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Abstract Gap junctions (GJs) are aggregates of channels
that provide for direct cytoplasmic connection between
cells. Importantly, this connection is thought responsible
for cell-to-cell transfer of the cardiac action potential. The
GJ channels of ventricular myocytes are composed of
connexind3 (Cx43). Interaction of Cx43 with zonula
occludens-1 (ZO-1) is localized not only at the GJ plaque,
but also to the region surrounding the GJ, the perinexus.
Cx43 in the perinexus is not detectable by immunofluo-
rescence, yet localization of Cx43/Z0O-1 interaction to this
region indicated the presence of Cx43. Therefore, we
hypothesized that Cx43 occurs in the perinexus at a lower
concentration per unit membrane than in the GJ itself,
making it difficult to visualize. To overcome this, the
Duolink protein—protein interaction assay was used to
detect Cx43. Duolink labeling of cardiomyocytes localized
Cx43 to the perinexus. Quantification demonstrated that
signal in the perinexus was lower than in the GJ but sig-
nificantly higher than in nonjunctional regions. Addition-
ally, Duolink of Triton X-100-extracted cultures suggested
that perinexal Cx43 is nonjunctional. Importantly, the
voltage gated sodium channel Na, 1.5, which is responsible
for initiation of the action potential, was found to interact
with perinexal Cx43 but not with ZO-1. This work provides
a detailed characterization of the structure of the perinexus
at the GJ edge and indicates that one of its potential
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functions in the heart may be in facilitating conduction of
action potential.
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Introduction

The gap junction (GJ) is an aggregate of channels bridging
the cytoplasms of adjacent cells. The channels of the GJ
allow for passage of small molecules (less than ~ 1,000 Da)
and electrotonic coupling between cells (Liu and Johnson
1999; Palatinus et al. 2012; Severs et al. 2008). Intercellular
channels are formed by the interaction of half-channels
(called connexons or hemichannels) contributed by each
contacting cell (Koval 2006), and connexons are in turn
composed of connexin subunit proteins (Evans and Martin
2002). Connexin43 (Cx43) is one of the more commonly
expressed connexins in mammalian tissues, most notably in
the ventricular myocardium (Beyer et al. 1987; Delmar and
Liang 2012; Desplantez et al. 2007). In the ventricle, Cx43
underpins contraction synchronization by contributing to the
mechanism of cell-to-cell propagation of action potential
(Kleber and Rudy 2004; Severs et al. 2008).

The Cx43 life cycle begins with cotranslational insertion
in the endoplasmic reticulum, after which oligomerization
of connexons occurs in the Golgi (Musil and Goodenough
1993). Vesicles containing connexons are then thought to
traffic to the plasma membrane along microtubules (Fort
et al. 2011), although other work suggests that this pathway
is only utilized in specialized conditions (Johnson et al.
2002). In the 2000s, it was shown that new Cx43 channels
were predominately added from the edge of the GJ (Gaietta
et al. 2002; Lauf et al. 2002). Work by Shaw and
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colleagues suggested a molecular linkage between delivery
of Cx43 vesicles to the membrane and incorporation of
connexons into the GJ. These studies showed that Cx43
was trafficked from microtubules directly to N-cadherin
associated with GJs via EB1 binding of the p150(Glued)/
dynein/dynactin complex (Shaw et al. 2007).

The Gourdie laboratory has provided evidence that the
scaffolding protein zonula occludens-1 (ZO-1) localizes to
the edge of GJs, where it regulates addition of new con-
nexons to the plaque (Hunter et al. 2005). Subsequently, it
was shown that ZO-1 interaction with undocked connexons
in the plasma membrane regulated their transition to GJ
intercellular channels (Rhett et al. 2011). In this work,
subcellular localization of Cx43/ZO-1 interaction indicated
a novel region of plasma membrane surrounding the GJ.
This domain was termed the perinexus for its location next
to (peri-) the junction (-mexus). Perinexal Cx43/Z0-1
interaction, in combination with functional assays, sug-
gested that the perinexus functions as a staging area where
Z0-1 served to sequester undocked connexons.

The identification of Cx43/Z0-1 interaction localized to
the perinexus indicated the presence of Cx43 molecules,
but Cx43 in this region was not detectable by standard
immunofluorescence (IF). Others have identified putative
Cx43 hemichannels in this region (Beahm et al. 2006;
Johnson et al. 2012; Lal et al. 1995). Notably, Ross
Johnson and colleagues (Johnson et al. 2012) have recently
demonstrated that unaggregated connexons reside near
newly forming GJs in the formation plaque (FP) by using
sophisticated freeze-fracture replica immunogold labeling
(FRIL) techniques. Here, we provide the first direct label-
ing of Cx43 in the perinexus. Using high-sensitivity Duo-
link labeling of Cx43-Cx43 interactions, we show that
Triton X-100-soluble Cx43 localizes and concentrates in
the perinexus of mature junctions. Moreover, we provide
evidence that the myocardial perinexus may have unique
constitutive functions that go beyond the transition of
undocked connexons into the GJ. Specifically, we observe
that nonjunctional Cx43 interacts with Na,1.5 in the peri-
nexus of cultured cardiomyocytes, indicating a possible
role for Na,1.5 in electrical conduction between cells.
These results contribute to a viewpoint held by increasing
numbers of workers in the field that cell-to-cell propagation
of electrical impulse in the heart may be determined by
nonelectrotonic mechanisms.

Materials and Methods
Animals

Cardiac myocytes were collected from freshly dissected
ventricles of 1- to 2-day-old Sprague Dawley rats. Tissue
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sections were generated from hearts collected from 12—15-
week-old female Sprague Dawley rats. All animal proce-
dures were in accordance with the Medical University of
South Carolina IACAUC and NIH Animal Welfare
Assurance A3728-01.

Cell Culture

Freshly dissected ventricles were immediately placed in
cold HBSS. The ventricles were finely minced and enzy-
matically dissociated into single cells at 37 °C with gentle
rotation. The combined enzymatic fractions were layered
onto a Percoll density gradient 1.080/1.060 for myocyte
enrichment. Fibroblasts and myocyte layers were collected
and washed. Myocytes were plated in M199/EBSS, 5 %
NCS, 10 % HS, and antibiotics onto gelatin-coated dishes
at 1.3 x 10° cells/35 mm MatTek plate, and 3 x 10° cells/
60 mm culture plate. Cultures were attached 18-24 h at
37 °C/5 % CO,. After overnight attachment, cultures were
washed twice with DPBS Ca2+/Mg2+. Thereafter, fresh
maintenance media was added every 2-3 days, and beating
cultures were used for experiments 5 days after plating.

Triton Extraction and Fractionation

Neonatal rat heart ventricular myocyte (NRHM) cultures
were subjected to in situ Triton X-100 extraction according
to the method of Musil and Goodenough (1991). After the
final wash step, plates were fixed and stained as described
below, or the remaining cellular material was scraped into
1 ml of Triton X-100 extraction buffer for Western blot
analysis. Triton fractionation was carried out as previously
described (Rhett et al. 2011). Briefly, cells were lysed in the
presence of 1 % Triton X-100 and centrifuged for 50 min at
100,000x g. Supernatants and pellets were separated, and
pellets were resolubilized in lysis buffer containing SDS
(0.1 % final concentration was used in both fractions).

Immunocytochemistry

Immunofluorescent and Duolink staining was carried out as
previously described (Rhett et al. 2011). For Cx43/Z0-1
interaction, primary antibodies used were mouse anti-Cx43
(Millipore MAB3067) and rabbit anti-ZO-1 (Invitrogen
617-300). In these cultures, goat anti-Cx43 (Abcam 87645)
was used to detect Cx43 by standard IF. Cx43—Cx43-Du-
olink was performed both by dual and single primary
detection. For dual detection, mouse anti-Cx43 (Millipore
MAB3067) and rabbit anti-Cx43 (Sigma C-6219) were
used for Duolink with goat anti-Cx43 (Abcam 87645) for
detection by standard IF. For single-primary Duolink
detection goat anti-Cx43 (Abcam 87645) was used with
mouse anti-Cx43 (Millipore MAB3067) for detection by
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standard IF. For standard IF labeling of NRHMs by Cx43,
Z0-1 and Na,1.5 goat anti-Cx43 (Abcam 87645), mouse
anti-ZO-1 (Zymed 33-9100), and rabbit anti-Na,1.5 (Ala-
mone ASC-005) were used, respectively. For Cx43/Na,1.5
Duolink labeling mouse anti-Cx43 (Millipore MAB3067)
and rabbit anti-Na,1.5 (Alamone ASC-005) were used
along with goat anti-Cx43 (Abcam 87645) for detection of
Cx43 by standard IF. For ZO-1/Na,1.5 Duolink labeling
mouse anti-ZO-1 (Zymed 33-9100) and rabbit anti-Na, 1.5
(Alamone ASC-005) were used along with goat anti-Cx43
(Abcam 87645) for detection of Cx43 by standard IF.
Duolink reactions were carried out using appropriate PLA
secondary antibodies according to the manufacturers
instructions.

Western Blot Testing

For the Triton fractionation/extraction assay proteins were
resolved on 10 % SDS-PAGE gels, followed by immuno-
blotting for Cx43 with rabbit anti-Cx43 (Sigma C-6219).
For Na,1.5 detection, Triton X-100 fractionated NRHM
lysates were run on 7 % SDS-PAGE gels, followed by
immunoblotting for Na,1.5 (Sigma S0819).

Image Acquisition and Analysis

Confocal images were acquired on a TCS SP5 laser scanning
confocal microscope equipped with a 63 x/1.4 numerical
aperture oil objective (Leica, Buffalo Grove, IL). Images
were analyzed by ImagelJ software (NIH, http://rsbweb.nih.
gov/ij/). Measurements were performed on threshold versions
of original images, and the same threshold settings were
always used within a given experiment.

For Cx43-Duolink density measurements, Cx43 IF images
were used to create a selected region of interest encircling
GJs, and the integrated density of Cx43-Duolink labeling was
measured within the GJ, a region expanded 250 pm from the
GJ edge, aregion expanded 500 pm from the GJ edge, and the
entire image. The Cx43-Duolink density within each region
described in the text was determined by subtraction.

For perinexus width measurements, ellipses were fit to
all GJs >1 pum? in area (smaller junctions were not much
bigger than individual Duolink labels), and the distance
was measured from the edge of the GJ plaque to the end of
Cx43-Duolink labeling along the major and minor axes.
When the perinexus was continuous between two junctions
along an axis, measurements could not be made accurately
and were not used.

Statistical Analysis

Statistical analysis was carried out by GraphPad Prism
software, version 5.0d for Mac OS X (GraphPad, San

Diego, CA). Multiple comparisons were made using
ANOVA with Tukey’s multiple comparison test, and single
comparisons used an unpaired t-test. p-values and numbers
are indicated in the text and figure captions.

Results

Cx43 Is Concentrated in the Perinexus
of Cardiomyocytes

Recent work with Cx43-expressing HeLa cells and rat
epicardial cells has identified a region adjacent to Gls
involved in regulating transition of connexons in the
membrane to intercellular channels in the GJ plaque
(Rhett et al. 2011). This region, termed the perinexus, was
defined by Cx43/ZO-1 interaction as visualized by the
Duolink assay. Cx43 is the primary isoform of connexin
expressed in the working ventricular myocardium
(Noorman et al. 2009), where it plays a critical role in
propagation of the action potential (Severs et al. 2008).
Therefore, we sought to determine if ventricular cardio-
myocytes also displayed a perinexus. Figure la shows
cultured NRHMs labeled for Cx43 by standard IF in
green, and Cx43/Z0O-1 interaction by Duolink in red. We
found that nearly all Cx43-labeled GJ structures coincided
with labeling for Cx43/Z0-1 interaction—both within GJ
plaques and in the adjacent membrane, indicating that
cardiomyocytes also possess a perinexus surrounding
Cx43 GJs.

The detection of Cx43/Z0-1 interaction in the perinexus
suggests the presence of Cx43 in this region. However, it
does not yield information pertaining to the quantity of
Cx43 within this region. Attempts have been made to
visualize perinexal Cx43 by standard IF (Rhett et al. 2011),
but this method is not optimal as it is difficult to determine
whether this signal originates from perinexal Cx43 or out-
of-focus light emanating from the nearby GJ. To avoid this
issue, we used Duolink to detect Cx43—-Cx43 interaction as
a means to resolve Cx43 signals of lower intensity. The
rationale for this methodology is that the readout of the
Duolink assay is binary—i.e., a Duolink signal is either
generated or not depending on whether protein interaction
is detected or not—and therefore the number of Duolink
signals, and not their intensity, varies with Cx43 concen-
tration within a given region of the cell preparation.
Figure 1b depicts neonatal rat heart ventricular myocytes
labeled in this manner, with Cx43 labeled by standard IF
in green and Cx43-Cx43 interaction by Duolink in red.
Duolink signal labeled the GJ, as expected, and also
appeared to intensely label the surrounding perinexal
membrane, providing direct evidence of Cx43 molecules in
the perinexus.

@ Springer


http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/

414

J. M. Rhett et al.: Cx43 Associates with Na,1.5

Fig. 1 NHRMs display a
perinexus that contains
concentrated Cx43 molecules.
a Cultured NRHMs were
labeled for Cx43 by standard IF
(green), Cx43/Z0-1 interaction
by Duolink (red), and the
nucleus (blue). Note the
preponderance of Duolink spots
adjacent to the GJ plaque.

b Cx43 is labeled in the
perinexus by high-sensitivity
Duolink. Cx43 is labeled both
by standard IF (green) and by
Duolink (red). The nucleus is
labeled in blue. ¢ Analysis of
Duolink-labeled Cx43. The
image shows the same GJ
expanded in (b) with cyan lines
demarcating the GJ perimeter
(innermost line), and 250 and
500 nm from the perimeter
(middle and outer lines,
respectively). The graphs show
averaged measurements of
Cx43-Duolink density within
the innermost line (GJ), between
the middle and outer lines
(Perinexus), and exterior to the
outermost line (Non-Nexus).
The left graph compares all
three regions; the right graph
limits the comparison to the
perinexus and nonnexal regions
(***p < 0.001 and

#k¥%p < 0.0001; n = 5). Error
bars represent SEM; scale bars
represent 10 um in large
images, and 5 um in expanded
images

Although inspection of the images labeled with Cx43—
Cx43-Duolink clearly show interaction that occurs out-
side of but near the GJ edge, it is difficult to determine
the relative amount of Cx43 in the perinexus by visual
inspection as a result of the relatively large size of
Duolink signals (~400-500 nm diameter). This effect
results in highly concentrated signals originating at the
GJ edge but extending as far as 250 nm into the peri-
nexus. Thus, to determine the relative amount of Cx43 in
the perinexus, measurements of Duolink signal density
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were performed in three separate regions of Cx43-Cx43-
Duolink labeled images: the GJ plaque as defined by
standard Cx43 IF (innermost cyan line in Fig. lc), the
perinexus limited to the region between 250 and 500 nm
from the GJ edge (from the middle cyan line to the outer
cyan line), and nonnexal regions of the cell (everything
outside of the outer cyan, 500 nm perimeter line). The
perinexal Cx43-Cx43-Duolink signal measured in this
way could only have originated from outside of the of the
GJ plaque edge.
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It was found that the density of Cx43-Duolink signal in
both the perinexus and nonnexal regions of the cell were
significantly lower than within the GJ plaque (Fig. lc, left).
Importantly, the density of signal in the perinexus was
approximately 10-fold lower than the GJ—as would be
expected based on the IF signal. Additionally, comparison
of the perinexus to nonnexus showed a significantly greater
concentration of Cx43-Duolink signal in the perinexus
(Fig. 1c, right). Despite the above-mentioned limitations of
making similar measurements using IF, comparable levels
of Cx43 density were ascertained with this method (Sup-
plementary Material). Taken together, these results dem-
onstrate the presence of Cx43 in the perinexus at a much
lower concentration than the GJ plaque, but at a substan-
tially higher concentration than the rest of the cell.

The Perinexus Has Variable Shape

Having defined the Cx43 composition of the perinexus, we
next sought to analyze the distance that perinexal Cx43
signal extended from the GJ edge. Measurements were
performed on images acquired from neonatal rat heart
ventricular myocyte cultures by fitting ellipses to GJs, and
measuring the distance from the edge of the GJ (labeled by
standard Cx43 IF) to the end of contiguous Cx43-Duolink
label along major and minor axes of the ellipse (Fig. 2).
The method of fitting ellipses and using the major and
minor axes as plumb lines along which to measure was
done to introduce randomness in where the measurements
were taken (i.e., we did not chose the location of the axes)
and to ensure that the perinexus width was obtained as near
as possible along a line emanating directly outward from
the GJ.

It was determined that, after compensating for the size
of individual Cx43-Duolink signals, the average width of
the perinexus obtained from five separate experiments was
200.4 £ 28.4 nm (mean = SEM; Fig. 2). We used SEM
here to compare means between experiments because it

Fig. 2 The perinexus has a
distinct shape. Confocal image
of typical GJs and perinexi from
cultured NRHMs. Cx43 is
labeled by standard IF in green,
Duolink in red, and fitted
ellipses with major and minor
axes are in blue (left). Scale bar
10 pm. The graph at right
shows the perinexus width,
averaged over 5 experiments,
and the standard deviation for
individual measurements within
each experiment. Error bars
represent SEM

reflects how accurately we know the “true” value of the
average perinexus width. The relatively small SEM (i.e.,
28.4 nm) indicated that our results were consistent between
experiments. However, visual inspection indicated varia-
tion in the width of the perinexus for any given GJ (Fig. 2).
To this end, we used the standard deviation of all the
measurements within an experiment to determine the var-
iability between individual perinexus width measurements.
The large standard deviation for measurements within
an experiment, 313.9 £ 20.4 nm (mean of all experi-
ments =+ SEM between experiments; Fig. 2) compared to
the ~200 nm perinexus width confirmed our observations.

We did not find any correlation between perinexus width
and GJ size as defined by either area or length (R* =
0.017 & 0.015 and 0.033 £ 0.015, respectively), but it was
determined that the percentage of measurements for which
the perinexus width was recorded as O in each experiment
was high: 42.4 £+ 5.4 %. Furthermore, there was a rela-
tively small percentage of perinexus width measurements
over 500 nm (12.5 & 2.6 %). However, fully 45.1 + 3.7
% of measurements were between 0 and 500 nm, sug-
gesting that many junctions displayed uniform Cx43-
Duolink labeling in the perinexus but that perinexal Cx43
was often distributed in elongated projections from the GJ
plaque edge. This could be confirmed by visual inspection
of images (Figs. 1b, 2).

Cx43 in the Perinexus Is Nonjunctional

In recent work, correlative biochemical and functional data
suggested that at least a portion of Cx43 present in the
perinexus was in the form of functional hemichannels
(Rhett et al. 2011). To further address the composition of
perinexal Cx43 we used in situ Triton X-100 extraction. In
this assay, a buffer containing 1 % Triton X-100 was
applied to cultured NRHMs with mild agitation, followed
by reclamation of the buffer (now containing Triton-solu-
ble portions of the cells) and fixation, staining, and imaging

Perinexus Width (nm)
200 300 400

100

Standard Deviation

Average
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of the remaining Triton-insoluble cellular components left
on the culture plate.

To validate the assay, we compared the results of a
Triton X-100 detergent extraction to NRHM lysates
separated into Triton X-100-soluble (nonjunctional) and
-insoluble (junctional) fractions by ultracentrifugation. In

Fig. 3 Cx43 in the perinexus is A
nonjunctional. a Comparison of

Cx43 Western blot banding

pattern between cultured NRHM

lysates subjected to Triton

X-100 fractionation by

ultracentrifugation, and cultured

Total
NRHMs extracted in situ with

this instance of Triton extraction, the cell components
remaining on the culture plate were scraped into an
equivalent volume of extraction buffer as opposed to being
fixed. We compared the two methodologies by Western
blot analysis for Cx43 as shown in Fig. 3a. Similar to the
results of others in cultured cardiomyocytes (Tence et al.

Triton Triton
Extracted Unextracted

Triton
Insoluble

Triton
Soluble

Triton X-100. Whole Cx43
lysates (“Total” lane) display
the characteristic triple banding
pattern corresponding to
different phospho-isoforms of
Cx43 (PO, P1, and P2). The
Triton-soluble and -insoluble
fractions of ultracentrifuged
lysates display similar banding
profiles to Cx43 extracted from
NRHM cultures by Triton and
the remaining unextracted
protein, respectively. b Cx43
labeled in NRHM cultures by
standard IF (green) and high-
sensitivity Duolink (red). The
nucleus is labeled in blue.
“Control” cultures were not
subjected to in situ Triton
extraction; “Extraction” images
represent the remaining
unextracted protein in cultures
treated with buffer containing

1 % Triton X-100 before
fixation and staining; “Mock”
cultures were treated with the
same buffer without Triton
before being fixed and stained.
¢ Analysis of Duolink staining
within the perinexus region
(defined as 250-500 nm from
the plaque edge) from the
experiment in (b). Triton
extracted cultures displayed a
significantly reduced
concentration of Cx43 in the
perinexus (*p < 0.05 vs.
“Control”; n = 4). The Western
blot is labeled for Cx43, probing
protein extracted from the
cultures labeled in (b) in Triton
extracted cultures (left), and
mock extracted cultures (right).
Error bars represent SEM, and
scale bars represent 10 pm in
large images, and 5 pum in
expanded images o

9]

0.04 0.06 0.8 0.10

Duolink Area Percent per Region Area (%/um?)
0.02
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2012), separation of NRHM lysates by Triton X-100
fractionation resulted in a preponderance of the P1 and PO
phosphoisoforms accumulating in the detergent-soluble
fraction, as well as a small amount of the P2 isoform
(Fig. 3a, “Triton Soluble” lane).

In contrast, the Triton-insoluble fraction contained a large
amount of the P2/P1 isoform, while the PO isoform was
absent (Fig. 3a, “Triton Insoluble” lane). In a similar result,
the portion of the cell solubilized by Triton extraction con-
tained all three isoforms of Cx43, but with a much larger
amount of the P1 and P2 isoforms than obtained by frac-
tionation (Fig. 3a, “Triton Extracted” lane). The Triton
X-100-insoluble cellular remainder also compared favorably
to the insoluble fraction obtained by ultracentrifugation in
that it appeared to be composed solely of P2/P1 isoforms
(Fig. 3a “Triton Unextracted” lane). We concluded from
these results that Cx43 in NRHMs separated by the two
methodologies yields similar separation of Cx43, with the
primary exception that in situ extraction results in a larger
amount of P1 and P2 isoforms segregating into the Triton
X-100-soluble extract, suggesting that some of the junc-
tional Cx43 on the culture plate was solubilized.

The fixed, stained, and imaged component of a Triton
X-100-extracted NRHM culture is shown in Fig. 3b,
“Extraction.” As controls, NRHMs were fixed, labeled, and
imaged without any extraction procedure (Fig. 3b, “Con-
trol”) or after a mock extraction in which no Triton X-100
was added to the extraction buffer (Fig. 3b, “Mock”). The
preparations were labeled for Cx43 both by standard IF in
green and Duolink in red. By visual inspection, it appeared
that Cx43-Duolink label colocalized with GJs, and extended
well into the perinexal region in the controls (Fig. 3b,
“Control” and “Mock”), similar to the results presented in
Fig. 1. In contrast, the unextracted cellular remains of cul-
tures exposed to Triton X-100 displayed little perinexal
Cx43-Duolink label, indicating that Cx43 in the perinexus is
Triton soluble (Fig. 3b, “Extraction”).

To confirm this result, we measured Cx43-Duolink
density (as described above) in the three treatments. We
found that Cx43 was significantly reduced in the perinexus
of Triton-extracted NRHMs when compared to the control
(Fig. 3c). Importantly, the Triton-solubilized component
could be demonstrated by Western blot analysis to contain
Cx43 in a similar banding profile to that of the “Triton
Soluble” fraction of ultracentrifuged lysates (cf. Western
blot analysis in Fig. 3c to “Triton Soluble” lane in
Fig. 3a), while the reclaimed buffer from mock extracted
cultures contained no detectable Cx43. These results
demonstrate that Cx43 in the perinexus is Triton X-100
soluble—i.e., nonjunctional—and therefore potentially in
the form of undocked connexons/hemichannels. Moreover,
the loss of Cx43 signals from around the GJ edge after
detergent solubilization provided evidence that these

signals were not accounted for by out-of-focus fluorescence
and that the perinexus is a membrane structure with
physical properties that distinguish it from the GJ proper.

Cx43 Interacts with Na, 1.5 in the Perinexus

Our next goal was to investigate other Cx43 protein partners
and their relationship to the perinexus. Of particular interest
was the voltage gated sodium channel Na, 1.5 as a result of its
role in generating the cardiac action potential. It has previ-
ously been shown to localize to the intercalated disc (Cohen
1996; Colussi et al. 2010; Maier et al. 2002; Malhotra et al.
2004; Noorman et al. 2008; Petitprez et al. 2011; Stein et al.
2009) and interact with Cx43 (Malhotra et al. 2004). We first
used a standard IF labeling and confocal imaging protocol to
study the codistribution of the two proteins in NRHM cul-
tures. Cell preparations were labeled with Cx43 in green,
Z0-1 in red, and Na, 1.5 in blue (Fig. 4a). As has been pre-
viously described, ZO-1 localized to the GJ edge and sur-
rounding area (Hunter et al. 2005; Hunter and Gourdie 2008;
Palatinus et al. 2011; Zhu et al. 2005). In a result confirming
that described by Yoram Rudy and coworkers (Kucera et al.
2002), we found a high degree of overlap between the Cx43
and Na,1.5 signals (Fig. 4a). We further investigated the
relationship between Cx43 and Na,l1.5 by performing a
Duolink assay for Cx43/Na, 1.5 interaction. This determined
that the Cx43/Na, 1.5 Duolink label closely resembled that of
Cx43/Z0-1 interaction (cf. Figs. 4b, Fig. 1a), with Cx43/
Na, 1.5 Duolink signal overlapping with Cx43 GJs labeled by
standard IF, and more frequently localizing to the perinexus
region (Fig. 4b). Because of the similarities between Cx43
and Na, 1.5 codistribution with ZO-1, and the resemblance of
the Cx43/Z0-1 interaction pattern to that of Cx43/Na, 1.5, we
also labeled NRHM cultures for ZO-1/Na,1.5 interaction
(Fig. 4c). Very few Duolink signals were generated with this
protocol, indicating that ZO-1 and Na, 1.5 have little, if any,
interaction in agreement with Abriel and coworkers (Petitprez
et al. 2011).

The biochemical relationship between Cx43 and Na, 1.5
was addressed by Triton X-100 fractionation of NRHM
lysates, followed by Western blot analysis of Na,l.5
(Fig. 4d). For comparison, the Triton fractionated and
extracted samples from Fig. 2 have been included. It was
found that Na, 1.5 almost exclusively segregated into the
Triton-soluble pool (Fig. 4d). On the basis of these results,
we concluded that Na,1.5 associates with nonjunctional
Cx43 (connexons/hemichannels) in the perinexus.

Discussion

The purpose of this study was to characterize the compo-
sition and structure of the cardiomyocyte perinexus. This
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Nucleus

Z0-1/Na 1.5 Duolink

Fig. 4 Na,1.5 interacts with Cx43, but not ZO-1, in the perinexus of
cardiomyocytes. a Cultured NRHMs were labeled for Cx43 (green),
ZO-1 (red), and Na,1.5 (blue). Note the strong overlap of Cx43 and
Na, 1.5 signal. b Duolink labeling shows Cx43/Na,1.5 interaction at
and surrounding GJs in NRHMs. Cx43 is labeled in green, Cx43/
Na, 1.5 interaction is labeled by Duolink in red, and the nucleus is
blue. ¢ Na,1.5 has little or no interaction with ZO-1. Cultured
NRHMs were labeled for Cx43 (green), ZO-1/Na,1.5 interaction by

study provides the first comprehensive depiction of the
location, extent, and quantity of Cx43 in this specialized
region of membrane. The canonical pathway for GJ
accretion at the GJ edge was first introduced over 10 years
ago (Gaietta et al. 2002; Lauf et al. 2002). In and of itself,
this mechanism of GJ aggregation suggests the presence of
Cx43 in the surrounding membrane. Our measurements
describe a region surrounding the GJ plaque that contains
nonuniformly distributed Cx43 molecules at a higher
concentration than other nonjunctional regions of the cell.

Comparison of Confocal Cx43-Duolink Imaging to GJs
Imaged by Electron Microscopy of Freeze-fracture
Replicas

In freeze-fracture studies, Johnson et al. (2012) have
reported immunogold detection of unaggregated, non-
junctional Cx43 particles (presumptive connexons) near
GJs in the FP. At first glance, these data suggest that the FP
and perinexus may be the same structure. However, several
important distinctions must be made.

First, in Johnson’s seminal work on the FP, the initiation
of GJ formation is studied in a model system using
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| Cx43/Na 1.5 Duolink

D Triton Triton
Total Soluble Insoluble
— | — Na‘j 5

Extracted Unextracted

Triton - Cx43
Extraction -

Duolink (red), and the nucleus (blue). d Triton X-100 fractionated
NRHM lysates underwent Western blot analysis for Na,1.5. Clear
bands are visible in the whole lysate (“Total” lane) and detergent-
soluble fraction (“Triton Soluble” lane), but not the detergent-
insoluble fraction (“Triton Insoluble” lane). For comparison, the
same Cx43 blots from Fig. 3 are provided, with the Triton fraction-
ation portion being shown in the middle row, and the Triton extraction
portion being shown in the bottom row. Scale bars represent 10 pm

reaggregated cells (Johnson et al. 1974). Electron micros-
copy of freeze-fracture replicas from cells within the first
hour after reaggregation revealed the FP as a prominent
structure. Over that time period, 9-11 nm intramembra-
neous particles (IMPs), presumptive connexin channels,
displayed first as unaggregated, then “clustered” (i.e.,
associated but not packed in hexagonal arrays), and finally
as GJ aggregates within the FP. However, at later time
points (2-3 h), the FP reduced to a narrow, particle-free
halo around the junction (Johnson et al. 1974). In contrast,
the cardiomyocytes we labeled were cultured for nearly a
week before fixation, and we observed perinexus widths as
great as ~2.5 pM—as defined by the presence of Cx43.
Differentiation of the FP and perinexus on these criteria
is supported by a detailed comparison of Cx36 GJs imaged
by confocal vs. FRIL. Kamasawa et al. (2006) showed that
by enhancing the “dark output” (i.e., low intensity Cx36 IF
signals) of confocal images, smaller GJ punctae corre-
sponding to string and ribbon GJs become visible. Simi-
larly, we find that measurement of low-intensity IF signal
in the perinexus indicates the presence of Cx43 in that
region of the cell at a higher concentration than nonjunc-
tional regions of the cell (Supplementary Material).
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Corroboration of this result by Duolink confirms the find-
ings of Kamasawa et al. on the limits of light microscopy.
In addition, Kamasawa et al. show that confocal micros-
copy of Cx36 GJs overestimates the size of those junctions
as compared to measurements made by electron micros-
copy of freeze-fracture replicas. If this relationship holds
true for Cx43, then this would suggest that the ~200 nm
average distance that we measure Cx43-Duolink signal
emanating from the GJ edge actually underestimates the
extent of the perinexus—again suggesting that in mature
junctions, the perinexus extends far beyond the FP.

Second, in remarkable stereoscopic FRIL images of Cx36
in goldfish Mauthner cells, Flores et al. (2012) showed
vesicles inserting putative hemichannels near mature GJs.
Furthermore, “tall” IMPs in P-face images and immunogold
labeling of Cx36 in E-face images of clustered particles
adjacent to GJs suggest docking of connexons just before
accretion in the GJ. Similar results were obtained by Johnson
etal. (2012) for Cx43 in the FP of immature junctions. These
data support a role for the perinexus in the constitutive
transition of hemichannels to GJ intercellular channels in
mature junctions that has been previously proposed (Rhett
and Gourdie 2012; Rhett et al. 2011), and this is underscored
by our finding that perinexal Cx43 is nonjunctional as
defined by Triton X-100 solubility (Fig. 3).

Finally, one defining feature of the FP is the exclusion of
IMPs other than the 9—-11 nm connexin channels (Johnson
etal. 1974, 2012). In contrast, we conceive of the perinexus
not only as the region of membrane surrounding the GJ, but
as a complex assemblage of channels (at least Cx43 and
Na,1.5 [Rhett and Gourdie 2012; Rhett et al. 2011];
Figs. 1, 4), scaffolding proteins (ZO-1 [Hunter et al. 2005;
Rhett et al. 2011]; Fig. 1), junctional molecules (N-cad-
herin [Hunter and Gourdie 2008; and unpublished data]),
and cytoskeletal elements (actin [Rhett and Gourdie 2012;
Rhett et al. 2011; and unpublished data]). We envisage the
perinexus as a constitutive structure, albeit dynamic, with
ongoing homeostatic functions including hemichannel
regulation, conduction, and GJ dynamics. The FP, as
conceived by Johnson et al. (1974, 2002, 2012), seems to
be a more transient construct that serves largely during the
establishment and building of a GJ.

Despite these differences, it is undeniable that there are
parallels between the FP and perinexus. Both are involved
in the transition to and aggregation of GJ channels. During
the building phase of immature GJs, the perinexus and FP
are likely to be indistinguishable. One possibility that arises
is that the FP is a temporal and spatial subset of the peri-
nexus. Another, and perhaps more intriguing, possibility is
that the perinexus is an exapted derivative of the FP—
where the molecular machinery delivering connexons to
the edge of the plaque may have assumed new functions
and elaborated structure during evolution.

Interpretation of Perinexus Structure as Determined
by Cx43-Duolink

Importantly, we did not find Cx43-Duolink labeling in the
perinexus to be uniform. Rather, the labeling tended to
cluster or shift to subdomains of the perinexus (Figs. 1b,
2). One possible explanation involves the size and effi-
ciency of Duolink labeling. First, Duolink signals are
limited in their ability to optically resolve structures by
their size (up to 1 pm in diameter [Clausson et al. 2011;
Jarvius et al. 2006]; 400-500 nm diameter in our hands).
For this reason, it was impossible to precisely determine
the exact density, extent, and shape of the perinexus. For
example, we limited the region analyzed for Cx43 density
in the perinexus to exclude the region 0-250 nm from the
GJ edge in order to account for the 250 nm radius of a
Duolink signal. In the future, a technique such as stimu-
lated emission depletion microscopy could provide
approaches to increasing resolution of perinexal Cx43.

In addition, the exact fraction of interaction events that
Duolink labels varies from preparation to preparation, cell
to cell, and probably even subcellular domain to subcel-
lular domain (Clausson et al. 2011). Because of this it is
difficult to be sure that variation in the shape of Cx43-
Duolink labeling in the perinexus is a result of genuine
clustering of Cx43 within the perinexus, steric hindrance of
the ligation or PCR reaction by Cx43 molecular partners,
an unknown feature of subcellular structure, or stochas-
ticity inherent to Duolink labeling. However, these caveats
being raised, the high consistency of labeling from exper-
iment to experiment suggests that the Cx43-Duolink
labeling pattern does reflect the actual location of Cx43
molecules in the perinexus. Moreover, the ability of the
Duolink technology to provide strong signals from low
density concentrations of Cx43 may be helpful in resolving
areas of debate such as whether Cx43 is associated with
subcellular structures such as microtubules and mitochon-
dria (Rodriguez-Sinovas et al. 2006).

Given that the Cx43-Duolink labeling pattern authenti-
cally mirrors the nature of Cx43 in the perinexus, a bio-
logical explanation for this phenomenon could potentially
be rooted in the mechanism of connexon delivery to the
cell surface. It has been observed that N-cadherin labeling/
area composita is/are coincident with the GJ edge (Delmar
and Liang 2012; Palatinus et al. 2011). Shaw et al. (2007)
reported that connexons are delivered along microtubules
linked to adherens junctions via EB1 interaction with the
p150(Glued)/dynein/dynactin complex. Here, we observed
large extensions of the perinexus, sometimes extending as
much as 2 um from the plaque edge. Putting these ideas
together, the possibility is suggested that the perinexus
serves as the site of delivery of new, undocked connexons
to the plasma membrane. This hypothesis is supported by
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the above-mentioned work of Flores et al. (2012), in which
vesicles inserting putative hemichannels adjacent to Gls
were observed.

This exciting possibility leads to interesting questions
about the molecular mechanics of GJ accretion. For exam-
ple, phosphorylation on S365 and S325/S328/S330 have
been associated with the incorporation of Cx43 into GJ
plaques (Lampe et al. 2006; Solan and Lampe 2007; Solan
et al. 2007). Future high-resolution/sensitivity studies of the
subcellular localization of these Cx43 phosphoisoforms
could yield insights into the role of phosphorylation state in
GJ assembly.

Another possible interpretation of our observation of
Cx43 concentrated in the perinexus is implicated by the
work of Shaw and colleagues. Smyth et al. (2012) reported
that actin also participates in anterograde trafficking of
Cx43 to GJs in cardiomyocytes. They propose that vesicles
containing Cx43 and associated with actin fibers might
accumulate in the submembrane near GJs, awaiting trans-
port to the GJ by transfer to the microtubule system.
Therefore, it is possible to interpret the data provided in the
present investigation as Cx43 in “intracellular reserves.”
Given that multiple lines of evidence support the existence
of functional hemichannels (Li et al. 1996; Quist et al.
2000; Rhett et al. 2011; Saez et al. 2003; Thompson et al.
2006), it is unlikely that Cx43 in or near the plasma
membrane only exists in either actin-sequestered vesicles
or the GJ plaque. Therefore, a combination of models in
which perinexal Cx43 represents an accumulation of
undocked connexons both in intracellular vesicles and in
the plasma membrane is more likely.

Finally, new work on the effects of G protein—coupled
receptor agonists has shed light on the role of Cx43/Z0-1
interaction. Past studies have shown that endothelin-1 (ET-1)
can regulate both GJ intercellular communication (GJIC; van
Zeijl et al. 2007) and internalization (Baker et al. 2008).
Importantly, both these studies showed a critical role for
Cx43/Z0-1 interaction in mediating the effects of ET-1. In a
detailed study, Tence et al. (2012) recently demonstrated in
cultured astrocytes that Cx43/Z0-1 interaction increased and
GJIC decreased in response to ET-1, in agreement with the
previous reports. Notably, they also found that the pool of
Cx43 interacting with ZO-1 in response to ET-1 became
Triton X-100 soluble. Because Cx43/ZO-1 interaction is
detected in the perinexus (Fig. 1a; Rhett et al. 2011) and the
perinexus is likely to be composed of undocked connexons, it
is interesting to speculate that the perinexus is involved in GJ
internalization and reductions in GJIC associated with ET-1.

The Perinexus Indicates Noncanonical Roles for Cx43

In addition to trafficking, other roles for perinexal Cx43 are
indicated. For example, the perinexus may represent a
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platform to regulate the balance between intercellular
communication and hemichannel-mediated membrane
permeability (Rhett et al. 2011). A means of rapid control
over intercellular communication has obvious implications
for excitable tissues, but the ability to quickly enhance or
reduce hemichannel function could give cells the ability to
regulate GJ-mediated adhesivity, volume (Quist et al.
2000), ATP signaling (Yuan et al. 2012), or cell death
(Decrock et al. 2009; Shintani-Ishida et al. 2007), to name
a few examples.

In addition to providing subcellular Cx43 localization in
previously unparalleled detail, we show that Cx43 interacts
with Na, 1.5 in the perinexus of cardiomyocytes (Fig. 4b).
We also demonstrate that Na, 1.5 has, at best, a low level of
interaction with ZO-1. The few Duolink labels that we did
observe rarely coincided with the perinexus. These data
suggest that there may be a complex pattern of association
and segregation between molecular complexes in the
perinexus. Indeed, if Cx43/Z0O-1 interaction occurs in the
perinexus (Fig. 1a), and if Cx43/Na,1.5 interaction occurs
in the perinexus but ZO-1/Na,1.5 interaction does not, it
suggests that Cx43 interaction with Na,1.5 is mutually
exclusive with Cx43/Z0-1 interaction.

Importantly, our finding that Na, 1.5 localizes to both the
perinexus (Fig. 4b) and the GIJ itself (Fig. 4a) places it in a
region of close apposition between two cell membranes.
Intriguingly, this nonjunctional location at the GJ edge
would uniquely position sodium channels for participation
nonelectrotonic mechanisms of propagation electrical
excitation in the heart. Mori et al. (2008) have demon-
strated in a 3-D electrodiffusion model of conduction that
even in the absence of GJ coupling, conduction can occur
between cells when their membranes are ~2 to 7 nm apart
via an electric field mechanism. Whether or not Na,1.5
participates in coupling across narrow clefts in extracellu-
lar space occurring at GJs is not addressed by our data.
Nonetheless, there is mounting evidence that Cx43 alone is
insufficient and that both Cx43 and Na, 1.5 are necessary in
the mechanism of cell-to-cell transmission of action
potential (Gutstein et al. 2001; Jansen et al. 2012; Lin et al.
2011). Moreover, Poelzing and coworkers have shown that
increasing interstitial volume reduces conduction velocity
on a timescale incompatible with GJ remodeling (Veerar-
aghavan et al. 2012). Sites of high concentration of depo-
larizing currents and close ~membrane—membrane
apposition raise the potential for electric field transmission
at the GJ edge as an auxiliary conduction pathway.

Conclusion
The perinexus is a region of membrane involved in the

regulation of GJIC and membrane permeability (Rhett
et al. 2011). The data presented herein provide the first
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direct measurement of concentrated Cx43 in the perinexus,
in the form of undocked connexons, suggesting the possi-
bilities that this specialized zone of the plasma membrane
has functions in GJ assembly, hemichannel function, and
signaling. In particular, the data we present here on Cx43/
Na, 1.5 interaction in the perinexus indicates that this
specialized domain of membrane could have assignments
in impulse conduction. As such, the perinexus represents a
new target for amelioration of arrhythmia via its potential
role in novel pathways for electrical coupling between
myocytes in the heart.
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