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Abstract

Background—Plakophilin-2 (PKP2) is classically defined as a desmosomal protein. Mutations 

in PKP2 associate with most cases of gene-positive arrhythmogenic right ventricular 

cardiomyopathy (ARVC). A better understanding of PKP2 cardiac biology can help elucidate the 
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mechanisms underlying arrhythmic and cardiomyopathic events consequent to PKP2 deficiency. 

Here, we sought to capture early molecular/cellular events that can act as nascent arrhythmic/

cardiomyopathic substrates.

Methods—We used multiple imaging, biochemical and high-resolution mass spectrometry 

methods to study functional/structural properties of cells/tissues derived from cardiomyocyte-

specific, tamoxifen-activated, PKP2 knockout mice (“PKP2cKO”) 14 days post-tamoxifen (post-

TAM) injection, a time point preceding overt electrical or structural phenotypes. Myocytes from 

right or left ventricular free wall were studied separately.

Results—Most properties of PKP2cKO left ventricular (PKP2cKO-LV) myocytes were not 

different from control; in contrast, PKP2cKO right ventricular (PKP2cKO-RV) myocytes showed 

increased amplitude and duration of Ca2+ transients, increased [Ca2+] in the cytoplasm and 

sarcoplasmic reticulum (SR), increased frequency of spontaneous Ca2+ release events (sparks) 

even at comparable SR load, and dynamic Ca2+ accumulation in mitochondria. We also observed 

early- and delayed-after transients in RV myocytes and heightened susceptibility to arrhythmias in 

Langendorff-perfused hearts. In addition, RyR2 in PKP2cKO-RV cells presented enhanced Ca2+ 

sensitivity and preferential phosphorylation in a domain known to modulate Ca2+ gating. RNAseq 

at 14 days post-TAM showed no relevant difference in transcript abundance between RV and LV, 

neither in control nor in PKP2cKO cells. Instead, we found an RV-predominant increase in 

membrane permeability that can permit Ca2+ entry into the cell. Cx43 ablation mitigated the 

membrane permeability increase, accumulation of cytoplasmic Ca2+, increased frequency of 

sparks and early stages of RV dysfunction. Cx43 hemichannel block with GAP19 normalized 

[Ca2+]i homeostasis. Similarly, PKC inhibition normalized spark frequency at comparable SR load 

levels.

Conclusions—Loss of PKP2 creates an RV-predominant arrhythmogenic substrate (Ca2+ 

dysregulation) that precedes the cardiomyopathy; this is, at least in part, mediated by a Cx43-

dependent membrane conduit and repressed by PKC inhibitors. Given that asymmetric Ca2+ 

dysregulation precedes the cardiomyopathic stage, we speculate that abnormal Ca2+ handling in 

RV myocytes can be a trigger for gross structural changes observed at a later stage.
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INTRODUCTION

Plakophilin-2 (PKP2) is classically defined as a protein of the desmosome, an intercellular 

adhesion structure. Recent studies demonstrated that in addition to cell-cell adhesion, PKP2 

translates information initiated at the site of cell-cell contact into intracellular signals that 

maintain structural and electrical homeostasis1–4. Mutations in PKP2 associate with most 

cases of gene-positive arrhythmogenic right ventricular cardiomyopathy (ARVC), a 

pleiotropic disease that can manifest as mainly electrical, structural or both depending on 

stage progression5. As such, while ARVC is best recognized as a cardiomyopathy of right 

ventricular predominance, catecholaminergic sudden cardiac arrest is common during the 
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subclinical (or “concealed”) phase of the disease5–7. The molecular/cellular mechanisms 

responsible for these arrhythmias remain unclear.

To study the role of cardiomyocyte PKP2 expression in cardiac function we utilized a 

cardiomyocyte-specific, tamoxifen (TAM)-activated, PKP2 knockout murine line (Pkp2 fl/fl, 

αMyHC-Cre-ER(T2), dubbed “PKP2cKO”). We previously reported that adult PKP2cKO 

mice present, in a compressed time line, aspects of the history of human ARVC3. Following 

TAM injection these hearts progress from a normal state, to an arrhythmogenic 

cardiomyopathy of right ventricular (RV) predominance and eventually biventricular dilated 

cardiomyopathy and end-stage failure. The time course of this process is reproducible, 

allowing us to study the molecular environment at a given phenotype stage.

The earliest functional event detectable in PKP2cKO mice is an increase in RV area 

(measured by echocardiography 14 days post-TAM) and a high propensity to Isoproterenol-

induced lethal ventricular arrhythmias at day 16 post-TAM. These events occur in the setting 

of preserved left ventricular ejection fraction (LVEF) and in the absence of increased 

collagen abundance or other changes in ventricular wall morphology (i.e., during a 

“concealed stage” preceding “overt” arrhythmogenic cardiomyopathy3, 5, 7). Thus, for this 

study, we focused on mice 14 days post-TAM, so as to capture early molecular/cellular 

events that can act as nascent arrhythmia substrates. Knowing that PKP2 deficiency first 

leads to a structural phenotype of RV predominance3 we separately studied myocytes from 

right versus left free ventricular walls. We focused on possible changes in intracellular Ca2+ 

cycling, given previous evidence showing PKP2-mediated transcriptional regulation of 

intracellular Ca2+ homeostasis in the cardiomyopathic stage3. Overall, we found that loss of 

PKP2 creates not only an RV-predominant cardiomyopathy but also an RV-predominant 

arrhythmogenic substrate that precedes the cardiomyopathy and that is, at least in part, 

dependent on Cx43 expression/function. We speculate that disrupted [Ca2+]i homeostasis in 

RV myocytes can be one of the triggers for gross structural changes in the RV at a later 

stage.

METHODS

We utilized a commercially available C57BL/6 CX43flox mice line (Jackson Laboratory 

B6.129S7-Gja1tm1.1Dlg/J, stock number 008039; loxP sites flank exon 2 of Gja1; first 

reported by Liao et al8 and extensively studied in various systems; see e.g.9), crossed with 

PKP2flox/flox/αMHC-Cre-ER(T2) to obtain (CX43flox/flox)/(PKP2flox/flox)/Cre+, and 

CX43flox/wt)/(PKP2flox/flox)/Cre+ mice. All procedures conformed to the Guide for Care 

and Use of Laboratory Animals of the National Institutes of Health and were approved by 

the NYU-IACUC committee. For cardiac-specific Pkp2 and/or Gja1 deletion, mice were 

intraperitoneally injected 4 consecutive days with TAM (0.1 mg/g body weight). Cre-

negative flox-positive, TAM-injected littermates were used as controls. Separate controls 

with TAM-injected, Cre-positive PKP2flox/wt showed no effects on life expectance or LVEF 

in a prolonged time window (Figure I, online-only data supplement), consistent with 

previous observations10. Both genders were included and all animals were between 3 and 6 

months-old. Further details in online-only Data Supplement.
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Procedures used for RNAseq, cardiomyocyte dissociation, Ca2+ imaging, Western blots, 

single-molecule localization microscopy (SMLM), serial block-face scanning electron 

microscopy (SB-SEM), [3H]Ryanodine binding assays, mass spectrometry, 

echocardiography, patch clamp and voltage-sensitive optical mapping followed those 

previously published and are detailed in the online-only Data Supplement.

For evaluation of membrane permeability in whole hearts, two fluorescent dyes, Lucifer 

Yellow (LY) and Rhodamine Dextran (RD), were used to quantify the entry of a small 

molecular weight dye into Langendorff-perfused hearts. Hearts were washed, fixed, 

epicardium was manually removed, free walls separated and placed epicardial face down for 

observation by fluorescence confocal microscopy. Imaging was performed at several 

randomly chosen sites in each tissue sample. Details in online-only Data Supplement.

Statistical analysis

Numerical results are given as means ± standard error of the mean (S.E.M.). Two-way 

repeated measures ANOVA followed by Bonferroni post-hoc test was used for most data 

sets. In specific cases (noted in the respective figure legends), paired or unpaired Student’s t-

test, one-way repeated measures ANOVA-Bonferroni or Chi-square test was used. Analysis 

was done using OriginPro 8, Origin 2018b, SPSS 25 and SigmaPlot 13 packages. 

Differences were considered to be significant at p<0.05. Hierarchical analysis was carried 

out as indicated in Figure legends. Of note, this resource first detects adequacy of 

hierarchical analysis vis a vis other methods; analysis was carried out accordingly for each 

data set.

Data Availability

The data that support the findings of this study are presented in the manuscript and online 

supplementary files, and additional information can be made available from the 

corresponding author upon reasonable request.

RESULTS

Ca2+ transients in cardiomyocytes from PKP2cKO hearts

We determined amplitude and time course of Ca2+ transients of RV and LV myocytes from 

control and PKP2cKO hearts using conventional pacing protocols (e.g3). Figures 1A and 1B 

show time-space plots and time course of Ca2+ transients, respectively, recorded by line-

scanning confocal microscopy in cells loaded with Fluo-4 and field-stimulated at 1 Hz. Data 

from LV and RV (control and PKP2cKO) are shown to the left and right of the panels, 

respectively. Compiled data are shown in panels C-E. In this and subsequent figures, black 

and red bars represent data from control and PKP2cKO, respectively. The data show that 

transient amplitude was larger in PKP2cKO-RV myocytes when compared to either control, 

or PKP2cKO-LV myocytes (panel C). Loss of PKP2 also led to prolongation of Ca2+ 

transient decay, which was statistically significant in RV myocytes (panel D). No difference 

was apparent in time-to-peak in either group (panel E). Of note, incidence of early and 

delayed after-transients and of spontaneous Ca2+ waves was significantly higher in 
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PKP2cKO-RV myocytes when compared to PKP2cKO-LV myocytes or control (see Figure 

II, online-only Data Supplement).

Functional changes were accompanied by changes in protein abundance. Western blots 

showed reduced expression of PKP2 in both ventricles (Figure III, online-only Data 

Supplement). In contrast, RyR2 abundance was higher in LV than RV of controls (Fig.III, 

online-only Data Supplement), and of PKP2cKO mice, rendering significant RV-LV 

asymmetry. Reduced SERCA2a was also observed in PKP2cKO-RV when compared to 

PKP2cKO-LV (Fig.III, online-only Data Supplement). Patch clamp experiments at fixed 

[Ca2+] detected no difference in peak NCX current density (Figure IV, online-only Data 

Supplement).

Increased spontaneous Ca2+ release in PKP2cKO RV myocytes

Figure 1F shows confocal line-scan images of Ca2+ sparks (arrows) from LV or RV intact 

cells of control or PKP2cKO mice 14 days post-TAM. Figures 1G–K show compiled results. 

Ca2+ sparks frequency was similar for control myocytes regardless of provenance (RV or 

LV) and also similar to PKP2cKO-LV myocytes. However, the frequency of Ca2+ sparks was 

significantly higher in PKP2cKO-RV myocytes (Figure 1G), though no difference in 

amplitude of events or full-width at half maximum (FWHM) was detected (Figure 1H–I). 

Ca2+ sparks from PKP2cKO myocytes showed longer durations (full duration at half 

maximum; FDHM; Figure 1J) and time-to-peak (Figure 1K). These results, together with 

those in Figure 1A–D, indicate that loss of PKP2 increases the propensity of Ryanodine 

Receptor 2 (RyR2) channels to release Ca2+ preferentially in the RV. We therefore 

investigated whether this RyR2 eagerness associated with one or more of the following: a) a 

change in the transcriptional program of the cells (as it occurs during the cardiomyopathic 

stage; see3), b) functional changes intrinsic to the RyR2 protein, and/or c) an increase in the 

amount of Ca2+ in the intracellular compartments.

RNAseq RV versus LV: no major transcriptional differences

We examined the differential transcriptome (RV versus LV) of normal and PKP2cKO hearts. 

(Complete datasets in Tables I and II, online-only Data Supplement.) Relative transcript 

abundance was determined from paired samples, by calculating the ratio RV/LV for each 

transcript in the same animal. Positive or negative Log2FC values therefore indicated over-

representation of the transcript in RV or in LV, respectively. Volcano plots of differential 

transcriptomes (control and PKP2cKO mice) are presented in Figure V of online-only Data 

Supplement. In controls, only 21 transcripts were differentially expressed with log2Fc values 

larger than +/−1.0 and FDR values <0.01. Similar results were obtained for the differential 

RV vs. LV free wall transcriptome of PKP2cKO hearts, where only nine transcripts were 

differentially expressed, and 4 of them were also differentially expressed in the controls. 

These results suggest that, as opposed to what occurs at the cardiomyopathic stage3, our data 

cannot be explained by PKP2-dependent changes in transcript abundance of molecules 

directly involved in regulation of Ca2+
i homeostasis.
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Structural and functional properties of RyR2 in PKP2cKO myocytes

We examined three aspects of RyR2: Its nanostructural organization into clusters, its 

sensitivity to Ca2+, and its phosphorylation state.

RyR2 super-clusters in PKP2cKO myocytes—Recent studies show that when two 

small RyR2 clusters are at a distance of ≤100nm from each other, the probability for 

propagating Ca2+ release is increased (“super-clusters11–13). Data also show that a 

heterogeneous population of clusters (co-existence of super-clusters and large single 

clusters) can lead to increased susceptibility to calcium waves14. Figure 2A shows SMLM 

images of clusters of RyR2 from control or PKP2cKO adult ventricular myocytes 14 days 

post-TAM. In Figure 2B, areas in yellow boxes are enlarged and displayed in black and 

white to enhance contrast. All clusters were analyzed for size and proximity (see, e.g.15). 

RyR2 clusters were, on average, significantly smaller in PKP2cKO cells (Figure 2C). The 

subpopulation of clusters occupying an area ≤14,000 nm2 (such as those in insets of Figure 

2B) was subsequently analyzed to identify the fraction of clusters whose edges were within 

100 nm from each other (“super-clusters;” see diagram in Figure 2D). Cumulative data 

(Figure 2D) show that the proportion of “super-clusters” was higher in PKP2cKO and that 

they co-existed with large clusters, forming a heterogenous population likely to provide a 

structural substrate for enhanced Ca2+ release14. Importantly, the frequency of super-clusters 

was similar in myocytes from RV versus LV of PKP2cKO mice. We then calculated the 

number of RyR2 units and their density utilizing Density-Based Spatial Clustering of 

Applications with Noise (DBSCAN; see online-only Data Supplement). The median number 

of RyR2 units per cluster (between 30 and 58 RyR2 units; Figures VI and VII, online-only 

Data Supplement) was within the range of what has been previously reported11–13. However, 

the density of RyR2 units within a cluster (number of RyR2 units per nm2) was significantly 

larger in PKP2cKO cells when compared to control (Figure 2E), likely facilitating cross-

activation of Ca2+ induced Ca2+ release. Yet, the absence of right-left asymmetry suggests 

that this difference is not, per se, a mechanism for preferential increased Ca2+ release in RV 

myocytes. As a next step, we examined the Ca2+ sensitivity and phosphorylation state of 

RyR2 channel proteins.

Reduced expression and enhanced Ca2+ sensitivity of RyR2 in PKP2cKO-RV 
myocytes—[3H]Ryanodine binding assays were carried out from right and left ventricular 

tissue, harvested 14 days post-TAM, to determine Ca2+ sensitivity of RyR2 channels in 

PKP2cKO hearts versus controls. The plots in Figure 3A–B and the bar graph in Figure 3C 

show that, while samples collected from the PKP2cKO-LV showed a similar Ca2+ response 

as controls, samples from the RV of PKP2cKO mice showed a lower Bmax, consistent with 

lower RyR2 expresion (Figure VIII, online-only Data Supplement). Normalization of 

[3H]ryanodine binding to levels observed at the highest Ca2+ concentration (10 μM) revealed 

no difference between PKP2cKO-LV and control samples, but a left-shift (enhanced Ca2+ 

sensitivity; reduced EC50) for PKP2cKO-RV hearts (Figure 3D–F).

Differential phosphorylation state of RyR2: phosphorylation of T2809 in the 
RV—In addition to Ca2+ sensitivity, SR Ca2+ release can be modulated by RyR2 

phosphorylation (e.g.,16–18). Accordingly, we evaluated the phosphorylation state of RyR2 
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in RV and LV of four PKP2cKO mice 14 days post-TAM using high-resolution mass 

spectrometry19 (also online-only Data Supplement). Our measurements covered 13 

phosphorylation sites on RyR2, 11 of which were class 1 sites with high confidence in 

phosphorylation site localization (Figure 4A). Figure 4B presents a summary of intensity 

measurements of all RyR2 phosphopeptides across samples. Notice that amino acids S2807 

and S2813, previously characterized as preferential substrates for PKA and CAMKII, 

respectively (and annotated as “S2808” and “S2814” in the old nomenclature), are detected 

as phosphorylated in all samples, irrespective of provenance. However, there was a clear 

distinction between phosphorylation states of residue T2809. All four PKP2cKO-RV 

samples showed high levels of T2809 phosphorylation, whereas phosphorylation on this 

residue was not detected in samples from PKP2cKO-LV. Figure 4C shows an MS/MS 

spectrum of T2809 phosphorylation measured in a PKP2cKO-RV sample underscoring the 

certainty in site localization to this residue. T2809, not previously characterized as substrate 

for kinase regulation of RyR2 and yet located in the same “phosphorylation hotspot” known 

to regulate RyR2 gating20 is highly conserved across species. Samples from over 120,000 

individuals deposited in gnomAD show no variance in T2809, suggesting biological 

relevance. According to NetPhos3.1 (www.cbs.dtu.dk/services/NetPhos/), the probability of 

T2809 to be a PKC substrate is estimated at 0.721 in the human sequence and 0.671 in the 

case of mouse (Figure IX, online-only Data Supplement21, 22). The bar graph in Figure 4D 

summarizes the results and shows that T2809 phosphorylation was also absent in 4 control 

hearts. Interestingly, S2810, another phospho-site not yet fully characterized and located 

within the same “hotspot,” was phosphorylated exclusively in PKP2cKO samples, though to 

a similar level in RV and LV (Figure 4D).

Intracellular Ca2+ content

Increased SR load in PKP2cKO RV myocytes—In addition to properties intrinsic to 

RyR2, we examined whether enhanced Ca2+ sparks coincided with differences in abundance 

of stored Ca2+ in the intracellular space. The sarcoplasmic reticulum (SR) Ca2+ load of 

intact (non-permeabilized) myocytes was estimated from the amplitude of caffeine-induced 

Ca2+ transients, using a ratiometric dye method23, 24. As show in Figure 5A and 5B, SR 

Ca2+ content of PKP2cKO-RV myocytes was higher than in PKP2cKO-LV or in myocytes 

from controls (Figures 5B and 5C). Similar results were obtained from permeabilized 

myocytes using a method previously implemented in our laboratory3 (Figure X, online-only 

Data Supplement).

Increased [Ca2+] in the cytoplasmic and mitochondrial compartments—The SR 

was not the only intracellular compartment with increased Ca2+ load. Indeed, as shown in 

Figures 5D and 5E, cytoplasmic resting Ca2+ content was higher in PKP2cKO myocytes 

(also Figure X, online-only Data Supplement). Furthermore, using a Ca2+ indicator (Rhod-2) 

that enters the mitochondrial space in a temperature-dependent manner25 (see also Figure 

XI, online-only Data Supplement), we unveiled a dynamic Ca2+ accumulation in 

mitochondria of isolated PKP2cKO-RV myocytes after a brief period of pacing (one minute 

at 3 Hz; Figures 5F and 5G). Altogether, the results reveal increased [Ca2+] in all three 

major compartments (SR, cytoplasmic and mitochondrial) in PKP2cKO-RV myocytes when 

compared to PKP2cKO-LV or control myocytes.
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Spark frequency at comparable SR load; effect of PKC inhibition—The 

observations above raised the question of whether increased spark frequency in PKP2cKO-

RV myocytes was consequent to increased SR load, enhanced RyR2 release of Ca2+, or 

both. We therefore analyzed spark frequency at comparable levels of SR load using a 

procedure similar to that of Kim et al26. Control experiments showed that reducing [Ca2+]o 

to 0.6 mM in PKP2cKO-RV myocytes yielded a comparable SR load to that obtained in 

PKP2cKO-LV myocytes at 1.8 mM [Ca2+]o (see Fig. XII, online-only Data Supplement). 

Under those circumstances, spark frequency decreased, but remained higher than that 

observed in either control myocytes or in PKP2cKO-LV cells (Figure 6; blue bars). Further 

reduction of spark frequency was obtained when GF 109203X or Calphostin C, both 

inhibitors of PKC activity26, were added to the external solution (blue bars with a + sign in 

Figure 6E). These results indicate that both increased SR load and enhanced RyR2 Ca2+ 

release contribute to heightened abundance of calcium sparks in PKP2cKO-RV myocytes, 

and that the latter is susceptible to inhibition by PKC antagonists.

Increased membrane permeability in PKP2cKO-RV myocytes: Role of Cx43

The results above led to the question of the source of excess intracellular Ca2+. As one 

possibility, we examined whether increased membrane permeability would be a factor, and 

whether the permeable conduit would be dependent on Connexin43 (Cx43) expression. 

Considering that Cx43 internalizes after dissociation27, we devised a protocol for analysis of 

Lucifer yellow (LY; mw 457) transfer in Langendorff-perfused whole heart preparations (see 

Methods). Figure 7A shows fluorescence confocal images of a control (left) and a PKP2cKO 

mouse heart 14 days post-TAM (middle). Images were collected from LV (top) and RV 

(bottom). Of note, Rhodamine Dextran (RD; mw ~10,000 Da) was also loaded and was not 

found in the intracellular space, confirming that LY did not enter cells through damaged 

sarcolemma (see Figure XIII, online-only Data Supplement). A quantitative analysis is 

shown in panel 7B (black and red bars). Notice the increased fluorescence apparent in 

PKP2cKO hearts, more prominently in the RV (black versus red bars in 7B).

Neither the abundance nor the subcellular localization of Cx43 were affected by loss of 

PKP2 expression at 14 days post-TAM (Fig. XIV, online-only Data Supplement). To define 

whether increased fluorescence was dependent on Cx43 function, we crossed PKP2cKO 

mice with a commercially available Cx43 fl/fl line (first described in8) to obtain, in response 

to TAM, a double PKP2-Cx43 knockout (refered to as PKP2-Cx43cKO). The mice 

developed normally and heart function prior to TAM was not different from control. As 

previously reported, life expectancy in Cx43-KO animals is limited, given their high 

likelihood of arrhythmic death28–30. Two out of 4 TAM-injected animals survived to day 14 

post-TAM. As shown in Figure 7A (right column) and Figure 7B (blue bars), loss of Cx43 

expression blunted the excess LY signal captured from either LV or RV. Interestingly, the 

increased membrane permeability was observed for both RV and LV PKP2cKO samples at a 

later time (21 days post-TAM; Figure XV, online-only Data Supplement) and in both cases, 

reduced Cx43 (PKP2cKO and Cx43 heterozygous; PKP2cKO/Cx43+/−) was sufficient to 

limit the increased membrane permeability to LY (green versus red bars in Figure XV, 

online-only Data Supplement). These results suggest that in the PKP2cKO there is a Cx43-

Kim et al. Page 8

Circulation. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dependent mechanism in place that allows for small molecules to enter the cytoplasmic 

space.

Reduced Cx43 normalized diastolic [Ca2+]i and spark frequency in PKP2cKO hearts

Based on the results in Figure 7A–B we tested whether elevated levels of diastolic Ca2+ 

and/or increased Ca2+ spark frequency in PKP2cKO-RV myocytes could be prevented by 

reducing Cx43 abundance. As shown in Figure 7C, cells obtained from PKP2cKO mice also 

heterozygous-null for cardiomyocyte Cx43 (PKP2cKO/Cx43+/−) showed a level of [Ca2+]i 

that was not different from control. Spark frequency (at 1.8 mM [Ca]o) was significantly 

reduced when compared to that obtained from PKP2cKO-RV cells, though remained higher 

than what was observed in control RV myocytes (Figure 7D).

To further ascertain the role of Cx43, we examined SR load, spark frequency and Ca2+ 

transient amplitude in PKP2cKO myocytes exposed to the Cx43 hemichannel inhibitor TAT-

Gap 19 (GAP19;31, 32 see also Figure XVI, online-only data supplement). As shown in 

Figure 8, this manipulation blunted the effect of PKP2 knockdown, reducing all parameters 

to levels that, for SR load, diastolic [Ca2+] and transient amplitude, were not significantly 

different from those observed in PKP2cKO-LV or control myocytes. As in the case of the 

PKP2cKO/Cx43+/− cells, spark frequency remained slightly higher in PKP2cKO-RV after 

GAP19, perhaps reflecting a direct effect of PKP2 knockdown on RyR2 function 

independent from increased Cx43-dependent calcium load.

Reduced Cx43 mitigated the increase in RV area in PKP2cKO hearts

The earliest functional event reported for PKP2cKO hearts was an increase in RV area at 14 

days post-TAM.3 As shown by the green bars in Figure XVII in online-only Data 

Supplement, a reduction in Cx43 gene dose mitigated the increase in RV area, which was 

significantly smaller in PKP2cKO/Cx43+/− when compared to PKP2cKO mice at 14 days 

post-TAM. This result further supports the notion of a role for Cx43 in the early stage 

pathophysiology that results from PKP2 loss of expression.

PKP2cKO and cellular/subcellular structure at 14 days post-TAM

We evaluated whether the events described above were associated with structural changes at 

the cellular/subcellular level. Measurements of cell size (length, width and area), membrane 

capacitance (as a surrogate for sarcolemal surface area) and sarcomere length were not 

different between the four groups (Control and PKP2cKO; RV and LV; Figure XVIII, 

online-only Data Supplement). Interestingly, SMLM of phosphoPKC localization (T368–

641) at the cell end showed reduced cluster size and a tendency toward reduced density in 

PKP2cKO-RV when compared to control, and separation from the adhesive complex, 

marked by N-Cadherin localization (e.g.33; see Figure XIX, online-only Data Supplement). 

These data were in agreement with previous studies indicating dislodgment from PKC at the 

cell junction after loss of mechanical junction integrity2. Furthermore, consistent with the 

loss of a molecule of the adhesion complex (PKP2), ultrastructural analysis of intercalated 

disc of PKP2cKO RV tissue showed widening of the intercellular space when compared to 

an RV sample from a control mouse (Figure XX, online-only Data Supplement, and videos 

1–2, online-only Data Supplement).
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Enhanced susceptibility to arrhythmias in PKP2cKO hearts—The results 

presented above led us to examine the arrhythmia susceptibility of PKP2cKO hearts at 14 

days post-TAM. As shown in Figure XXI in online-only Data Supplement, a rapid pace 

protocol in isoproterenol-exposed Langendorff-perfused hearts led to long runs of 

ventricular tachycardia in PKP2cKO animals. A similar protocol failed to induce 

arrhythmias in hearts from control littermates.

DISCUSSION

Previously, we showed that PKP2cKO mice develop an arrhythmogenic cardiomyopathy of 

RV predominance 21 days post-TAM injection3. To understand its cellular/molecular 

substrates, here we studied these mice at a time preceding the overt phenotype (i.e., 14 days 

–post-TAM) and looked for side-specific differences (RV vs. LV). Given our previous data3, 

and given that the phenotype once apparent is both structural and electrical, we focused on a 

cellular function at the center of both excitability and contraction, namely, regulation of 

[Ca2+]i.

At 14 days post-TAM mice did not show cardiac fibrosis, cellular dimensions were similar 

to those in control, and LVEF was within normal limits. Transcriptome differences were 

minor and levels of PKP2 were drastically down in both ventricles. Yet, we detected 

important differences in [Ca2+]i handling in PKP2cKO RV myocytes, while PKP2cKO LV 

myocytes remained similar to control. These differences were sensitive to Cx43 reduced 

expression or Cx43 hemichannel block, and coincided with a Cx43-dependent increase in 

membrane permeability of the RV, an RV-selective increase in [Ca2+] sensitivity of RyR2 

and an RV-selective phosphorylation of RyR2-Thr2809, an amino acid within the 

“phosphorylation hotspot” of RyR2 long known to modulate channel gating. The eagerness 

of RyR2 to trigger Ca2+ sparks was tempered by exposing cells to PKC inhibitors. Based on 

previous knowledge regarding: a) the relation between [Ca2+]i alterations and arrhythmia 

susceptibility, b) the importance of regional heterogeneity on arrhythmia generation, and c) 

the relation between [Ca2+]i and cardiac remodeling34, 35 we propose that [Ca2+]i overload 

and RyR2 dysfunction play a central role in the generation of the electrical and RV-

predominant structural phenotype in PKP2-deficient mice.

The Cx43-dependent increase in membrane permeability reported here can explain the 

excess [Ca2+]i. We speculate that PKP2 deficiency causes an excess of “orphan” Cx43 

membrane hemichannels that can act as conduits for Ca2+ entry. Gap junction plaque 

formation is known to depend on proper intercellular adhesion27. It is also known that Cx43 

hemichannels reside in the perimeter of the gap junctions (the perinexus)36 and are capable, 

when undocked and in the membrane, to flicker with very low probability37, 38. Further 

supporting the relation between PKP2 expression and Cx43-dependent permeable conduits 

is a recent study showing that PKP2 deficiency can increase cell membrane permeability to 

ATP, an event prevented by silencing Cx43 expression39. We postulate that loss of PKP2 

expression, perhaps via weakened intercellular adhesion consequent to loss of desmosomal 

integrity, causes an increased population of orphan, flickering Cx43 hemichannels that allow 

for excess entry of Ca2+ into the cell. It is worth noting that studies in cell culture systems 

and in human tissue from ARVC-affected patients have consistently reported that loss of 
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expression or mutations in PKP2 can alter the structure and function of gap junctions40–42. 

We did not detect changes in Cx43 abundance or in gap junction structure, suggesting that 

functional dysregulation of Cx43 hemichannel activity, coincident with nanostuctural 

changes in the intercalated disc, are among the earliest events following loss of PKP2 

expression.

We found increased Ca2+ sparks frequency in PKP2cKO-RV myocytes. In addition to 

increased SR Ca2+ load and higher diastolic [Ca2+]i, this result may associate with increased 

sensitivity of RyR2 to Ca2+, as well as a change in the phosphorylation state of RyR2-

T2809. This residue is located near serine residues well studied as PKA and CAMKII 

substrates that, when phosphorylated, modify RyR2 gating behavior20. We do not know the 

kinase phosphorylating T2809; yet, sequence analysis, and data showing that PKC inhibitors 

reduced Ca2+ sparks frequency at comparable levels of SR load support the hypothesis of 

PKC involvement. Interestingly, previous work has shown that PKP2 is necessary to recruit 

and retain PKC at the desmosome, and that loss of desmosomal integrity releases PKC, 

freeing it to phosphorylate unintended targets2. Consistent with this notion, our SMLM data 

indicated reduced phospho-PKC cluster size and density at cell end, and increased phospho-

PKC distance from N-Cadherin, a marker of localization of the adhesion complex. Yet, 

whether phosphorylation of RyR2 in PKP2cKO-RV myocytes is a determinant of RyR2 

calcium release remains to be defined.

We observed that SERCA2a protein (but not transcript) levels were decreased, primarily in 

RV. The latter may play a role in the prolongation of the time constant of recovery in the 

Ca2+ transients. Moreover, we saw no difference in NCX function at fixed [Ca2+], though 

dynamic changes may occur. It is known that Cx43 hemichannels allow for entry not only of 

Ca2+ but also Na+. Increased [Na+]i would retard the forward mode activity of the Na+-Ca2+ 

exchanger, further favoring Ca2+ accumulation in the intracellular space. Overall, the activity 

of NCX to extrude Ca2+ would be outmatched by persistent intake of external Ca2+ (and 

perhaps, Na+) through Cx43 hemichannels, reaching a steady-state at higher levels of 

[Ca2+]i; this imbalance (or new balance) would be corrected by inhibition or ablation of 

Cx43. In terms of the relation between RyR2 abundance and function, reduced RyR2 levels 

may be compensated by the organization of RyR2 units into super-clusters that facilitate 

calcium release11–13. The latter change was not asymmetric, indicating that it may be a 

substrate that facilitates but is not sufficient to alter Ca2+ release.

Previous echocardiographic analysis at 14 days post-TAM showed increased RV area in 

PKP2cKO hearts, an early sign of changes in RV contractility3. Partial ablation of Cx43 

mitigated this event, likely through normalization of [Ca2+]i; whether contractile dysfunction 

is consequent to Ca2+ dysregulation remains to be determined, though an association 

between Ca2+ homeostasis and contractility is well documented43. Alternatively, we 

speculate that the increased RV area is an early manifestation of impaired mechanical forces 

at the cellular level, combined with the differences in force distribution in various areas of 

the heart. At the cell level, Broussard et al have shown that impairing the association of 

desmosomes with intermediate filaments leads to decreased cell tension and stiffness44. One 

can surmise that at the tissue level, these changes would reflect on a weakened ventricular 

wall, leading to dilation. While the change in cell stiffness may (or may not) be generalized, 
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the forces impacting the ventricular wall are not evenly distributed throughout the heart; 

recent studies show, for example, that the thin-walled RV (and in particular the RVOT) is 

exposed to a particularly high wall shear stress45. Along these lines, echocardiographic 

analysis has documented impaired contractility and stiffness of the RV myocardium prior to 

LV dysfunction in subclinical ARVC patients that present with no evidence of fibrosis by 

late enhancement MRI.46 The latter observation, all major differences notwithstanding, is 

consistent with the increased RV area in the 14 day post-TAM mice, which precedes overt 

fibrosis. At the cellular level, these uneven physical forces may cause the RV cells to be first 

to separate from each other, allowing increased entry of Ca2+ that in turn, may further impair 

the contractile function of the cells. Yet, it is important to recognize the role of Wnt-

signalling-dependent embryonic programming as potential substrate for asymmetric 

differences, particularly in case of desmosomal deficiency 47.

Altogether, we propose that loss of PKP2 expression occurs in both ventricles but first 

affects RV desmosomal integrity. Loss of desmosomal integrity triggers two relatively 

unrelated events: a) Loss of stability of neighboring gap junctions, with consequent increase 

in orphan Cx43 hemichannels at the perinexus, and b) dislodgement of a kinase (likely PKC) 

from the intercalated disc, which translocates to phosphorylate an off-target substrate 

(RyR2-T2809), changing RyR2 gating properties. These two arms converge to a) facilitate 

development of potentially lethal arrhythmias and b) as time progresses, alter the 

transcriptional program of the cells and myocyte integrity, leading to arrhythmogenic 

cardiomyopathy.

Of note, we acknowledge that the mechanisms of arrhythmias may include additional events 

not yet detected by our experiments. Though we see cellular events that can be 

arrhythmogenic, and we do see arrhythmias, we do not argue that the arrhythmias are only 

and exclusively resulting from Ca2+ alterations.

We focused on PKP2 because of its importance in cardiac biology. Mutations in PKP2 

associate with a pleiotropic disease (ARVC) that presents an electrical phenotype sometimes 

preceding and sometimes concurrent with a cardiomyopathy. It is worth noting that sudden 

death is the first disease manifestation in 11% of ARVC probands5, and that a number of 

ARVC cases present mostly an electrical phenotype while the structural disease is 

concealed5–7 or not present48. This coincides with the observation in our mice, indicating 

alterations in Ca2+ homeostasis well-known as potentially arrhythmogenic3 as first 

detectable manifestation, prior to collagen accumulation. It is tempting to speculate that 

elevation of [Ca2+]i can be a trigger for subsequent structural disease and the modified 

transcriptional program of the heart. Under that scenario, the elevated [Ca2+]i would exert 

first an arrhythmogenic effect, followed by changes that take more time to manifest, namely, 

the transcriptional and structural events. Interestingly, despite the elevated [Ca2+]i we did not 

detect signs of hypertrophy. This and other observations have led us to postulate the 

hypothesis (yet to be tested) that loss of PKP2 blunts activation of the transcriptional 

program necessary for compensatory hypertrophy.

We recognize that weaknesses remain regarding the mechanisms proposed. We have not 

studied quantitatively the relation between the Cx43-dependent permeability observed in our 
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tissue preparations (demonstrated by the passage of LY) and the [Ca2+]i as it is measured in 

the single cells. It is important to note though that experimental conditions differ; in 

particular, the LY experiment is carried out in the absence of external Ca2+ added. This 

manipulation allows us to see the increased Cx43-dependent membrane permeability within 

the time frame of our recordings. But the natural time course of the increased [Ca2+]i as it 

wold occur in the heart, remains to be determined. Also, related to the point above, we lack a 

quantitative description of the magnitude of the Ca2+ influx taking into account the limited 

permeability and the presumably low number of C43 hemichannels. In this regard, it is 

worth noting the study of John et al49. These authors calculated that in a cardiomyocyte, 10 

open Cx43 hemichannels producing a 100 pA current at −80 mV would increase Na+ influx 

by 75%. This would still represent a small fraction of a total of 2.6 × 106 junctional 

connexins estimated to be present in the myocyte and yet, the increase in intracellular Na+ 

may favor an increase in [Ca2+]i. The amount of open hemichannels at one particular 

snapshot in time would be minimal, not causing a major impact to the cardiomyocyte 

membrane potential. Yet, the long-term effect of this Cx43 flickering would be the 

accumulation of Ca2+ in the intracellular space. Overall, our data strongly support the notion 

that a Cx43-dependent membrane conduit is necessary for the increased [Ca2+]i reported; 

yet, how the various Ca2+ and Na+ fluxes, through the various membrane compartments, 

balance to yield high [Ca2+]i levels, remains to be determined.

While our observations are consistent with those in humans with ARVC, any extrapolation 

needs to be taken with caution, as it is clear that animal models do not reproduce the 

conditions of a patient with the disease. This is in fact true for all animal or cellular models 

of ARVC that have been published, and an obvious consequence of the limitations inherent 

to the study of a human disease. The significance of our studies is not in having reproduced 

conditions that lead to human ARVC, but in having studied a molecule that, when mutated, 

causes the disease. Whether the molecular steps described here occur in human hearts with 

PKP2 mutations remains undefined. Yet, it is worth mentioning that agents that block release 

of Ca2+ through RyR2 channels, such as flecainide, may be a possible combination therapy 

for ARVC patients50, and that recent reports indicate that patients with first diagnosis of 

CPVT have been later identified as carriers of PKP2 mutations48. The relation between 

ARVC and Ca2+ mishandling is emphasized by the fact that mutations in phospholamban, a 

known contributor to Ca2+ homeostasis, can cause ARVC5, 7. We show a functional 

intersection of PKP2 and Ca2+ homeostasis and propose a model as to the steps by which 

one event (loss of intercellular adhesion at the intercalated disc) affects another (Ca2+ 

release) even though they are functions structurally separate in the myocyte space.
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CLINICAL PERSPECTIVE

What is new?

• This is the first demonstration that loss of Plakophilin-2 expression causes, as 

an early event and predominantly in the right ventricle (RV), a non-

transcriptional, likely arrhythmogenic, Connexin43-dependent disruption of 

Ca2+
i homeostasis.

• The phenotype includes accumulation of Ca2+ in three intracellular 

compartments: the junctional sarcoplasmic reticulum (SR), the cytoplasm, 

and the mitochondria; RV myocytes also show increased eagerness of RyR2 

channels to release Ca2+ from the SR.

• Intrinsic RyR2 properties are also modified; specifically, RV RyR2 channels 

have enhanced sensitivity to Ca2+ and are selectively phosphorylated (likely 

by PKC) at residue T2809, further contributing to the pro-arrhythmogenic 

state.

What are the clinical implications?

• Mutations in plakophilin-2 are the most common cause of gene-positive 

familial arrhythmogenic right ventricular cardiomyopathy (ARVC).

• We postulate that disruption of Ca2+
i homeostasis in the RV is a major 

arrhythmia trigger in patients with ARVC.

• Our data identifies both the RyR2 channel and the Cx43 hemichannel as 

targets for antiarrhythmic therapy in the afflicted population.
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Figure 1. Ca2+ transients and Ca2+ sparks in RV and LV myocytes from control and PKP2cKO 
hearts.
Time-space plots (A) and time course of Ca2+ transients (B) obtained by line-scans (1.43 

ms/line) during field stimulation (1 Hz) of myocytes isolated from the left ventricle (LV) and 

right ventricle (RV) of control (Ctrl) and plakophilin-2 conditional knockout (PKP2cKO) 

mice. Panels C-E show compiled data for mean Ca2+ transient magnitude (relative 

amplitude; ΔF/F0; C), time constant of Ca2+ transient decay (ms; D) and time-to-peak (ms; 

E). Black and red bars depict data from Ctrl and PKP2cKO myocytes, respectively. Panel F: 

Kim et al. Page 19

Circulation. Author manuscript; available in PMC 2020 September 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confocal line-scan images of Ca2+ sparks (green; emphasized by red arrowheads) recorded 

from control (Ctrl) and PKP2cKO myocytes isolated from either LV or RV. Cumulative data 

are shown in panels G-K. Black and red bars represent data obtained from control and 

PKP2cKO mice, respectively. G: Mean frequency of Ca2+ sparks, reported as average 

number of events per second in a 100 μm line. H: Average peak amplitude (F/F0). I: full-

width at half maximum (FWHM; μm). J: full duration at half maximum (FDHM; ms). K: 

time-to-peak (ms). For all bar graphs: black, control; red, PKP2cKO. Number of cells 

studied are noted in the corresponding bars. For panels C-E: Statistical tests: Hierarchical 

test was first attempted. Output indicated whether to proceed via two-way repeated measures 

analysis of variance (ANOVA)-Bonferroni (details in “Methods”). Hierarchical test used for 

transient amplitude. Two-way repeated measures ANOVA-Bonferroni for tau and time to 

peak. Total mice: 9 controls and 11 PKP2cKO. *p<0.05 vs. control, †p<0.05 vs. LV. For 

panels G-K: Numbers of sparks/cells/mice in control dataset: 618 sparks from 46 LV cells; 

594 sparks from 44 RV cells; 6 mice. Numbers of sparks/cells/mice in PKP2cKO dataset: 

675 sparks from 58 LV cells; 1842 sparks from 63 RV cells; 7 mice. Statistical test: 

Hierarchical analysis. See “Methods” for details. **p<0.01 vs. control; ***p<0.001 vs. 

control; †p<0.05 vs. LV; †††p<0.001 vs. LV.
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Figure 2. Analysis of RyR2 clustering using single molecule-localization microscopy (SMLM).
A: Stochastic optical reconstruction microscopy (STORM)-acquired images of ryanodine 

receptor 2 (RyR2) in single myocytes dissociated from left ventricle (LV) or right ventricle 

(RV) of control (Ctrl) or plakophilin-2 conditional knockout (PKP2cKO) mice 14 days post-

TAM. B: Yellow-boxed areas in A are shown in black and white for better visualization. 

Clusters within red circles in PKP2cKO are shown at larger magnification in the inset to 

illustrate the organization of small clusters in close proximity (scale bar in insets, 200 nm). 

C: Average size of RyR2 clusters in control and PKP2cKO myocytes. Control: n=24158 

clusters from 11 LV cells; 14906 clusters from 8 RV cells. PKP2cKO: n=27365 clusters 

from 19 LV cells; 31852 clusters from 18 RV cells. D: Bar graph shows the proportion of 

super-clusters in control or PKP2cKO myocytes. LV control: 3280 super-clusters/23946 total 

clusters; LV PKP2cKO: 1581 super-clusters/7481 total clusters; RV control: 1435 super-

clusters/14815 total clusters; RV PKP2cKO: 1534 super-clusters/9586 total clusters. Criteria 

used for defining super-clusters is diagrammed at the right of the panel. E: RyR2 molecular 

density, estimated as the number of RyR2 molecules (calculated by Density-Based Spatial 

Clustering of Applications with Noise; DBSCAN) per unit of cluster area (see also 

Methods). Number of clusters analyzed (including clusters with at least 10 RyRs):  32738 
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LV and 16595 RV clusters from control; 1666 LV and 4396 RV clusters from PKP2cKO. 

Statistical significance by two-way repeated measures analysis of variance (ANOVA)-

Bonferroni test, ***p<0.001 vs. control. †††p<0.001 vs. LV.
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Figure 3. [3H]Ryanodine binding in homogenates from control or PKP2cKO hearts.
A: [3H]Ryanodine binding as a function of free [Ca2+] in samples obtained from the left 

ventricle (LV) of either control (Ctrl) or plakophilin-2 conditional knockout (PKP2cKO) 

hearts 14 days post-TAM. B: Same as A but for samples obtained from the right ventricle 

(RV). Cumulative data for binding maximum (Bmax) is shown in C. Data normalized for the 

binding observed at 10 μM free [Ca2+] for LV and RV are shown in panels D and E, 

respectively. This correction allowed us to observe a shift in the concentration of free [Ca2+] 

that produces 50% of maximal [3H]Ryanodine binding (EC50) in the RV tissue of PKP2cKO 

hearts (F). n=4 hearts for each group. *p<0.05 vs. control. **p<0.01 vs. control. Two-way 

repeated measures analysis of variance (ANOVA)–Bonferroni test.
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Figure 4. Mass spectrometry-based investigation of RyR2 phosphorylation state in LV versus RV 
of PKP2cKO hearts.
A: Summary of the eleven class-1 phosphopeptides identified. The first column indicates the 

position of the phosphorylated amino acid in the ryanodine receptor 2 (RyR2) sequence and 

the second column, the amino acid sequence of the peptide in which the phosphorylation site 

was measured. The numbers in brackets indicate the probability with which the localization 

of the phosphorylation site has been assigned to that particular residue (assignment of 

phosphorylation site localization depends on fragmentation pattern). B: Mass spectrometry-
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based intensity measurements of phosphopeptides covering the eleven phosphorylation sites. 

Intensities of all measured phosphopeptides are displayed. Measurements from right 

ventricle (RV) samples are depicted in green and measurements from left ventricle (LV) 

samples, in blue. The phosphorylation ‘hot spot’ of RyR2 is highlighted in red. 

Phosphorylation of site 2809 was exclusively identified in RV samples. C: Measured peptide 

covering T2809 is shown along with the detected fragment ions indicated. The fragment ions 

are highlighted in the tandem mass spectrometry (MS/MS) spectrum. The peptide contained 

one phosphate group, and due to the fragmentation pattern the phosphorylation site could be 

localized to threonine 2809. D: Data summary. Mass-spectrometry based intensity 

measurements of phosphopeptides covering the four phosphorylation sites in the “hotspot” 

region of RyR2 from tissue samples control (Ctrl) and plakophilin-2 conditional knockout 

(PKP2cKO) mice. Measurements from LV and RV samples depicted in light and dark green, 

respectively. n=3 for control samples and 4 for PKP2cKO samples.
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Figure 5. Ca2+ content in the intracellular compartments.
A: Confocal line-scan images (1.43 ms/line) recorded from non-permeabilized myocytes 

isolated from the free walls of the left ventricle (LV) or the right ventricle (RV) of either 

control (Ctrl) or plakophilin-2 conditional knockout (PKP2cKO) mice 14 days post-

tamoxifen (post-TAM). In this and other panels, the pulse of caffeine (10 mM) is indicated 

by the orange bar at the bottom of the image. Intracellular calcium changes were detected by 

a ratiometric method (FFluo-3/FFura Red; see also “Methods”). B: Time course and amplitude 

of the change in fluorescence during and immediately following the caffeine pulse. Notice 

the larger amplitude of the transient recorded from PKP2cKO RV myocytes. Cumulative 

data are shown in C. Number of experiments noted in the bar graphs. Cells originated from 5 

different mice in each group (Ctrl or PKP2cKO). Statistical test: Two-way repeated 

measures analysis of variance (ANOVA)-Bonferroni. Control: n=29 LV cells, 23 RV cells. 

PKP2cKO: n=26 LV cells, 26 RV cells. **p<0.01 vs. control, ††p<0.01 vs. LV. D: Pseudo-
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colored confocal 2D images of the ratio of emission intensities (FFluo-3/FFura Red; see also 

“Methods”). The average of the calculated intensity ratios are shown in panel E. Statistical 

test: Hierarchical analysis. Control: n=50 LV cells, 50 RV cells from 5 mice. PKP2cKO 

n=50 LV cells, 50 RV cells from 5 mice. **p<0.01 vs. control ***p<0.001 vs. control, 
†††p<0.001 vs. LV. F: Confocal 2-D images of cardiomyocytes loaded with 2 μM Rhod 2-

AM at low termperature (4°C) and then incubated at 37°C for 4 hours (see also “Methods”). 

For each group, two images from the same cell are shown: at rest (F0; left), and after one 

minute stimulation at 3 Hz (right). Notice the increased number of fluorescence emission 

units (mitochondria) after stimulation, particularly in the cell from the PKP2cKO RV. G: 
Average of the ratio of Rhod-2 fluorescence intensities acquired before (F0) and after (F) the 

period of pacing. Control (Ctrl): n=7 LV cells, 9 RV cells from 2 mice. PKP2cKO: n=9 LV 

cells, 10 RV cells from 2 mice. Statistical test: Two-way repeated measures ANOVA-

Bonferroni. *p<0.05 vs. control, ††p<0.01 vs. LV.
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Figure 6. Spark frequency at equal sarcoplasmic reticulum (SR) load and effect of PKC 
inhibition.
A-D: confocal line-scan images of Ca2+ sparks (green) in Control (Ctrl; A and C) or 

plakophilin-2 conditional knockout (PKP2cKO) samples (B and D) obtained from the left 

ventricle (LV; A and B) or the right ventricle (RV; C and D). Panel D shows sparks obtained 

when cells were maintained in either 1.8 mM [Ca2+]o (left) or in 0.6 mM [Ca2+]o (middle 

and right panels). In panels A-D, right-most panel corresponds to data obtained in the 

presence of protein kinase C (PKC) inhibitors bisindolylmaleimide I (GF 109203X; labelled 

GF; top) or Calphostin C (labelled Cal C; bottom). Panel E: Spark (spontaneous calcium 

release or SCR) events measured under the various conditions. + indicates in the presence of 

the PKC inhibitor (GF 109203X in top panel; Calphostin C in bottom panel). Blue bars: data 

obtained at 0.6 mM [Ca2+]o. All experiments were carried out in sequence on the same cell: 

recordings at [Ca2+]o 1.8 mM, then switched to 0.6 mM [Ca2+]o (for PKP2cKO RV) and 

then addition of PKC inhibitor. Each group was treated separately and only one variable 

(SCR frequency) was measured. cKO means plakophilin-2 conditional knockout. Paired 

sample t-test for Control LV, Ctrl RV, PKP2cKO–LV (same cell compared before and after 

treatment). One-way repeated measures analysis of variance (ANOVA)-Bonferroni for 

PKP2cKO-RV (same cell compared at [Ca2+]o 1.8 mM, then at 0.6 mM [Ca2+]o and then 
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treatment). For experiments with GF 109203X: Control n=8 LV cells, 9 RV cells from 3 

mice. PKP2cKO n=6 LV cells, 15 RV cells from 3 mice. **p<0.01. ***p<0.001 vs. 1.8 mM 

[Ca2+]o, †p<0.05 vs. 0.6 mM [Ca2+]o For experiments with Calphostin C: Control n=9 LV 

cells, 7 RV cells from 3 mice. PKP2cKO n=11 LV cells, 13 RV cells from 3 mice. *p<0.05, 

***p<0.001 vs. 1.8 mM [Ca2+]o, †p<0.05 vs. 0.6 mM [Ca2+]o.
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Figure 7. Membrane permeability to Lucifer Yellow and Cx43 expression.
A: Confocal images collected from the epicardial phase of either the free walls of the left 

ventricle (LV) or the right ventricle (RV) of hearts harvested from control (Ctrl), 

plakophilin-2 conditional knockout (PKP2cKO) mice 14 days post-tamoxifen (post-TAM) or 

a double knockout of PKP2 and Cx43, also at 14 days post-TAM (PKP2-Cx43-cKO). 

Images were obtained after a 30-min perfusion with 1 mg/mL Lucifer Yellow (LY; 

molecular weight 457; green), 1 mg/mL Rhodamine Dextran (molecular weight ~10,000) 

and 0.04 mg/mL Wheat Germ Agglutinin (WGA; red) in 10 nM free [Ca2+] solution (see 

“Methods” for further details). Image fields were chosen at random and the intensity of the 

LY fluorescence (in a scale 0–225) was measured within regions of interest (ROIs) that 

excluded areas void of cells. B: Average LY intensity measured from cells in the following 

groups: Control (Ctrl; black bars; n=512 LV cells, 774 RV cells from 3 mice), PKP2cKO 

(red bars; n=763 LV cells, 812 RV cells from 3 mice) and PKP2-Cx43-cKO (blue bars; 
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n=617 LV cells, 729 RV cells from 2 mice). Statistical test: Two-way repeated measures 

analysis of variance (ANOVA)-Bonferroni ***p<0.001 vs. control; †††p<0.001 vs. LV; 
###p<0.001 vs. PKP2cKO. C: Mean of the calculated values of [Ca2+]i after calibration of 

intensity ratios (see “Methods” for details). Control: n=34 LV cells, 32 RV cells from 4 

mice. PKP2cKO n=29 LV cells, 28 RV cells from 4 mice. PKP2cKO/Cx43+/− refers to a 

PKP2cKO mice also heterozygous-null for Cx43 in cardiomyocytes (see also Methods). 

n=21 LV cells, 23 RV cells from 3 mice. Statistical test: Hierarchical analysis. *p<0.05 vs. 

control; #p<0.05 vs. PKP2cKO. D: Ca2+ spark frequency is significantly dampened by 

reduced Cx43 expression (green bar). Note that data for RV and LV Ctrl and PKP2cKO is 

reproduced from previous figures and presented here for comparison against PKP2cKO/

Cx43+/−. Hierarchical analysis: PKP2cKOCx43+/−: n=18 LV cells, 21 RV cells from 3 

mice. *p<0.05 vs. control; †p<0.05 vs. LV; #p<0.05 vs. PKP2cKO.
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Figure 8. Effect of the Cx43 hemichannel blocker TAT-Gap19 on intracellular calcium 
homeostasis in PKP2cKO mice.
The left side (panels “a”) of panels A-D reproduce data presented in previous figures, for 

comparison. Transactivator of transcription (TAT)-Gap19 (panels “b”) normalized the 

increased Ca2+ transient magnitude (relative transient amplitude), sarcoplasmic reticulum 

(SR) load and elevated diastolic Ca2+ and reduced the spark frequency toward values similar 

to those measured in myocytes of plakophilin-2 conditional knockout (PKP2cKO)-left 

ventricle (LV) and in controls. Statistical analysis in right panels: Two-way repeated 
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measures analysis of variance (ANOVA)-Bonferroni for Ca2+ transients, SR load and 

diastolic Ca2+. Hierarchical analysis for Ca2+ spark frequency. *p<0.05 vs. control. †p<0.05 

vs. LV. 3 mice. Numbers in columns indicate number of cells tested.
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