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Abstract

Background: Both gap junctional remodeling and interstitial fibrosis have been linked to
impaired electrical conduction velocity (CV) and fatal ventricular arrhythmias in nonischemic
heart failure (HF). However, the arrhythmogenic role of the ventricular gap junctional Cx43 in
nonischemic HF remains in debate. Here, we assessed this in a newly developed arrhythmogenic
canine model of nonischemic HF.

Methods and results: Nonischemic HF was induced in canines by combined aortic valve
insufficiency and aortic constriction. Left ventricular (LV) myocardium from HF dogs showed
similar pathological changes to that of humans. HF dogs had reduced LV function, widened QRS
complexes, and spontaneous nonsustained ventricular tachycardia. CV was measured in intact
LV epicardium with high-density grid mapping. Total (Cx43-T) and nonphosphorylated Cx43
(Cx43-NP) and histological interstitial fibrosis were assessed from these mapped LV tissues.
Longitudinal CV, which was slowed in HF (49 £ 1 vs. 65 + 2 cm/s in Ctl), was positively
correlated with reduced total junctional Cx43 and negatively correlated with markedly increased
junctional Cx43-NP (2-fold) in HF. Cx43 dephosphorylation in HF was associated with enhanced
colocalization of PP2A at the level of Cx43. Unchanged action potential upstroke and transverse
CV were associated with unaltered Cx43 lateralization and interstitial fibrosis in the nonischemic
HF canine LV.
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Conclusion: Our unique arrhythmogenic canine model of HF resembles human nonischemic
HF (prior to the end stage). Cx43 remodeling occurs prior to the structural remodeling (with
lack of fibrosis) in HF and it is crucial in slowed CV and ventricular arrhythmia development.
Our findings suggest that altered Cx43 alone is arrhythmogenic and modulation of Cx43 has the
anti-arrhythmic therapeutic potential for HF patients.
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1. Introduction

Five million people in the U.S. are affected by heart failure (HF), and sudden death occurs
in nearly 50% of cases, primarily from ventricular tachycardia (VT) leading to ventricular
fibrillation (VF) [1]. We and others have shown that the initiation of VT in nonischemic
HF is primarily due to a non-reentrant mechanism (such as triggered activity) [2—4], but
degeneration of VT to VF in HF is likely due to reentry from slow anisotropic conduction
from altered gap junctions (GJ) and/or interstitial fibrosis [5].

Gap junctions, composed of connexins, are the principal membrane structures that

conduct electrical impulses between adjacent cardiomyocytes of both atria and ventricles
[6-10]. Gap junctional remodeling in the diseased heart have been linked to slow
conduction and enhanced arrhythmogenicity. Connexin43 (Cx43) is a phosphoprotein and
the major connexin expressed in ventricles [11-13]. We previously demonstrated Cx43
downregulation and increased Cx43 dephosphorylation in left ventricle (LV) from HF
rabbits (arrhythmogenic model of nonischemic HF from pressure & volume overload) and
from patients with nonischemic HF [14]. Interstitial fibrosis can form a physical separation
to block this intercellular coupling [15-17]. There remains controversy as to the functional
role of Cx43 downregulation and dephosphorylation on slow conduction in the intact failing
heart [18-20] because increased interstitial fibrosis may mask the contribution of gap
junctional remodeling in slowed conduction. While markedly increased interstitial fibrosis
and patchy fibrotic scars are commonly seen in end-stage ischemic HF, studies in patients
with nonischemic HF that is not end-stage show significant interstitial fibrosis in only ~30—
50% of cases as assessed by cardiovascular magnetic resonance imaging [21-23]. With

the other 50-70% of HF patients (hot end-stage), the underlying electrophysiologic and
molecular remodeling profiles remain unknown. Therefore, investigation is clearly needed
to assess the impact of Cx43 remodeling (downregulation and dephosphorylation), in the
absence of interstitial fibrosis, on conduction velocity (CV) in a large animal model of
nonischemic HF that resembles human HF (prior to the end-stage of HF).

Here, we took advantage of our recently developed novel canine model of arrhythmogenic
nonischemic HF (by combined aortic insufficiency and aortic constriction) [24] to
quantitatively assess the relationship between altered CV and Cx43 remodeling as well

as interstitial fibrosis profile on the same electrophysiologically mapped intact tissue.
Electrophysiological assessment of CV was performed using a unique high-density grid
mapping approach along with detailed immunohistological assessment of Cx43 expression
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and dephosphorylation in the same tissue being mapped. We found that markedly reduced
intercalated disk located Cx43 proteins and increased dephosphorylated Cx43 lead to slow
conduction in those mapped intact failing canine LV tissue with unchanged interstitial
fibrosis. This loss of Cx43 in the setting of unchanged interstitial fibrosis is critically

linked to impaired conduction velocity and enhanced spontaneous arrhythmogenicity in this
non-ischemic HF canine model. Our findings suggest that Cx43 may be an anti-arrhythmic
target for HF patients.

Methods

2.1. Animal model

2.2.

All animal studies conformed to the Guide for the Care and Use of Laboratory Animals.
This study was approved by the UAB Institutional Animal Use and Care Committee.
Non-ischemic HF was induced in mixed breed dogs of either sex by creation of aortic

valve insufficiency (Al, a Fogarty balloon catheter was used to perforate 1-2 aortic valve
leaflets under fluoroscopic guidance to make holes ~4-5 mm) followed 6 + 1 weeks later by
constriction of the abdominal aorta (AC, a 2—0 silk ligature was tightened to reduce aortic
diameter so that the systolic blood pressure gradient increased by ~50-60 mmHg compared
to the baseline measurement). Aortic gradients were measured as the difference in systolic
pressures between the femoral and carotid arteries. Both procedures were under isoflurane
anesthesia. Prior to surgical intervention and at ~1-3 month intervals, dogs underwent
echocardiographic examination and 24-h Holter monitoring in the conscious state. All data
were obtained from 8 HF and 9 control dogs. HF dogs (N = 8) were used for terminal studies
when LV fractional shortening (FS) decreased by ~25% compared to the baseline FS.

Holter monitoring

Prior to surgical intervention and at 240 days and 720 days post AC, digital Holter
monitoring (GE SEER Light, GE Healthcare) was obtained from dogs in the conscious
state. The chest and back were shaved and five ECG electrodes were applied to the chest
secured by a specifically-designed nylon jacket. 24-h period Holter recording were made
with the dogs’ movements being unrestricted. Holter data were analyzed to quantitate VT
& PVCs and their time-of-day occurrence. VT episodes (3 or more consecutive beats), VT
beats and PVCs were confirmed by an experienced cardiologist.

2.3. Electrocardiogram

Conscious dogs were shaved and had glue-on electrodes placed at the proximal portion

of each limb, and a 6-lead electrocardiogram (ECG) was recorded using a Bard
Electrophysiology system (C.R. Bard Inc.; Lowell, MA). ECG signals were recorded at

4 kHz sampling with a low frequency cutoff at 0.1 Hz, high frequency cutoff at 100 Hz,

and a notch filter at 60 Hz for measurement of PR, QRS, and QT intervals. The corrected
QT interval (QTc) was calculated using a regression algorithm specifically created for use in
conscious dogs (van de Water’s QT correction); QTc = QT — 87(60/HR-1) [25,26].
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2.4, Tissue harvest and grid mapping

Dog epicardial (Epi) heart tissue sections (~1.5 x 1.5 x 0.1 cm) were harvested from the
posterior left ventricular (LV) free wall in a region devoid of coronary arteries and stored in
cold cardioplegic solution for grid mapping followed by biochemical assays. High-density
grid mapping on LV Epi was performed to measure longitudinal CV (CV) and transverse
CV (CVr) in vitro with a specially-designed 14 x 16 (224-site) high-density grid-electrode
array (4.2 x 5.6 mm, inter-electrode distance of 350 um; as described [27].) At the end of
the grid mapping experiment, mapped epicardial tissue sections were labeled with sutures
to mark orientation and then formalin-fixed, paraffin-embedded, and sectioned (5 um per
slide) for immunohistochemical (IHC) and histology studies. Activation time (AT) of each
channel in the 224 site map array was assigned using a Matlab-based custom program with
manual proofreading functions [9,27]. A vector field analysis method for calculating CV
was developed based on a previously described [9,28] least-square algorithm with single
value decomposition [9,28,29]. There were sufficient transverse vectors on the activation
maps for accurately measuring transverse and longitudinal conduction velocities.

In each mapping procedure, one piece of tissue was superfused in a 37 °C tissue bath for

a total of approximately 30 min. Tissue viability of grid mapped LV tissue pieces over

the course of electrical pacing and recording were validated as evidenced by the consistent
results of CV|_and CV in both Ctl and HF LV tissue pieces throughout the recording period
(see more details in Online Supplement and Supplemental Fig. S1). Moreover, Western blot
data demonstrated an unchanged expression and dephosphorylation of Cx43 with up to 60
min super-fusion of grid-mapped tissue pieces (Supplemental Fig. S2).

2.5. Immunohistochemical and histologic analysis

Fixed grid-mapped sections were probed with antibodies to total Cx43 (Cx43-T; BD
Science), dephosphorylated Cx43 (Cx43-NP; Invitrogen), and N-cadherin (Chemicon)
followed by confocal imaging (Zeiss 40x objective lens, Z-stack mode). Cell nuclei
were stained with DAPI. Cx43 and Cx43-NP abundance and distribution based on IHC
images were quantified using a previously developed Matlab-based algorithm [9,30].
Cx43 colocalized with N-cadherin was defined as end-to-end distributed Cx43 (Cx43g.g,
junctional Cx43). Other Cx43 was defined as side-to-side Cx43 (Cx43s.s) [29].

Hematoxylin and eosin (H&E) and Masson’s trichrome staining were performed and
analysis of interstitial collagen deposition (10-15 images with 40x magnification for each
formalin-fixed tissue section) was performed as previously described [9,30].

2.6. Western blot and immunoprecipitation (IP)

Western blotting and IP were performed as described [14,31,32]. Primary antibodies were
used for Cx43-T (BD Science), Cx43-NP (Invitrogen), PP1 (Abcam), PP2A (BD), and
GAPDH (Chemicon), SCN5A (Abcam). IP was done with specific antibody to total Cx43
(Cx43-T) proteins as previously described [14,31,32] and Online Supplement.
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2.7. Action potential (AP) recordings and cellular data

Intracellular recording of AP’s (CL = 600 ms) from the LV posterior wall epicardial surface
of Krebs-perfused Ctl and HF hearts was performed using a conventional microelectrode

as we have previously described [33]. Cardiac myocytes were isolated from Ctl and HF
hearts by enzymatic digestion of cannulated LV wedges [14] for microscopic measurement
of resting cell length.

2.8. Statistical analysis

All data were presented as Mean + SEM. Statistical analyses were performed using
GraphPad Prism 7 (GraphPad Software, CA). Linear regression was performed to find the
best fit line without constraints. Statistically significant differences between two groups were
performed using the nonparametric Mann-Whitney test. All data are presented as mean *
SEM. The criterion for statistical significance was a p value <0.05.

3. Results

3.1. LV contractile dysfunction in nonischemic HF dogs

With Al induction, pulse pressure increased 169% (from 22 + 1 to 58 + 4 mmHg) and severe
Al was evident on aortography and color flow echo (Fig. 1A). Within 6 + 1 weeks of Al
induction, the LV dilated (LVEDD increased 21% from 3.60 + 0.07 to 4.74 + 0.13 cm;).
Aortic constriction led to a 56 + 4 mmHg increase in aortic gradient. Over the 9 + 2 months
following aortic constriction, LVEDD and LVESD increased 57% and 84%, respectively
(from 3.61 £ 0.08t0 5.65 + 0.18 cm and 2.03 £ 0.06 to 3.73 £ 0.17 cm; Fig. 1B&C). FS

had decreased by 23% (43.9 + 1.1 to 34.2 + 1.3%; Fig. 1D). Dogs with induced HF showed
lethargy, exercise intolerance, anorexia, tachypnea, and muscle wasting. These data suggest
that this canine HF model exhibits typical non-ischemic HF phenotypes that are similar in
those patients with a progressive nonischemic HF but not at the end-stage of HF.

Fig. 1E shows a formalin-fixed whole-heart specimen from a control and a HF dog
demonstrating marked cardiomegaly with dilated ventricles. Heart weight normalized

to bodyweight was increased in HF animals compared to Ctl (14.5 £ 1.2 g/kg vs.

8.9 £ 0.3 g/kg; Fig. 1F). Histologic analysis revealed that canine HF LV exhibited
myocyte enlargement with myocytolysis and focal areas of inflammation with lymphocyte
infiltration, characteristics of human HF [34]. Isolated HF LV myocytes showed enlarged
longitudinal cell size (146 + 5 vs. 124 + 2 um, NV= 27, 65 cells; Fig. 1G) and reduced
fractional shortening (FS, 2.6 £ 0.36 vs 4.8 £ 0.28%; N = 27, 65 cells; p <0.001; Fig. 1H)
compared to Ctl.

3.2. ECG features and spontaneous arrhythmogenicity in nonischemic HF dogs

ECG parameters including PR duration, QRS duration and corrected QT (QT,) were all
significantly increased with HF compared to baseline (109 £+ 4vs 92 £ 4; 71 £ 4 vs 46 £ 3;
and 230 £ 5 vs 245 + 2 ms; N=7,10; Fig. 2A, Supplemental Table 1). Holter monitoring
was performed on 16 dogs at baseline and with development of HF. At baseline, none of
the dogs had any ventricular ectopy. With HF, dogs exhibited up to 7953 PVCs/day, up to
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227 runs of VVT/day, and runs of VT up to 468 beats long. After a mean of 10.3 months,
arrhythmia score increased from 0 £ 0 at baseline to 3.19 + 0.34 for HF (o <0.0001).

The 5 HF dogs whose tissue was studied biochemically and/or electrophysiologically
(included in that group of 16) exhibited up to 1530 PVVCs/day, up to 91 runs of VT/day, and
runs of VT up to 28 beats long. Three exhibited non-sustained VT, one exhibited isolated
premature ventricular complexes, and one exhibited no ventricular arrhythmias.

3.3. Slow longitudinal conduction but unchanged transverse conduction in nonischemic
HF LV epicardium

Isochrones maps with visualized CV vectors show narrowed isochrones (reflecting slower
conduction) in the longitudinal direction of HF LV Epi (compared to Ctl) during drive train
stimuli (CV_of 48.6 + 1.0 cm/s vs. 65.4 £ 1.5 cm/s; Figs.3A&B, left and Fig. 3C) and
during premature stimulus (CL = 180 ms; 45.1 £ 1.9 cm/s vs. 64.2 £ 1.1; Fig. 3D). CVt was
unaltered in HF LV vs Ctl LV during drive train stimuli (21.3 £ 1.5 cm/s vs. 24.1 + 1.4 cm/s;
Fig. 3E) and during premature stimulus (CL = 180 ms; 20.8 + 1.8 cm/s vs. 23.1 + 1.0 cm/s).
With a decreased CV_but preserved CVt, HF dog Epi exhibited an altered anisotropic ratio
(2.3 +0.2vs 2.7 £ 0.1 in controls for paced beats and 2.2 + 0.1 vs 2.8 + 0.1 in controls for
premature beats), which could contribute further to arrhythmogenesis.

3.4. Unaltered interstitial collagen deposition in nonischemic HF

Sample images taken from Masson’s trichrome-stained grid-mapped Epi LV are shown for
Ctl and HF dogs (Fig. 4A). Collagen area percentage was calculated as the percentage

of collagen area over the filled areas. No significant difference in mean collagen area
percentage was demonstrated between grid mapped Ctl and HF LV (2.4 £ 0.2 vs.1.7 £ 0.3;
Fig. 4B).

3.5. No difference in dV/dty 5 of AP, RMP in nonischemic HF LV

3.6.

Action potentials from HF and Ctl Epi were assessed, and there were no differences in the
adV/dtnax of phase 0 of the AP (82 £ 9 vs 86 £ 5 V/s for Ctl; p= NS; N=5,5; Fig. 4C,

D) or in the resting membrane potential (-76.7 + 1.5 vs =75.4 + 1.8 mV for Ctl; Fig. 4C).
However, AP duration (APDgg) was significantly increased with HF (222 + 5vs 182 £ 2 ms
for Ctl) (Fig. 4C).

Reduced total Cx43 abundance in grid mapped nonischemic HF LV

Mapped HF LV Epi tissue sections showed reduced overall Cx43 fluorescence intensity
compared to Ctl (Fig. 5). Cx43 colocalized with N-cadherin to a large extent in both

Ctl and HF dogs (Figs.5A-5D). Summarized data showed a 33% decrease of Cx43g.g
cumulative fluorescence intensity (p <0.001, Fig. 5E), a 27% decrease of Cx43g.g
cumulative fluorescent (p <0.05, Fig. 5F), and unchanged Cx43 lateralization compared

to controls (47.7% + 4.0% vs. 44.3% * 4.5%; Fig. 5G). Linear regression analysis showed
a positive correlation between Cx43g.g and CV,_(r2 = 0.5740, p <0.001, Fig. 5H). Also,
points representing CV_and level Cx43g_g in Ctl and HF dogs scarcely overlapped, further
demonstrating significant differences in the relationship between Cx43g.g and CV_ in HF
vs Ctl dogs. In contrast, no significant correlation was demonstrated between Cx43s.g
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lateralization and CV (r2 = 0.00091, p= 0.76, Fig. 51), and the data points representing Ctl
and HF animals largely overlapped, further suggesting that Cx43s._g does not play an active
functional role in cardiac conduction.

Increased junctional Cx43-NP (Cx43-NPg.g) in nonischemic HF

While Cx43-NPg.g colocalized with N-cadherin to a large extent in both Ctl and HF dogs,
HF Epi showed significantly enhanced Cx43-NPg_g fluorescence intensity compared to

Ctl (Fig. 6A, B). Summarized data showed a 99% increase of Cx43-NPg_g cumulative
fluorescence intensity in HF vs Ctl (Fig. 6C). Linear regression analysis was performed
between Cx43-NPg_g and CV/|, and a negative correlation was demonstrated between those
two variables (r2 = 0.4623, p <0.001, Fig. 6D) in Ctl and HF animals. There was no
correlation between CVy and Cx43-NP (Supplemental Fig.S3).

Molecular basis for Cx43 dephosphorylation in nonischemic HF

To confirm the results obtained from IHC, we assessed total Cx43 (Cx43-T) and Cx43-NP
using Western blot. We found that Cx43 protein was decreased 32% in canine HF LV, while
the ratio of Cx43-NP to total Cx43 (Cx43-T) was increased ~80% (Figs.7A&B). These
results were comparable to the IHC data in our canine HF LV as well as what we found

in rabbit and human HF [14]. Moreover, we found that PP2A colocalized with Cx43 in Ctl
canine LV, and with HF the amount of colocalized PP2A (with Cx43) is increased by 48%
(Figs. 7C&D) although global expression of PP2A was decreased 20% (Figs.7E&F). The
results of enhanced Cx43-NP associated with increased total Cx43 colocalized PP2A are
consistent with what we reported in rabbit and human HF [14,31]. These results suggest that
in HF enhanced PP2A-modulated Cx43 dephosphorylation along with downregulated Cx43
proteins leads to slowing of conduction that ultimately enhances arrhythmogenicity in LV of
this nonischemic HF canine model.

4. Discussion

Here we are the first to demonstrate the relationship of Cx43 expression and
dephosphorylation to CV and arrhythmia development in the same exact tissue region
mapped in a novel arrhythmogenic canine model of nonischemic HF. Another key finding in
the current study is that this altered Cx43, in the absence of interstitial fibrosis, significantly
contributes to increased spontaneous ventricular arrhythmias /in vivo along with slow CV in
intact LV tissue in this large animal model of nonischemic HF. Thus, our findings suggest
that gap junctional remodeling occurs prior to the structural remodeling and it sufficiently
impairs ventricular conduction and promotes arrhythmias at the early stage of HF.

4.1. The relationship between reduced Cx43, slow conduction, and ventricular
arrhythmias in early stage of nonischemic HF

Extensive studies suggest that slow CV is linked to increased risk of cardiac reentrant
arrhythmias [14,35-37]. Slowing of CV also presents in the failing heart has been linked
to the development of fatal ventricular arrhythmias causing sudden cardiac death [14,35-
38]. Cardiac conduction is determined by active membrane properties of each cell (largely
a function of sodium channels) and tissue resistivity (as determined by gap junction
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channels and interstitial fibrosis) [39]. While Cx43 expression is decreased in both human
HF and HF animal models, increased interstitial fibrosis has been found to also play a

role in altered conduction velocity and even block of action potential propagation in the
end-stage failing heart [14,31,38,40-43]. Thus, it remains unclear as to the relationship
between Cx43 and interstitial fibrosis in slow conduction in nonischemic HF. In our

novel canine model of nonischemic HF, we found slowing of CV along with significantly
increased ventricular arrhythmogenicity that was associated with Cx43 remodeling (reduced
abundance and increased dephosphorylation) but unchanged status of interstitial fibrosis.
While we cannot rule out that this might occur in other regions of the failing heart that

were not mapped or with development of more severe LV dysfunction, our new findings
from the parallel functional assessment and in situ gap junction profiling suggest that gap
junctional remodeling occurs prior to the structural remodeling, and it sufficiently impairs
ventricular conduction to promote arrhythmias at an early stage of HF. We and others

have previously showed reentry during ventricular tachycardia studies in nonischemic heart
failure at late stage and the relationship between Cx43 remodeling and altered cellular
coupling was further showed to lead to increased arrhythmias in HF at late stage. Moreover,
the functional role of reduced Cx43 in slow conduction is strongly supported by our recent
findings in either aged atria or young transgenic mouse atria with reduced Cx43 but absence
of interstitial fibrosis [9,10].

It is notable that this lack of interstitial fibrosis has been found in up to 50-70% of hearts
from patients with moderate to severe (but not end-stage) nonischemic HF [21-23]. While
it is impossible to assess the link between molecular remodeling and functional impairment
in those HF patients, our unique arrhythmogenic nonischemic HF model reflecting human
HF prior to the development of end stage HF allows us explore this issue in a systematic
fashion. First, our findings suggest that gap junctional remodeling occurs prior to the
structural remodeling. Second, this gap junction remodeling sufficiently impairs conduction
in the failing LV at the early stage, while progressively accumulated fibrosis may further
aggravate the conduction impediment during the later stages of HF. Our unique model
provides an ideal opportunity in which to assess the effects of altered Cx43 expression and
phosphorylation on conduction velocity without the complication of concurrent interstitial
fibrosis which itself could slow conduction (and limit the ability to assess the role of Cx43).
Thus, our findings shed new light on targeting gap junction as an early intervention approach
to prevent arrhythmias in HF patients.

Functinal impact of Cx43 remodeling in nonischemic HF

We have previously showed that downregulated Cx43 in either HF myocytes or

cultured normal adult rabbit myocytes (with Cx43 siRNA knockdown) impaired cell-

to-cell communication, while overexpressed wild-type Cx43 markedly improved the
communication between adjacent HF myocytes [14,31]. On the other hand, the location

or distribution of Cx43 proteins is also important in maintaining normal intercellular
communication. Previous research suggested that lateralized Cx43, in which Cx43 is located
at side-to-side surfaces of the cell borders distinct from intercalated disks, are not functional
(i.e. such Cx43’s are internalized or form nonfunctional gap junctional channels due to

lack of mechanical stability) [44]. However, the relationship between Cx43 remodeling

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 March 29.
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(downregulation and/or lateralization) and conduction defects in intact cardiac tissue in
various HF animal models remains controversial [40,43]. While under certain disease
conditions, the ratio of Cx43g.g to Cx43g_g could be altered [40], unchanged lateralization
of Cx43 has also been found in failing ventricles [43]. Several possibilities could be
attributed to the discrepancy of the findings. It is known that cardiac muscle fibers are
circumferentially and longitudinally arranged in three-dimensional space, and the abundance
and distribution of GJs at different imaging focal planes and different regions could vary.
Thus, this histological imaging limitation could cause inconsistent experimental results. In
addition, pathologically enhanced fibrosis in structural heterogeneity [44,45] may also cause
variations in quantified Cx43. We recently developed a unique layer-by-layer quantitative
method using serial sequential z-stack confocal images [9,30] to utilize colocalization

with N-cadherin as a hallmark for Cx43g_g [40], and as an internal control of expression
level (based on the rationale that N-cadherin is a relatively stable housekeeping protein
under both control and pathological conditions as we and others have previously shown)
[9,30,46]. Using this novel method, we found that reduced Cx43g_g at intercalated disks
showed a strong positive correlation with slowed CV_ in LV from our nonischemic HF
canine model (Fig. 51). Reduced Cx43 has been shown to be critical in impaired cell-to-cell
communication as we previously showed in isolated paired LV myocytes from a rabbit
model of nonischemic HF and from Cx43 siRNA knockdown control myocytes [14].

In addition, we recently demonstrated the functional role of reduced Cx43 in impaired
cell-to-cell communication and slowing of conduction in intact atrial myocardium, which
significantly enhanced atrial arrhythmogenicity [9,10]. While our findings of reduced Cx43
are in agreement with findings in a canine rapid pacing HF model [43], different results
were also reported by other groups [40,46] using the same pacing model. We speculate that
these disparate findings could be due to different severity of the HF in their paced animals.
Moreover, in humans enhanced Cx43 lateralization was found in RV biopsy samples of

HF patients [47] which were restricted to regions of fibrosis and infarction [43]. Thus, the
different progressive stages of HF could explain these differences and Cx43 lateralization
could be a feature of later stages of cardiomyopathy [48,49] characterized by more severe
LV dysfunction or at the regions containing a large amount of fibrosis. In those end-stage
failing hearts, markedly increased fibrosis may also mask the functional contribution of
remodeled Cx43 due to the physical separation by the fibrotic tissue.

Notabley, Cx43 is a phosphoprotein with numerous phosphorylation sites in the C-
terminus. In addition to downregulated Cx43 proteins, we also discovered an increase in
dephosphorylated Cx43 in HF that was associated with a marked elevation in the level

of protein phosphatase PP2A that was colocalized with Cx43 proteins. Moreover, PP2A
inhibition with okadaic acid improved intercellular coupling in isolated failing ventricular
myocytes. Here we find similar Cx43 dephosphorylation in this HF canine model. Our IP
studies support that enhanced colocalization (at the level of total Cx43 proteins) of PP2A.
This increased dephosphorylated Cx43 was negatively correlated with CV_but had no
correlation with CV1 Overall, we took advantage of our recently developed arrhythmogenic
nonischemic HF canine model and demonstrated for the first time that Cx43 remodeling, in
the absence of structural remodeling, plays a crucial role in impaired ventricular conduction
and enhance arrhythmogenicity in nonischemic HF.
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4.3. Other potential factors contributing to altered conduction in nonischemic HF

In addition to gap junctions and fibrosis, Na inward current and resting membrane potential
(RMP) are major determinants of excitability of cardiac myocytes and can affect CV [50].
However by microelectrode recording we found no differences in dV/dl,,, of the AP or

in RMP with HF vs Ctl dogs, in line with findings in the canine rapid pacing HF model
which showed unaltered kinetics of peak Ing [51]. APDgg was prolonged consistent with the
prolonged QT and similar to that seen in animal and human HF [1]. Therefore, unchanged
interstitial collagen content and cellular excitability are unlikely to be involved in slow CV
and enhanced arrhythmogenicity in this nonischemic canine HF model. Although unchanged
Cx43g.s and CV along with the lack of correlation between Cx43g.s and CVt were

found in our HF LV, the contribution of lateralized gap junction in impaired conduction in
late-stage HF requires further investigation. In addition, several recently emerging theories
such as gap junction hemichannels [12] and ephaptic coupling [52] have been proposed to
contribute to slowed CV. As such, their possible roles in altered conduction in HF would
also be worthy of future study.

4.4. Implications

HF is a deadly disease in large part because of lethal ventricular arrhythmias that underlie
sudden death [1]. Conduction slowing is particularly critical in the transition of VT to

VF. Here we show that our novel arrhythmogenic large animal model of nonischemic HF
exhibited markedly enhanced arrhythmogenicity and reduced CV|_ but preserved CV, a
feature found in many other animal models of HF [53]. While this slowed CV_ differs
from findings from models with severely depressed LV function (where CV|_and CVt are
both decreased accompanied by significant structural remodeling) [40,54], gap junctional
remodeling along with unchanged interstitial fibrosis could explain the differences in
slowed conduction between moderate HF during the progress of the disease and end-stage
HF with severely depressed LV function. While an arrhythmogenic substrate may be
begun to develop during early stage of HF, increased interstitial fibrosis during the HF
progression may contribute to further increase arrhythmogenicity at the end-stage of HF.
The current findings along with our recently reported functional evidence [9,10] suggest
that Cx43 remodeling occurred prior to the structural remodeling and is critical in slowed
CV and ventricular arrhythmia development. Modulation of both Cx43 expression and
phosphorylation state could be a novel approach to improve conduction and reduced
arrhythmogenicity even at early stages of HF.
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Fig. 1.
Canine HF model. A, Aortogram (top) and color-flow echocardiogram (bottom)

demonstrating a competent aortic valve pre-Al and severe Al immediately post-Al
induction. B, Representative M-mode echo images of LV at baseline and with induction

of HF. Summary data for time course of change in LVEDD & LVESD (C) and LV fractional
shortening (D) post aortic constriction (AC) Ngnimal = 20. E, Representative hearts from
control dog (left) and HF dog (right). Summary data for HW/BW, Nanimal = 9,8 (F), cell
length, Nanimal = 9,8, neell = 65,27 (G) and cell fractional shortening (FS) Nanimal = 9.8,
Neell = 65,27 (H) for HF vs controls. **p <0.01; ***p <0.001. Each error bar indicates the
standard error of the mean (SEM) of each experimental group. Mann-Whitney test was used
for comparing difference between the two groups. Abbreviations: aortic insufficiency (Al),
aortic constriction (AC), left ventricular end diastolic diameter (LVEDD), left ventricular
end systolic diameter (LVESD).
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Fig. 2.
Spontaneous arrhythmias in canine HF model. A, Representative ECG from Ctl and HF dog

hearts. B, Representative Holter monitor recording in conscious state for HF dog showing
frequent PVCs, couplets, and runs of spontaneous nonsustained VT. Insert shows close up of
a 16-beat and a 4-beat run of VVT. Abbreviations. control (Ctl), heart failure (HF), premature
ventricular complex (PVC), ventricular tachycardia (VT).
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Fig. 3.

Slgw conduction in HF LV. Isochronal maps with CV vector from each recording site for
Ctl (A) and HF (B) tissue under drive train (A&B, left). Isochronal maps A and B show
labeled recording sites a and b in the direction of CV_ with electrograms from sites a and

b (and the peak of the bipolar electrograms) at those respective sites (A&B, right), showing
slow CV|_in HF. Summary data for CV|_ with drive train stimuli (C) or with premature
stimulation (D) and unchanged CVt (E). Nanimal = 9,8, ***p <0.001. Each data point is
the mean value from three technical repeats. Each error bar indicates the standard error of
the mean (SEM) of each experimental group. Mann-Whitney test was used to compare the
difference between the two groups. Abbreviations. control (Ctl), conduction velocity (CV),
longitudinal conduction velocity (CV\), transverse conduction velocity (CV), heart failure
(HF).

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yan et al.

Page 18

Ctl

B. C. wctl D.
3 I 100+
= ] [ Q)
2\‘1 1 2 g
1 o
S 2- <
2 T > o
g | I [ 2
o ©
% 1] rHF S 404
x
2 ] J g
5 5 204
= S
0 O I L
1 " Jeomv
50 ms

Fig. 4.
Unchanged interstitial collagen deposition and typical AP characteristics in HF dog hearts:

A, Trichrome staining in mapped Ctl (left) and HF (right) dog LV Epi tissue. B, Summarized
guantification of interstitial collagen in HF vs Ctl. Ngnimal = 9,8, £ = NS. Each quantitative
interstitial collagen data point is the mean value from forty histology images of each tissue
section. Representative AP’s from Ctl and HF LV epicardium (C) and summarized data for
dV/dtymax of phase 0 of AP (D). Nanimal = 9,8, p= NS. Each data point is the mean value
from three technical repeats. Each error bar indicates the standard error of the mean (SEM)
of each experimental group. Mann-Whitney test was used to compare the difference between
the two groups. Abbreviations: action potential (AP), control (Ctl), heart failure (HF), left
ventricle (LV), maximal upstroke velocity (Vmax)-
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Reduced Cx43-T is positively correlated with slowed CV|_in HF LV: Confocal images of
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Cx43 + N-cadherin double staining and Cx43 staining in Ctl (A, B) and HF (C, D) dog
tissue used in grid mapping with Cx43 (green), N-cadherin (red) and overlap (yellow).

Examples of Cx43g.g and Cx43g_g are encircled and labeled in each of the images as well
as enlarged images of Cx43g_g and Cx43g_s. Quantification of Cx43g_g (E), Cx43s.s (F),

and lateralization ratio (G) for HF vs Ctl, Nanimal = 9,8. Linear regression of Cx43g.g
and CV|_ (H) and Cx43g.g and CVT (1), Nanimal = 9,8. *p <0.05; ***p <0.001. Each
quantitative immunostaining Cx43 data point (Cx43g_g or Cx43g_g) is the mean value
from forty confocal images of each tissue section. Each error bar indicates the standard
error of the mean (SEM) of each experimental group. Mann-Whitney test was used to

compare the difference between the two groups. Abbreviations. control (Ctl), longitudinal
conduction velocity (CV)), heart failure (HF), junctional Cx43 (Cx43g.g), non-junctional

Cx43 (CX435_S).
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Fig. 6.
Enhanced Cx43-NP is negatively correlated with slowed CV|_ by IHC in HF: Confocal

images of Cx43-NP + Cx43-T double staining and Cx43-NP staining in Ctl (A, B) and

HF (C, D) dog tissue used in grid mapping with Cx43 (red), Cx43-NP (green) and overlap
(yellow). An example of Cx43-NP is circled and labeled. E, Quantification of Cx43-NP. F,
Linear regression of Cx43-NP and CV/|.. Nanimal = 9,8, *p <0.05. Each quantitative Cx43-
NP data point is the mean value from forty confocal images of each tissue section. Each
error bar indicates the standard error of the mean (SEM) of each experimental group. Mann-
Whitney test was used to compare the difference between the two groups. Abbreviations.
longitudinal conduction velocity (CV), non-phosphorylated Cx43 (Cx43-NP), HF (heart
failure), IHC (immunohistochemistry).
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& F), Nanimal = 9,8. *p <0.05, **p <0.01, ***p <0.001. Each experiment had three
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