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Abstract

Cardiovascular disease remains the single largest cause of natural death in the United States, with
a significant cause of mortality associated with cardiac arrhythmias. Presently, options for treating
and preventing myocardial electrical dysfunction, including sudden cardiac death, are limited.
Recent studies have indicated that conduction of electrical activation in the heart may have an
ephaptic component, wherein intercellular coupling occurs via electrochemical signaling across
narrow extracellular clefts between cardiomyocytes. The perinexus is a 100-200nm-wide stretch of
closely apposed membrane directly adjacent to connexin 43 gap junctions. Electron and super-
resolution microscopy studies, as well as biochemical analyses, have provided evidence that
perinexal nanodomains may be candidate structures for facilitating ephaptic coupling. This work
has included characterization of the perinexus as a region of close inter-membrane contact
between cardiomyocytes (< 30 nm) containing dense clusters of voltage-gated sodium channels.
Here, we review what is known about perinexal structure and function and the potential that the
perinexus may have novel and pivotal roles in disorders of cardiac conduction. Of particular
interest is the prospect that cell adhesion mediated by the cardiac sodium channel g subunit
(Scnib) may be a novel anti-arrhythmic target.
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Introduction

Cardiovascular disease remains the single largest cause of natural death in the United States
and projections suggest that this unfortunate statistic is unlikely to change in the foreseeable
future (World Health Organization, 2017). A significant cause of sudden cardiac death is
arrhythmias associated with aberrant cardiac conduction (Chugh et al., 2008). Cardiac
conduction is a term used to describe the process by which action potential (AP) is
propagated throughout the heart, ensuring synchronous contraction of the myocardium.
Conduction is triggered by waves of activating impulses, or action potentials (APS),
originating at the sinoatrial node, which are spread to the ventricles via the atrioventricular
node and the His-Purkinje system. At the cellular level, APs are produced and propagated by
a series of membrane ion cascades coordinated by ion channels in the heart.

The study of cardiac electrical activity dates as far back as the 19t century, but it was not
until the early 1900s that conduction velocity (CV) in the heart was first measured (Lewis et
al., 1914). CV remains a primary metric for the spread of electrical activation in the
myocardium by measuring the time it takes an AP wave front to traverse a known distance
of tissue. In 1959, Hodgkin and Horowicz made the discovery that excitability in cardiac
tissue had parallels to the excitability of neuronal tissue, specifically as it relates to sodium
entry into the cell (Hodgkin and Horowicz, 1959). These workers were able to demonstrate
that sodium ion penetrance was low when cells were electrically dormant, but increased
upon depolarization of the membrane associated with the onset of AP. This is now
recognized to largely result from the opening of the alpha subunit of the cardiac voltage-
gated sodium channel (VGSC) known as Nay1.5. The density of Nay,1.5-formed channels is
now widely accepted as the main determinant of cellular excitability in cardiovascular tissue
and is the primary contributor of recorded sodium currents (lng) in the heart (Shaw and
Rudy, 1997). Disruption of cardiac AP propagation (CV slowing/block) can lead to
potentially deadly spontaneous arrhythmias (Kleber and Rudy, 2004).

Traditionally, AP morphology is viewed as a product of five phases; phase 0-1V, each
characterized by unique patterns of ion current activation and downstream effects. Existing
anti-arrhythmic drugs (AADs) act on these various phases to modulate CV by regulating the
kinetics of the AP curve. Summarized in Figure 1, there are four major classes of AADs that
are effective in acting on individual aspects of cardiac AP, but many have arrhythmic
propensity and suffer from poor efficacy (Fragakis and Vassilikos, 2016). The Cardiac
Arrhythmia Suppression Trial (CAST) and Atrial Fibrillation Follow-Up Investigation of
Rhythm Management (AFFIRM) studies laid bare the lack of benefit, in terms of mortality,
of many current AADs and highlighted the need for new approaches to the alleviation of
deadly arrhythmias (Corley et al., 2004; Echt et al., 1991; Wyse et al., 2002). With the high
costs involved in developing new therapeutics, combined with the perceived risk in targeting
cardiac electrical activity, the drug discovery pipeline for safe and effective anti-arrhythmics
remains challenging to replenish.

Extensive mathematical modeling and computational biology work over the years have
outlined theoretical components required for a mechanism of cardiac AP known as ephaptic
coupling (see Table 1). Mori et al 2008 described a ‘cardiac ephapse’ using /7 sifico models
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and established these requisite criteria: a tightly regulated extracellular space (ES) between
two apposed myocytes (10-30nm) and a high density of current-generating Na* channels
located at these points of close apposition. Recent work from the Kucera lab has shown the
clustering of Nay/1.5 on opposite sides of a narrow intercellular cleft potentiates ephaptic
interactions and AP transmission from cell to cell (Hichri et al., 2018). Work in the Gourdie
lab has demonstrated high concentrations of Nay/1.5 and its 31 subunit in a nanodomain
adjacent gap junctions composed of connexin 43 (Cx43) known as the perinexus (Rhett et
al., 2011; 2012b; Veeraraghavan et al., 2015a; 2015b; 2018; Veerarghavan and Gourdie,
2016) This review focuses on the recent findings that support the claim that such a region
could emerge as a non-canonical target for novel AADs.

Generation of the Cardiac Action Potential

Resting membrane potentials are around —85-95mV in human myocardial tissue before
Phase 0 activation of voltage gated sodium channels (VGSC) leads to a rapid influx of Na*
and a sharp depolarization to +20-25mV. Concurrently, these channels close their
inactivation gates and enter the N-type inactivation state until reaching resting potential.
Phase | is defined as the initial deflection of AP and is regulated by closing of the Na*
current and the slow intake of extracellular CI~ ions, balanced by the efflux of K*.
Activation of the L-type Ca2* channels initiate the onset of Phase I, causing the plateau of
the AP curve. KCNQ and KCNH K* efflux balance this, leading to an accumulation of Ca*
ions, which in conjunction with ATP, leads to myocyte contraction or systole. Phase I11
begins the repolarization of the membrane and is marked by inactivation of Ca2* channels.
This phase is progressively accelerated by the activation of the K* channel KCNH,
(hERG1), a pore thought responsible for many of the off-target effects of pharmaceutical
agents used to treat aberrant cardiac electrophysiological activity. Upon achieving full
repolarization, K* channels close and the AP reaches Phase IV or resting state. Resting state
or diastole, has balanced Na*/K* pumps, Na*/Ca2* exchangers and inward K* channels to
accumulate cytoplasmic ions, generating a negative membrane potential (-85-95mV), until
the activation of VGSC signals the re-initiation of the next AP.

Cardiac Conduction — Gap Junction Coupling

Cardiomyocytes associate in highly ordered anisotropic arrangements and are coupled by a
region specialized for electromechanical interaction called the intercalated disc (ID). IDs are
composed of three distinct intercellular junctional structures not found between mature
skeletal muscle cells; adherens junctions, desmosomes, and gap junctions (GJ) (Angst et al.,
1997). These junctional structures have roles in mechanically connecting and electrically
coupling myocytes. Adherens junctions provide extended domains of cell-cell adhesion and
a platform for actin filament insertion, aiding contractile force generation by cardiac muscle
cells. Desmosomes also contribute to intercellular mechanical strength and there is evidence
that in the adult mammalian myocardium, adherens and desmosomal junctional components
mix to form composite adhesive structures (Franke, 2009). GJs directly connect the
cytoplasm of two cells allowing for small molecule (<1000 daltons) and ion exchange. Two
hexameric assemblies of connexon hemichannels form each GJ channel. There are three
main isoforms of connexin proteins expressed by mammalian myocardial tissue (Connexins
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40,43, and 45) named for the full length molecular weight of the protein predicted by their
gene (Beyer et al., 1987; Kanter et al., 1992; Gourdie et al., 1993; Coppen et al., 1998;
Palatinus et al., 2012; Severs et al., 1989). However, in the working adult myocardium the
predominant isoform is thought to be Cx43. For example, in mouse 99.6% of all connexin
protein in this tissue is Cx43 (Bao et al., 2011).

The propagation of AP in the ventricles has long thought to result from direct cytoplasmic
coupling mediated by Cx43 GJs, which are primarily located in 1Ds (Gourdie et al., 1991;
Kleber and Rudy, 2004; Palatinus et al., 2012; Delmar and Liang, 2012). Furthermore, there
is considerable evidence that cardiac injury results in GJ remodeling, marked by loss of GJs,
which in turn is associated with decreases in CV and increased susceptibility to arrhythmias
(Smith et al., 1991; Wit and Peters, 2012; Peters et al., 1995; Severs et al., 2008). Early
investigators used a macroscopic approach to study Purkinje fibers, which have cable-like
properties leading to the initial postulation of a cable theory for cardiac conduction
(Weidmann, 1952). This theory hinges on modeling the coupling of myocardial tissue as a
resistive pathway, and envisages that current would flow through the path of least resistance.
In the late 1940s, the intercellular structure thought to underpin this pathway was identified
between cardiac myocytes; initially termed “the nexus”, and eventually more commonly
known as the gap junction - the GJ ( Sjostrand and Andersson, 1954; Barr et al., 1965;
Dewey and Barr, 1962). Gap junctional conductance is often incorporated into intracellular
resistance () but assumes that the cytoplasms of myocytes are electrically contiguous (i.e.
offer extremely low resistance), not accounting for what appears to be discontinuous or
delayed CV noted previously by Spach and colleagues (Spach et al., 2000; Weidmann, 1966;
Weidmann, 1970).

Limitations of GJ Coupling in Explaining Cardiac Conduction

Cable theory has long been used to describe the myocardium as a syncytium with flow of
electrical current moving between low resistance pathways identified as GJs. However,
ongoing theoretical and experimental studies have suggested potential incompatibilities in
applying the macroscopic view of cable theory to the microscale couplings mediated by
Cx43 GJs. Cx43 remodeling is a hallmark of many cardiovascular diseases and has been
shown to have significant effects on cardiac AP (Gutstein et al., 2001; Spach et al., 2000).
Slowed conduction is a well-established risk underlying arrhythmia, but there has been
debate on the contribution of gap junctional uncoupling to CV changes. Pharmacological
uncoupling of Cx43 GJs, such as that mediated by carbenoxolone, can slow conduction at
certain doses (Veeraraghavan et al., 2012). However, this treatment does not appear to
demonstrate any type of dose-dependent correlation between uncoupling and conduction.
Moreover, it has been demonstrated that CV slowing occurs before changes in Cx43 takes
place, suggesting that channel availability may not be the sole determinant of altered
conduction propagation (Akar et al., 2007).

Further questions on the relationship between cardiac GJs and conduction have been raised
by studies of Cx43/Gjal knock-out mice. Cardiac-restricted knockout of Cx43 (CKO) was
reported to circumvent the perinatal lethality of global knockout Cx43, and these mice
demonstrated normal heart structure and function, albeit GJs were undetectable at IDs
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(Gutstein et al., 2001). However, CKO mice did not succumb to sudden cardiac death due to
spontaneous ventricular arrhythmias until the 2™ to 4th postnatal weeks, relatively far along
in the maturational growth of mice. These data suggested that Cx43 was not required for
beat-to-beat maintenance of cardiac contractility during this period following birth.

Several researchers using heterozygous global Cx43 knockout mouse (Cx43~) have
uncovered paradoxical findings. Different groups observed varying consequences of loss of
Cx43-based coupling on conduction. While some researchers reported a significant decrease
in CV with a 50% reduction in Cx43 protein levels in heterozygous null mouse, whereas
others could ascertain no difference between animals expressing null and wildtype Cx43/
Gjalalleles (Eloff et al., 2001; Morley et al., 1999; Rohr et al., 1998; Stein et al., 2009;
Stein et al., 2011; Thomas et al., 2003). The work of Poelzing and his group provided some
resolution of this controversy, demonstrating that CV in Cx43 —/+ mice could be modulated
via altering the ionic composition of perfusion fluids (George et al., 2016; George and
Poelzing, 2016; George et al., 2015). Specifically increasing Na* ions accelerated CV in
Cx43*/~ mice, while increasing K* resulted in the opposite effect. These studies also
reported correlations between myocyte inter-membrane spacing within the ID and
conduction velocity that occurred in association with adjustments to perfusate composition,
which we will return to later in this review.

Basis of Ephaptic Coupling in the Heart

Theoretical studies have long-raised the possibility of non-GJ-mediated or ephaptic coupling
between cardiomyocytes. Table 1 provides a summary of progress on the cardiac ephaptic
conduction hypothesis over the last 60 years. Ephaptic conduction involves cell-to-cell
transfer of electrical activation via electric fields, or ion transients, within a confined
extracellular space between cells (Lin and Keener, 2010; Mori et al., 2008; Rhett et al. 2013;
Veeraraghavan et al., 2014b). The possibility of ephaptic conduction in the heart was first
identified by Sperelakis and co-workers from the late 1950s and into the 1970s - a minority
viewpoint that coincided with the emergence of GJ-based intercellular coupling as the
dominant mechanistic hypothesis for explaining electrical coupling between heart muscle
cells (Mann and Sperelakis, 1979). Recent experimental evidence has provided support for
ephaptic coupling as an alternative means of AP propagation (see Table 1).

The Gourdie lab’s first step in this direction occurred when it was determined that sodium
channels were localized in close proximity to cardiomyocyte Cx43 GJs (Rhett et al., 2012a).
Ephaptic coupling requires a high density of active VGSCs opening into a narrow (< 30 nm)
inter-membrane space or cleft between cells (Lin and Keener, 2010; Mori et al., 2008).
According to Ohm’s Law, rapid current change in this space results in negative extracellular
potential. This, in turn, will prompt membrane depolarization on the opposite side of the
cleft, leading to the activation of VGSCs on that membrane (Rhett et al., 2013;
Veeraraghavan et al., 2014b; 2014c). This non-syncytial contribution to cardiac conduction
envisions electrical excitation jumping across a tiny gap in extracellular space between
myocytes in a manner not wholly dissimilar to how AP propagates between neurons at the
synaptic cleft, although electro-chemical transmission is used instead of neurochemical
signaling. Ephaptic coupling has remained controversial in the cardiovascular field, largely

Prog Biophys Mol Biol. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hoagland et al. Page 6

due to a lack of tangible experimental evidence to support it and identification of the cellular
nano-structures that might facilitating such coupling.

Sodium Channels

VGSCs are comprised of a pore-forming a.-subunit and two B-subunits and are responsible
for the rapid depolarization of membrane potential characterizing the initial upstroke of the
AP. Early work on the structure of this channel complex in the 1980s was assisted by the use
of covalent protein labeling with a photoactive analog of scorpion toxin (Beneski and
Catterall, 1980). Other significant advances aiding structural elucidation was the sequencing
of the full human genome and the X-ray crystallization of analogous bacterial channels at
different functional states (McCusker et al., 2012; Payandeh et al., 2012; Payandeh et al.,
2011). The latter revealed, in three dimensions, structural components of the channel that
have significantly aided development of channel-specific drugs to treat cardiac arrhythmias,
epilepsy, and pain. To date, nine VGSCs have been successfully cloned (Nay/1-9) and a tenth
partial sequence has been reported (Nay2) (Watanabe et al., 2000). The large single-chain
polypeptide (260kDa) a-subunit is responsible for ion selectivity, pore opening and closing,
and voltage sensitivity. The primary sequence of the a-subunit predicts a series of four
repeated domains (I-1V) comprised of six a-helical transmembrane domains (S1-6) that
form the channel. Segments S1-4 from each domain form the regulatory voltage-sensing
domain that is responsible for channel opening in response to the initial membrane
depolarization. The hallmark of this structure is the distribution of positively charged
arginine and lysine residues every three amino acids, which allow for significant shifts in the
secondary structure of this domain in response to changes in transmembrane potential. Upon
depolarization, these residues move towards the membrane surface causing a conformational
change revealing a central agueous channel known as the pore domain, formed by S5 and
S6. This movement simultaneously inactivates the channel until repolarization, enabling the
S4 segment residues to return to their initial positions. The pore domain contains a narrow
selectivity filter that allows for the preferential permissibility of Na* compared to K* ions
(Heinemann et al., 1992). Salt bridges between charged residues in domains 1-3 form this
filter known as the DEKA region, corresponding to the single letter amino acid contribution
from each domain. The final structural components of the a-subunit are the in/activation
gates that regulate channel kinetics during their respective phases of the AP.

Cardiac Voltage Gated Sodium Channels

There are numerous mutations in the gene encoding the a-subunit of Nay1.5, SCN5A,
associated with cardiovascular pathophysiology, many of which directly affect cardiac AP
(Antzelevitch et al., 2014). The majority of gain-of-function mutations influence fast sodium
channel inactivation that occurs directly after the inward rectifying current in Phase 0,
leading to a persistent inward flow of Na* and an untoward prolongation of the AP. Loss-of-
function mutations of SCN5A often produce truncated proteins, non-functional channel
activity or deficient trafficking to the cell membrane. In each case, altered AP occurs and
can lead to ventricular arrhythmias and potentially death. Class | antiarrhythmic drugs such
as lidocaine, mexilentine, flecandide, quinidine, and procainamide act as frequency
dependent inhibitors of sodium current. This pharmacological block of channel activity
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results in a decrease in the rate of AP generation and an overall reduction in heart
excitability, which can help quell tachyarrhythmia to restore normal rhythm (Antzelevitch et
al., 2014). However, these agents promote arrhythmia in otherwise healthy patients. Newer
agents have been developed with higher degrees of selectivity for the Nay/1.5 isoform with
effects on late sodium current and the sodium/calcium exchanger, lowering the ischemic
burden and cardiac glycoside-induced calcium overload (Zablocki et al., 2016). Poor clinical
trial results in recent years, such as those unveiled in the AFFIRM trials, have left the field
of anti-arrhythmic drug discovery with a limited repertoire of novel pharmacological classes
to meet the increasing burden of electrophysiological dysfunction associated cardiovascular
disease.

VGSC Beta Subunits

The a-subunit is flanked by one or two p-subunits. There are five isoforms of B-subunits in
humans encoded by the four genes: SCN1B (Bl), SCN2B (p2), SCN3B (p3), and SCN4B
(B4). B1-4 subunits are single transmembrane glycoproteins that contain a single
extracellular immunoglobulin (Ig) loop, while B1B is a splice variant of SCN1B, which is a
secreted variant comprising the N-terminal and Ig loop sequence, only untethered to the cell
membrane. B-subunits can interact covalently or non-covalently with a.-subunits, with p1/
B3 interacting through electrostatic interactions, whereas B2/ p4 have an unpaired cysteine
residue to form a disulfide bond with an a-subunit. This structural difference is interesting
due to the additional intramolecular disulfide bond found in B1/3, which further stabilizes
the Ig loop and provides a potentially distinguishing feature in the morphology of covalently
and non-covalently associating subtypes. f-subunit utility is often dictated by a series of
post-translational modifications that can effect function, localization and expression levels
(Calhoun and Isom, 2014). The B1 subunit is intracellularly phosphorylated at Y181 and
heavily glycosylated along the extracellular 1g loop, affecting cell surface expression and
channel modulation (Brackenbury et al., 2008; Johnson et al., 2004). The N and C-terminal
tails of B-subunits can be cleaved by BACE1 and -y-secretase to release physiologically
relevant polypeptides that can have effects on a-subunit transcription (Kim et al., 2007).

B1, in particular, has been shown to influence Iy, in the presence of physiological amounts
of Nay/1.5, as well as, cause a depolarizing shift in steady-state inactivation, suggesting that
the subunit can allow the voltage-sensing domains to recover more rapidly to resting state
(Mishra et al., 2011; Qu et al., 1995). These effects vary depending on the model system
used, indicating that there may be more factors involved than simple stoichiometry or
localization between a/B-subunits. In Xenopus oocytes, Iy, increased proportionally to
increases in 1 mRNA, as well as a depolarizing shift in the steady state inactivation of
Nay1.5, suggesting that p1 allows the channel to return to a resting state more quickly,
expediting frequency activation (Qu et al., 1995; Zhu et al., 2017). Antisense silencing
Scnlbmutations in rat cardiomyocytes altered a-subunit mMRNA and protein levels and led
to a decreased In, (Baroni et al., 2014). However in Scnibnull cardiomyocytes, there was
an increase in both mMRNA and protein levels of the a-subunit and a corresponding increase
in the Ing , which led to prolonged QT in mice (Lopez-Santiago et al., 2007).
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It has been suggested that 1 may play a role in facilitating interactions between Nay1.5
dimers (Mercier et al., 2012), a function that could theoretically increase current-generating
channels in a small subcellular area, such as a domain required for ephaptic coupling.
Nay/1.5 dimers display coupled gating properties, mediated via 14-3-3 proteins (Allouis et
al., 2006; Clatot et al., 2017). 14-3-3-deficient mutations have highly pro-arrhythmic effects
on myocardial electrical properties, suggesting high densities of VGSC clusters to be
important for normal conduction. In addition to sodium channel interactions, g1 is capable
of modulating the biophysical properties of other ion channels such as voltage-gated
potassium (Ky,) channels, a family of channels responsible for generating outward rectifying
current (lyp). Most notably 1 influences K,4.3 voltage dependence and channel kinetics
(Deschenes and Tomaselli, 2002) and increases K,4.2 surface expression resulting in higher
current densities compared to K,4.2 alone (Marionneau et al., 2012). p1 has also been
shown to influence the K, 1 family (K, 1.1, 1.2, 1.3, 1.6) and K,,7.2 (Nguyen et al., 2012),
and removing B1 from heterologous systems simultaneously reduces Iy, and lyg , indicating
that p1 may facilitate VGSC and Ky, interactions (Deschenes et al., 2008). These
multifaceted aspects of VGSC B subunit function suggests its promise as a clinically viable
therapeutic target in the manipulation of cardiac sodium channel activity.

The primary role of B-subunits is thought to be as a cell adhesion molecule and all are
members of the Ig superfamily. p1 facilitates homo and heterophillic interactions and has
noted ability to modulate sodium channel electrophysiology and trafficking (Chen et al.,
2002; Dhar Malhotra et al., 2001; Lopez-Santiago et al., 2007; Zhu et al., 2017). Cell
adhesion molecules facilitate cell-cell communication and signaling cascades, but can also
be crucial for the regulation of physical domains. For example, other Ig superfamily
members, desmoglein-2 and N-cadherin, whose extracellular domains share homologies
with B1, are key structural members of the ID (Schlipp et al., 2014; Williams et al., 2002).
Both B1 and B2 recruit AnkG, a protein important in regulating the perinexus (Delmar and
Liang, 2012), via frans-homophillic adhesion (Malhotra et al., 2000). This process occurs
independent of a.-subunit availability /n vitro, suggesting that B-subunits exert unique
regulatory control over the VGSC, aiding in subcellular localization of the channel complex.
B1 has been shown by super resolution microscopy to be co-localized near Cx43 GJs
between ventricular myocytes, as well as highly associated with Nay/1.5 (Meeraraghavan et
al., 2016), suggesting that the B1 could have assignments in promoting high-density
accumulation of current-generating channels such as VGSCs.

Perinexus Structure

The nexus is an alternative name for the GJ, thus the peripheral region of the GJ has been
dubbed the perinexus (Figure 2). Accumulating evidence suggests that the perinexus may
facilitate ephaptic conduction (see Table 1). The perinexus is currently defined as a narrow
(< 200nm) stretch of closely apposed membranes (15-30nm) located immediately adjacent
to GJs (Rhett et al., 2011; 2012c; 2013). Electron microscopy (EM) has allowed for high
spatial resolution images of GJs and adjacent structures in the heart and has aided in
identifying proteins that play integral roles in the putative ephaptic capabilities of the
perinexus. Interaction between the scaffolding protein Zonula occludens-1 (ZO-1) and Cx43
governs the rate at which undocked connexon channels are recruited at the GJ edge, thereby
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regulating the rate at which Cx43 GJ plaques increase in size (Barker et al., 2002; Hunter et
al., 2005; Zhu et al., 2005; Rhett et al., 2011). Ankyrin G (AnkG) has been found to localize
in, or near, perinexal nano-domains, and thus may be available for binding to VGSCs, which
together with the complex of interactions involving Nav1.5, Cx43, N-cadherin, ZO-1 and
actin may form a framework for these specialized regions of membrane (Agullo-Pascual et
al., 2014; Leo-Macias et al., 2016). Confocal and super resolution microscopy has
demonstrated that active Nay/1.5 channels accumulate within this region, with over 50% of
all ID Nay/1.5 signal found within 200nm of GJ plaques (\eeraraghavan and Gourdie, 2016;
Veeraraghavan et al., 2015a; 2015b). Subsequent super resolution analysis of this region
found an even higher enrichment of p1 subunits at Cx43 GJ edges (Veeraraghavan et al.,
2016; Veeraraghavan et al., 2018), thus providing a further key structural element in the
template that dictates the proper scaffolding, ion current density and enclosed extracellular
space required for ephaptic conduction.

The closest point of contact between any two cells is the 2nm gap between two connexon
hemichannels docked as a GJ channel. The next closest point of contact between
cardiomyocytes is directly adjacent to the GJ in the perinexus. Perfusion of an ex vivo
preparation of hearts with the osmolyte mannitol was reported to be correlated with an
increase in intercellular spacing between myocytes and conduction slowing and spontaneous
arrhythmia (Veeraraghavan et al., 2012). This result was directly counter-intuitive to
traditional cable theory predictions, in that increased extracellular space should increase
cardiac AP due to decreased membrane resistance. The finding however fits mathematical
models of the proposed extracellular space requirements of a cardiac ephapse outlined by
Mori et al in 2008. Further collaborative ultrastructural studies by the Gourdie and Poelzing
labs showed that osmolyte-induced swelling was localized in the extracellular space of the
perinexus (Veeraraghavan et al., 2015a; 2015b). As the space between apposed membranes
swelled beyond 30 nm, the limit described as a requisite for ephaptic coupling to occur, the
noted CV decrease was observed. The perinexus has since been discovered to be malleable
to a host of osmotic and ionic pressures, and these manipulations are capable of unmasking
or blunting conduction defects and arrhythmic propensities (George and Poelzing, 2016;
Greer-Short et al., 2017). Recently, a correlation has been demonstrated between perinexal
widening and arrhythmia severity in patients with atrial conduction disturbance (Raisch et
al., 2018). Importantly, this observation links the dynamic change in inter-membrane spacing
in the perinexus to the most common arrhythmic disease seen in the clinic. It is the hope of
many researchers that further studies in the composition of reperfusion solutions could make
significant strides in aiding patients with conduction malignancies tied to dysregulated
ephaptic coupling. Moreover, the dehiscence (i.e., de-adherence) of perinexal membranes
observed in response to mannitol indicates the potential for specific trans-adhesive
interactions within this nanodomain. As noted earlier, the  subunit of the sodium channel is
a cell adhesion molecule and localized at high levels at GJ edges and thus it is of
considerable interest to test the hypothesis that this cell adhesion molecule may be directly
involved in maintaining structural integrity of inter-cellular adhesion at the perinexus.
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Future Drug Discovery Targeting the 1 Subunit and the Perinexus

Recent computational biology work has explored two potential ephaptic modulation
phenomenon that could be in part regulated by VGSC f subunits. The first finding being that
a high concentration of sodium channels in small clusters at the ID allowed for greater peak
Ina tO be generated, relative to the same amount broadly distributed (Hichri et al., 2018).
This fits with our super resolution localization observations of dense pockets of Nay/1.5
within the perinexus (Meeraraghavan and Gourdie, 2016; Veeraraghavan et al., 2015a).
Similarly, high levels of B1 signal, and previous studies demonstrating a role for p1 in
Nay/1.5 a-subunit localization, implies a possible mechanism to aid in this clusterization.
The second finding was that a narrow cleft was required for ephaptic conduction to occur,
(Greer-Short et al., 2017; Veeraraghavan et al., 2015a), similar to results presented by Mori
et al previously (Mori et al., 2008). Again, these insights correlate well with TEM analysis
of the perinexal width and the predicted length of 1 subunits on apposed membranes in this
narrow span of extracellular space. Our own homology modeling of B1 based on the
structure resolved for the B3 extracellular domain , as well as structural analysis of £.
electricus, (Yan et al., 2017), suggest that the length of each 1 subunit to be approximately
5-10 nm between either axis, with flexibility just outside their transmembrane domain
(Figure 3). This means that two subunits, adhered Ig domain-to-lg domain, across apposing
membranes at the perinexus could tether an extracellular space of around 10-30 nm, within
the theoretical requirements of ephaptic coupling (Mori et al., 2008; Greer-Short et al.,
2017). These data suggest that stabilizing or enhancing the adhesive properties of the p1
subunit may be a route to novel therapeutics for treating diseases of cardiac conduction,
including lethal ventricular arrhythmias. Such strategies would seek to keep perinexal inter-
membrane spacing in ranges that would maintain ephaptic coupling i.e., < 30 nm. While the
task of generating compounds that stabilize and/or agonize trans-adhesive interactions
mediated by Ig domain-containing CAMs is difficult, agonists have been developed by two
independent labs for N-cadherin and desmoglein-2, Ig-domain cell adhesion molecules that
share homologies with B1 (Veeraraghavan et al., 2014a; Schlipp et al., 2014; Williams et al.,
2002).

Targeting protein-protein interactions is a difficult task. Specificity, and ultimately the
potency, required to out-compete protein complexes with small molecules is daunting, which
is why peptides and biologics tend to dominate the field. On-going work is focused on
optimizing a B1 adhesion antagonist peptide as a first step towards development of an
agonist. The extracellular space of the ID excludes molecules larger than 3kDa, so keeping
the molecular mass of any peptide agent as low as possible is critical to allowing this
molecule to reach its site of action. Furthermore, efforts will be taken to fasten the ideal
linker length between the adhesion interfaces and the type of cyclization. Initial efforts
might start with disulfide bonds between the optimized sequences, and expand to test
peptide stapling techniques such as; stapling between olefin side chains, covalent linkage of
the polypeptide N and C terminals, and branched peptides (Fairlie and de Araujo, 2016;
Spokoyny et al., 2013; Verdine and Hilinski, 2012; Walensky and Bird, 2014). With the
development of new lead molecules, finer-grained parameters, such as target specificity and
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residency time, can be evaluated to further aid the study of the biological ramifications of
disruption/promotion of perinexal adhesion.

In addition to targeting p1 adhesion, the possibility remains to target other aspects of
perinexus structure and function. Most specifically, perinexal clusterization of ion channels
such as Nay/1.5 and the ability of these membrane pores at the GJ edge to generate currents
are of interest. Various ion modulators of the Nay/1.5 channel exist, and their effects on
conduction in circumstances that favor ephaptic conduction have begun to be examined
(Veeraraghavan et al., 2015a). Such investigations will shed light on the potential
contribution of ion currents, which will in turn begin to demonstrate the relative importance
of the phenomenon in a host of physiological states. Another way to alter ion channel
distribution would be via manipulations of protein trafficking. p1 plays a role in facilitating
interactions between Nay/1.5 dimers (Mercier et al., 2012), and targeting this activity could,
in theory, increase the Iy, in the confined extracellular space of the perinexus. Nay/1.5 are
also clustered via 14-3-3 proteins (Allouis et al., 2006; Clatot et al., 2017), resulting in gated
dimers. A lack of 14-3-3 has pro-arrhythmic effects on myocardial electrical properties
suggesting that stabilizing, or otherwise modulating this protein-protein interaction, could
result in higher densities of VGSC clusters with potentially beneficial effects on the rate and
stability of AP conduction in the heart. This emerging field of cardiovascular research could
also be useful in developing patient-specific therapies, for example, providing new ways to
treat disorders that have been identified to be associated with mutations to the p1 Ig domain,
such as Brugada syndrome and epilepsy (Patino et al., 2011; Wallace et al., 1998; Watanabe
et al., 2009; Watanabe et al., 2008). Further explorations into the role ephaptics play in the
total cardiac AP or the discovery of circumstances that would bolster its importance (i.e
rapid elevation of heart rate) could lead to expanded uses of novel 1 acting AADs.

Conclusions

Cardiac ephaptic coupling has long been a provocative topic, but has recently gained
renewed interest. This is in part due to the work and results of a small, but growing group of
researchers, who find that GJ coupling may not tell the whole story of how electrical

impulse is propagated between myocardial cells. With the recent identification of a perinexal
swelling response in patients with atrial arrhythmia (Raisch et al., 2018), the work of linking
ephaptics to cardiac conduction disease in humans is underway. No doubt, researchers will
now be looking carefully at changes in this GJ-associated nanodomain in a spectrum of other
arrhythmic pathologies. The long-term implications of characterizing the role of this putative
and non-canonical intercellular coupling pathway, and how it may contribute to cardiac AP,
could open up a new approach to the development of novel anti-arrhythmic drugs. The
ability to rescue faulty cardiac conduction due to disrupted perinexal adhesion could be an
alternative to riskier rhythm control therapies that rely on direct blockade of ion channel
activity and would certainly aid in p1-deficient pathological disease states mentioned
previously. Additionally, a new mechanism based approach could provide relief for those
patients whose suffering would currently be exacerbated by existing therapeutics. There is a
paucity of drugs that safely and effectively treat arrhythmic disease and prevent sudden
cardiac death. Targeting the organization and dynamics of the GJ perinexus may provide a
new path to such novel and necessary therapies.
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Figure 1:
Representative molecules from the four primary classes of existing anti-arrhythmic drugs

(AAD:s).
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Figure 2:
Schematic model illustrating the gap junction and perinexus. Top over view of two myocytes

interacting act an intercalated disk. Note that gap junctions are prominently found in the
interplicate regions of the disk. Middle of gap junction and surrounding perinexus. Note the
depiction of clusters of the trans-interacting sodium channel complexes in the perinexus. The
electron micrograph of a gap junction and its adjacent peri-junctional regions now dubbed
the perinexus is reproduced from Dewey and Barr, 1965. The cleft of extracellular space
bounded by perinexal membranes is indicated by blue highlights.
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Schematic of the spacing afforded by trans-adhesion of two p1 subunits (green) on apposed
membranes at the GJ perinexus. The distance of two trans-interacting p1 subunits would
maintain an inter-membrane spacing within the limit specified by Mori and co-workers
(2008) for the theoretical cardiac ephapse.
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Table 1.

Contributions supporting or relevant to the cardiac ephaptic conduction hypothesis since 1959.

Citation Year Major Finding

Sperelakis et al 1959 Evidence for non-syncytial (i.e., ephaptic) conduction in frog hearts.

Pertsov and Medvinskii | 1976 A simple two cell mathematical model suggests ephaptic coupling possible

Spach et al. 1981 Demonstration of discontinuous nature of cardiac conduction in vivo.

Gutstein et al 2001 Cx43 knockout mouse hearts show conduction in absence of gap junctions (GJs).

Kucera et al 2002 Modeling suggests Na, 1.5 voltage gated sodium channels (VGSCs) at intercalated discs modulate
cardiac conduction.

Mori et al 2008 Modeling suggests ephaptic conduction requires inter-membrane spacings <30 nm, concentrated
VGSCs and that it can self-attenuate ™

Lin and Keener 2010 Models of ephaptic conduction incorporating irregular geometry of myocytes and VGSC
localization at intercalated disks reported.

Rhett et al 2011 Identification of the perinexus — the peri-junctional zone surrounding Cx43 GJs - as a specialized
region of cell-to-cell interaction.

Rhett et al 2012a Demonstration of concentrations of Na, 1.5 VGSCs at the perinexus.

Veeraraghavan et al

2015a; 2015a

Width (10-30 nm) of perinexal inter-membrane spacing shown to be modulatable and correlated
with conduction velocity/arrhythmia.

George et al 2016 Ephaptic self-attenuation shown to be based on perinexal inter-membrane spacing.

Greer-Short et al 2017 Reduced/increased perinexal inter-membrane spacing shown to mask/unmask arrhythmia risk in
LQT syndrome.

Hichri et al 2018 High-resolution computer models point to significance of trans-apposed”” Na,1.5 VGSCs
clusters in ephaptic conduction.

Raisch et al 2018 Increased perinexal inter-membrane spacing found in patients with atrial arrhythmia.

Veeraraghavan et al 2016;2018 Trans-membrane adhesion mediated by VGSC B1 subunit shown to regulate perinexal inter-

membrane spacing and cardiac conduction.

*
Self attenuation is when sodium current diminishes due to reduced inter-membrane spacing between cells. When inter-membrane spacing is

sufficiently narrow, the extracellular cleft is predicted not contain enough Na* ions to drive current across the membrane.

Aok

Transapposed VGSCs can be envisaged as the alignment of sodium channel clusters from apposing cells, such that the pores of the sodium
channels directly face each other across the narrow extracellular gap (e.g. Figure 2)
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