission
electron micrograph of gap junction in ventricular myocardium flanked on either side by
perinexus. Space between perinexal membranes is tinted orange. A desmosome is also
visible on the right hand side. C) Duolink labeling shows Cx43/Nav1.5 interaction at and
surrounding GJs in neonatal rat ventricular myocytes. Cx43 is labeled in green, Cx43/
Nav1.5 interaction is labeled by Duolink in red, and the nucleus is blue.
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Figure 2. Structural organization of channels within the perinexus
The transmission electron micrograph from figure 1B is repeated with the gap junction
highlighted in green, the perinexus in orange and the desmosome in blue. The schematic
cartoon above shows the regular organization of connexons within the gap junction and the
localization of Cx43 hemichannels and Nav1.5 channels to the perinexus. Arrowheads point
to the confined extracellular cleft between apposed cell membranes within the gap junction
and the perinexus. While the cartoon shows a simplified view of the perinexus, the reader
should remember that the structural organization of the channel proteins shown here is
governed by their interactions with multiple structural proteins such as ZO-1, SAP97, that
are not shown (Rhett and Gourdie, 2012). Furthermore, these structures are far from static,
with connexons constantly flowing into the gap junction at its periphery.
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