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Abstract

Background: Arrhythmogenic cardiomyopathy (ACM) is an inherited genetic disorder of
desmosomal dysfunction, and plakophilin-2 (PKP2) has been reported to be the most common
disease-causing gene when mutation-positive. In the early “concealed” phase, the ACM heart is

at high risk of sudden cardiac death before cardiac remodeling occurs due to mistargeted ion
channels and altered Ca?* handling. However, the results of pathogenic PKP2 variants on myocyte
contraction in ACM pathogenesis remain unknown.

Methods: We studied the outcomes of a human truncating variant of PKP2 on myocyte
contraction using a novel knock-in mouse model with insertion of thymidine in exon

5 of PkpZ, which mimics a familial case of ACM (PKP2-L404fsX5). We used serial
echocardiography, electrocardiography, blood pressure measurements, histology, cardiomyocyte
contraction, intracellular calcium measurements, and gene and protein expression studies.

Results: Serial echocardiography of Pkp2 heterozygous (Pkp2-Het) mice revealed progressive
failure of the right ventricle (RV) in animals older than three months of age. By contrast, left
ventricular (LV) function remained normal. Electrocardiograms of six-month-old anesthetized
Pkp2-Het mice showed normal baseline heart rates and QRS complexes. Cardiac responses

to B-adrenergic agonist isoproterenol (2 mg.kg™1) plus caffeine (120 mg.kg™1) were also
normal. However, adrenergic stimulation enhanced the susceptibility of Pkp2-Het hearts to
tachyarrhythmia and sudden cardiac death. Histologic staining showed no significant fibrosis

or adipocyte infiltration in the RVs and LVs of six- and twelve-month-old Pkp2-Het hearts.
Contractility assessment of isolated myocytes demonstrated progressively reduced Pkp2-Het RV
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cardiomyocyte function consistent with RV failure measured by echocardiography. However,
aging Pkp2-Het and control RV myocytes loaded with intracellular Ca2* indicator Fura-2

showed comparable Ca2* transients. Western blotting of Pkp2-RV homogenates revealed a 40%
decrease in actin, while actin immunoprecipitation followed by a 2, 4-dinitrophenylhydrazine
staining showed doubled oxidation level. This correlated with a 39% increase in troponin-I
phosphorylation. In contrast, Pkp2-Het LV myocytes had normal contraction, actin expression and
oxidation, and troponin-I phosphorylation. Finally, Western blotting of cardiac biopsies revealed
actin expression was 40% decreased in RVs of end-stage ACM patients.

Conclusions: During the early “concealed” phase of ACM, reduced actin expression drives loss
of RV myocyte contraction, contributing to progressive RV dysfunction.
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Introduction

Arrhythmogenic cardiomyopathies (ACMs) are hereditary genetic disorders that originate,
for most cases, from pathogenic variants of desmosomal genesl—4. The impairment of
desmosome organization weakens cell-to-cell adhesion and activates stress/stretch-induced
apoptotic pathways, causing the progressive replacement of cardiac myocytes by fibrosis
and fat infiltrationl#. The clinical picture of ACM depends on the stage of the disease.

In the early “concealed” phase, ACM hearts exhibit a risk of life-threatening ventricular
tachyarrhythmias, palpitations, arrhythmic syncope, and sudden cardiac death (SCD) in
the absence of structural remodeling. In the “electrical” phase, fibrosis and adipose tissue
have progressively infiltrated the myocardium, most commonly the right ventricle (RV),
increasing the risk of SCD. In the late stage, as the fibrofatty infiltration has affected

both ventricles, ACM hearts exhibit biventricular chamber dilation and the mechanical
characteristics of a failing heartl 4,

Desmosomes are comprised of three types of proteins: 1) transmembrane cadherins
desmocollin-2 and desmoglein-2, which facilitate cell-to-cell adhesion in the extracellular
core region; 2) armadillo proteins plakoglobin and plakophilin-2 (PKP2), which interact
with both cadherins; and 3) the cytoskeleton adaptor desmoplakin that connects the
desmosome to the intermediate filament desmin®. Pathogenic variants of the PKP2gene
account for over 40% of desmosome-associated ACM cases®. In the clinic, they lead to

a right ventricular-dominant form of ACM, and they often originate from nucleotide(s)
insertion/deletion in the coding sequence of PKP2 causing a frameshift and an early stop®-2.
Recent mouse models have demonstrated additional roles of PKP2 in forming gap junctions,
targeting Na* channels to intercalated disks, and regulating Ca2* handling proteins’~°.
Nonetheless, how PKPZ pathogenic variants affect ventricular and cardiac myocyte
contraction remains largely undefined. Here, we created a novel knock-in mouse model

of ACM based on insertion of a thymidine into a mouse PkpZ2 coding sequence (c.10861nsT).
The thymidine insertion reproduces a human variant, PKP2-¢.1212/nsT (Figure 1A, Clinvar:
VCV000045015.9). This variant, identified in three different pedigrees from ACM cases,
associates with RV-only dysfunction, minor to major structural abnormalities, arrhythmias,
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sustained ventricular tachycardia, and episodes of SCD®%10.11, |n this study, we compared
the RV versus left ventricle (LV) properties of three-, six-, and twelve-month-old sedentary
mice and evaluated the impact of the Pkp2variant on ventricular remodeling, myocyte
contraction, Ca2* handling, and protein expression. Overall, the Pkp2-c.1086/ns T variant
was found to lead to a progressive ACM phenotype characterized by reduced actin
expression and decreased myocyte contraction capacity in the RV and enhanced LV
sensitivity to life-threatening arrhythmias.

Methods

Extended methods are available in the online supplemental material. The data, methods, and
study materials used to conduct the research will be available from the corresponding author
upon reasonable request.

General Information

The University of Tennessee Health Science Center Institutional Animal Care and Use
Committee (IACUC) approved all protocols and animal procedures used for this study. Both
female (N= 32) and male (N= 70) mice were used.

Human Hearts

Human control (N= 3) and ACM (N= 4) biopsies were collected from de-identified autopsy
specimens. ACM samples were obtained from patients with end-stage ACM disorder, while
Control samples were obtained from patients who exhibited no clinical or pathological
evidence of cardiac disease or dysfunction. There was no genetic analysis of the ACM
patients. This study was approved by the Le Bonheur Children’s Hospital Institutional
Review Board committee. Written informed consent was obtained from all participating
subjects and/or their guardians.

Generation of the Pkp2-L362fsX21 Knock-in Mouse Model

The Pkp2-L362fsX21 knock-in mouse model was generated using a gene-targeting knock-in
approach as described previously (Figure S1)12,

Echocardiographic Assessment of Cardiac Function

Serial echocardiography was performed every six weeks for up to six months followed

by final imaging at one year. Mice (N= 5-7 animals per group) were anesthetized in

an induction chamber by 5% isoflurane mixed with 0.8-1 L/min oxygen and maintained

in an anesthetized state by 1-2% isoflurane. The animals were then placed in a supine
position atop a heating pad with ECG leads. Body temperature was continuously monitored
and maintained at 37+0.2 °C throughout the recordings. Transthoracic echocardiography
(parasternal short axis and apical four chamber transections) was performed at mid-papillary
level using a 30 MHz probe (MS400) connected to a Vivo 2100 system (Visual Sonic,
Toronto, ON, Canada). Tricuspid annular plane systolic excursion (TAPSE) was measured in
the lateral tricuspid valve annulus from the apical 4-chamber view using M-mode. Cardiac
assessments were obtained and analyzed by an operator blinded to the mouse groups using
VivoLab 2.1 software (Visual Sonic).
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ECG Recordings

Surface ECGs were recorded in slightly anesthetized (1-2% isoflurane) six-month-old mice
(N= 6-7 mice per group) using needle ECG electrodes placed under the skin in an equivalent
of the lead Il configuration. Activation of the sympathetic pathway was elicited by the
intraperitoneal injection of an isoproterenol (2 mg.kg~! body weight) and caffeine (120
mg.kg1 body weight) cocktaill3. Arrhythmic events were segregated by duration between
non-sustained (<5 seconds) and sustained (>5 seconds) arrhythmias.

Mouse Ventricular Myocyte Isolation

Mice (N=5-6 animals per age per group) received an intraperitoneal injection of 57.2
units/g heparin five to ten minutes prior to euthanasia to prevent blood coagulation and
cardiac ischemia during perfusion. Next, the mice were deeply anesthetized in an induction
chamber by isoflurane vapor and sacrificed by cervical dislocation. Mouse hearts were
quickly excised for mounting on a Langendorff perfusion system via cannulation of the
aorta. Hearts were retro-perfused at 37 °C in basic Tyrode’s solution (containing in mM:
140 NaCl, 5.4 KCI, 1.2 NaH,POy4, 1 MgCl,, 10 Glucose, 8 Taurine, and 10 HEPES, pH

7.4 with NaOH), bubbled with 95% 02-5% CO2 mix, and digested by 200 units/mL
Collagenase type 11 enzyme (Worthington Biochemical Co., Lakewood, NJ) in 20 uM CaCl,
Tyrode’s solution. After digestion, left and right ventricular free walls (LVFWSs and RVFWs,
respectively) were carefully dissected, and cells were isolated by mechanical disruption.
Collagenase activity was stopped by 1% BSA in 20 uM CaCl, Tyrode’s solution. The
freshly isolated myocytes were sequentially washed in increasing CaCl, concentrations and
finally stored at room temperature (RT) in 1 mM CaCl, Tyrode’s solution. Cells were
considered alive for up to six hours after the isolation.

Sarcomere Shortening and Intracellular Calcium Measurements

Cardiomyocyte contractions and intracellular Ca2* transients were recorded at RT under
constant superfusion of 1.8 mM CaCl, Tyrode’s solution using an lonOptix Calcium and
Contractility Complete System (lonOptix, Westwood, MA). Freshly isolated myocytes were
visualized using a 40 X/0.95 N.A. air-dry objective (Olympus, Center Valley, PA) mounted
on an AE31 fluorescence microscope (Motic, Richmond, BC, Canada). The cells were field
stimulated from 0.5 Hz to 3 Hz by a MyoPacer-EP stimulator (lonOptix). Cardiomyocyte
contractions were measured as sarcomere shortenings and recorded by a Myocam-S camera
(lonOptix). Intracellular Ca2* concentrations were estimated in myocytes loaded for thirty
minutes (RT) with Fura-2, AM (3 pM with 0.04% Pluronic F-127, Molecular Probes,
Eugene, OR) followed by a thirty-minute wash. Intracellular Ca2* concentrations were
determined by the ratio of Fura-2 emission (510+40 nm band-pass filter) from successive
excitations at 340 nm (Ca2* bound) and 380 nm (Ca2* free) (HyperSwitch, lonOptix) by

a 60 Hz Xenon lamp (CAIRN). Background noise was determined at 340 nm and 380

nm in a cell-free area nearby the measured cardiomyocyte and subtracted from cellular
signals (Figure S2). Sarcoplasmic reticulum Ca2* release was elicited by rapid perfusion of
10 mM caffeine. The B-adrenergic pathway was activated by perfusion of myocytes with
100 nM isoproterenol. Cardiomyocyte contractions and intracellular Ca2* concentrations
were recorded at a sampling rate of 250 Hz and analyzed by an operator blinded to the
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mouse groups. Recordings and their analysis were performed using lonWizard 6 software
(lonOptix).

Data, presented as means + standard error of the mean, were analyzed using unpaired
Student’s ¢test for two group comparisons and analysis of variance (ANOVA) followed
by Bonferroni correction for multiple group comparisons using SPSS (version 26.0, IBM,
Armonk, NY). Cardiac myocyte contraction and CaZ* handling properties were analyzed
using nested t-tests to uncover potential clustering within animals from the same group.
Pvalues were considered significant at £<0.05. Graphs were prepared using Prism 9.0
software (GraphPad, San Diego, CA).

Pkp2-L362fsX21 truncation prevents the development of homozygous mice

The Pkp2-L362fsX21 global knock-in mouse model was generated by insertion of a
thymidine in the mouse PkpZ2 gene at position ¢.1086 to uncover the outcomes of the
human PKP2-¢.1212InsT pathogenic variant®10.11 (Figure 1A and Figure S1). Heterozygous
Pkp2-L362fsX21 knock-in mice (Pkp2-Het) were healthy, fertile, and exhibited a normal
lifespan for up to two years. Nonetheless, inheritance analysis of Pkp2-Het mating revealed
an absence of newborn animals homozygous for the mutation. The Mendelian distribution
of offspring from Pkp2-Het females in gestation revealed early lethality of homozygous
embryos during mid-development (embryonic day 13.5- Figure S3), similar to recently
published Pkp2 knock-out models'4-16, To explain the absence of newborn homozygous
mice, we hypothesized Pkp2-c.1086InsT mRNA was recognized as nonfunctional and
degraded during translation following nonsense-mediated mRNA decay’. Total mRNAs
were extracted from the LVFWs and RVFWs of six-month-old Pkp2-Het and WT mice.
RT-qPCR revealed a 50% decrease in Pkp2 mRNA abundance in both ventricles of the
mutant heart (Figure 1B). The sequencing of individual Pkp2 transcripts!® further showed
only 6 to 11% of Pkp2 mRNAs expressed in ventricles carried the ¢.1086InsT mutation
(Figure S4). Accordingly, (WT) PKP2 protein expression was 50% lower in the Pkp2-Het
heart than in the WT heart, while the truncated L362fsX21 isoform (~40 kDa) remained
undetectable (Figure 1C and Figure S5). Immunocytochemistry on freshly isolated myocytes
from RVFWs showed (WT) PKP2 protein was typically present in the intercalated disks

of mutant myocytes (Figure 1D). Altogether, these data demonstrate the absence of mutant
Pkp2 mRNAs in the L362fsX21 knock-in mouse heart, similar to nonsense PKPZ2 variants
identified in human ACM19,

Pkp2 haploinsufficiency reproduces the right-dominant form of the ACM phenotype

Previous studies implicated PKP2 in embryogenesis?® as a regulator of Na* channels’
and intracellular Ca2* handling®. Nonetheless, the effect of Pkp2 haploinsufficiency on
cardiac contraction remains unclear8. Therefore, we evaluated the cardiac parameters of
aging sedentary mice by serial transthoracic echocardiography. We performed imaging
on six-week-old mice, followed by six-week re-evaluations for up to one year. During
their first year of life, compared to WT littermates, Pkp2-Het mice exhibited normal LV
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function (Figure 1E and Table S3). At twelve months old, LV end diastolic and systolic
dimensions and fractional shortening were comparable between Pkp2-Het and age-matched
WT hearts (Figure 1F). Similarly, LV ejection fraction and mass were normal, revealing

no dilation or hypertrophy of the Pkp2-Het heart. Finally, diastolic and systolic tail blood
pressures of six-month-old conscious Pkp2-Het mice were normal (Figure 1G). By contrast,
echocardiography revealed progressively declining RV function in Pkp2-Het mice (Figures
2A and 2B and Table S4). At three months of age, RV contraction was the same among
mutant and WT mice. At six months of age, RV contraction was 29% lower in mutant RVs
than in age-matched WT RVs (/<0.05). By one year old, Pkp2-Het RV contraction was
42% lower (P<0.05). Notably, we measured a 35% decrease in TAPSE in six-month-old
Pkp2-Het hearts compared to that in age-matched WT hearts (0.15520.02 vs. 0.238+0.01
mm in Pkp2-Het and WT hearts, respectively, £<0.05). The late-onset, slow progression

of RV-only dysfunction mimicked the clinical picture of non-athletic human ACM cases
carrying nonsense PKP2 pathogenic variants?%-21, Therefore, to further uncover the origins
of RV dysfunction in mutant mice, we tested two hypotheses: 1) the contractile capacity of
RV cardiomyocytes progressively declines with aging, and 2) non-excitable cells/tissue (e.g.,
fibrosis, liposis) increasingly infiltrate the RV.

Progressive reduction in RV myocyte contraction during aging of sedentary Pkp2-Het mice

To test the potential role of RV cardiomyocytes in disease-onset, we determined the force-
pacing frequency relationship of isolated myocytes during field stimulation. We recorded
sarcomere shortening of myocytes isolated from the LVFW and RVFW of three-, six-,

and twelve-month-old mice. We paced myocytes from 0.5 to 3 Hz at RT under constant
perfusion of 1.8 mM CaCl, Tyrode’s solution (Figures S6 and S7). In these conditions,

all myocytes responded to increased pacing frequencies. However, sarcomere shortening
of Pkp2-Het RVFW cells continuously declined with aging. For example, the shortening
of twelve-month-old Pkp2-Het RVFW cardiomyocytes paced at 3 Hz was 31% (~<0.001)
lower than that of age-matched WT myocytes (Figures 2C and 2D, and Table 1). The
contraction and relaxation velocities of mutant cells were 34% (~<0.01) and 37% (/<0.01)
lower, respectively, than those of WT cells. As shown in Figure 2E, the reduction in
shortening in individual RVFW myocytes correlated with the timing of RV dysfunction in
Pkp2-Het hearts. Indeed, the more the mouse aged, the more RVFW myocyte sarcomere
shortening decreased and impeded RV function. In contrast, the contraction of Pkp2-Het
LVFW myocytes was preserved with aging (Figures 2C and 2E, and Table 1). Next,

we tested whether LVFW and RVFW myocytes exhibited physiological differences in
contraction in WT and Pkp2-Het mouse hearts. Compared with LVFW myocytes, RVFW
myocytes exhibited a tendency for decreased shortening in WT hearts. The sarcomere
shortening of twelve-month-old RVFW myocytes paced at 3 Hz was 8% lower than that of
LVFW myocytes (P=N.S.), and contraction velocity was 10% lower (P=N.S.). In Pkp2-Het
hearts, regional disparities were exacerbated. The contraction amplitude of twelve-month-
old RVFW myocytes paced at 3 Hz was 35% lower than that of age-matched LVFW
myocytes (£ <0.001), and contraction velocity was 40% lower (£<0.001) (Table 1).

Since myocyte contraction depends on intracellular Ca2* homeostasis, we tested whether
intracellular Ca* handling contributed to Pkp2-Het RV myocyte dysfunction®22:23, We
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loaded freshly isolated RVFW myocytes with the intracellular Ca2* indicator, Fura-2, AM,
and paced the cells at 1 Hz at RT in 1.8 mM Ca2* Tyrode’s solution (Figure S8). At steady
state, Pkp2-Het RVFW myocytes exhibited Ca2* transient properties comparable to those

of age-matched control RVFW myocytes, i.e., similar diastolic Ca2* concentrations, Ca2*
transient amplitudes, time to peak Ca?* release, and time of Ca2* decline (Figures 2F and
2G, and Table 2). We also measured the Ca%* content of the sarcoplasmic reticulum in post-
paced myocytes activated by rapid perfusion of 10 mM caffeine24, and we found comparable
SR Ca?* loads between both groups of cells (Figure 2H). Identical Ca2* decay times

of caffeine-induced Ca2* transients also suggested unaltered sodium-calcium exchanger
(NCX-1) function?®. Next, we compared the Ca2* transient characteristics between RVFW
and LVFW myocytes. We observed significantly reduced Ca2* transient amplitudes, faster
Ca?* release, and slower Ca2* decay in WT RVFW myocytes than in WT LVFW myocytes.
In Pkp2-Het hearts, similar differences were observed between RVFW and LVFW myocytes,
but their amplitudes remained in the same order as WT hearts (Table 2). Altogether, these
data reveal the loss of myocyte contraction is limited to the RV and not a consequence

of altered excitation-contraction coupling; they suggest a direct relationship between Pkp2
haploinsufficiency and deficient sarcomere protein function.

Altered actin regulatory pathway in the right ventricle of Pkp2-Het mice

To uncover the origins of sarcomere dysfunction in the RV of Pkp2-Het hearts, we tested
whether Pkp2 haploinsufficiency altered sarcomere gene and protein expression. Cardiac
gene expression was determined by RT-gPCR using total mRNAS extracted from the

LVFW and RVFW of six-month-old WT and Pkp2-Het hearts. We measured comparable
expression of desmosome, sarcomere, and Ca2* handling genes in ventricles from both
groups (Figure 3A). Interestingly, Western blotting of RVFW homogenates from six-month-
old mice revealed actin was 40% lower in Pkp2-Het hearts than in age-matched WT hearts
(Figures 3B and 3C). The expression of other sarcomere proteins was similar to that of WT
RVs (Figure 3C). Desmosomal and Ca2* handling proteins were also unaffected by PKP2
reduction (Figures S9 and S10).

Next, to test whether the loss in actin was specific to this mouse model or a common trait of
ACM hearts, we measured actin protein expression in homogenates from biopsies obtained
from control and end-stage ACM explanted hearts. The Figures 3D and 3E reveal a 40%
decrease in actin expression in the RV of human ACM hearts.

Phosphorylation of troponin-I and the cardiac isoform of the myosin-binding protein

C (cMyBP-C), respectively, decreases Ca2* sensitivity of myofilaments and increases

the cooperative recruitment of cross-bridges to enhance contraction during sympathetic
activation?8, Thus, we tested whether compensatory upregulation of the p-adrenergic
pathway occurred in Pkp2-Het RVs. Compared to WT hearts, RVs from six-month-old
Pkp2-Het mice exhibited similar expression of B-adrenergic receptors, protein kinase A
(PKA), Ca2*/Calmodulin-dependent protein kinase-11 (CaMKII), protein kinase C, protein
kinase D, and protein phosphatase 2A. Phosphorylation of Ca* handling proteins by PKA
and CaMKIl, including ryanodine receptor type 2 (RyR2) at Ser2808 and Ser2814 and
phospholamban at Ser16 and Thrl17, was also unaltered (Figures S10 and S11). However,
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the phosphorylation level of troponin | at Ser23/24 was 39% higher in Pkp2-Het RVFW
homogenates, while we measured a tendency for increased phosphorylation of cMyBP-C at
Ser282 (Figures 3F and 3G). In contrast, Western blotting of L\VFW homogenates revealed
normal expression of desmosomal, sarcomere, and Ca2* handling proteins in the Pkp2-Het
mouse (Figures S12 to S14) and a tendency for decrease actin in human end-stage ACM
hearts (Figure 3E). The phosphorylation levels of cMyBP-C and troponin-1 were normal in
the LV of the Pkp2-Het mouse (Figures S13C to S13E). Nonetheless, mutant LVFWs had
elevated phosphorylation of the RyR2 at the Ser2814 site (Figures S14D and S14E).

Next, to test whether reduced actin affected myofibril organization, we immunostained
isolated myocytes, fixed in 4% paraformaldehyde, for the intermediate filament desmin,
present in the intercalated disks and Z-disks. Desmin staining revealed despite reduced actin
expression, the sarcomere lengths of Pkp2-Het LVFW and RVFW myocytes were similar to
those of WT cells (Figure S15), confirming measurements we obtained in isolated myocytes
paced at 0.5 Hz (Table 1). However, we observed mutant RVFW myocyte length and width
tended to decrease causing an 11% reduction in cell surface area (£<0.05), while LVFW
myocytes exhibited similar sizes to those of WT hearts (Figure S16).

To uncover the mechanisms causing a decrease in actin in Pkp2-Het RVs, we first tested
whether Pkp2 haploinsufficiency altered the desmosomes organization and caused the
widening of cell-to-cell contacts’. We used transmission electron microscopy to examine
intercalated disk ultrastructure of hearts from six-month-old Pkp2-Het mice. As shown

in Figure 4A and Figure S17, PkpZ2 haploinsufficiency resulted in partial widening of
cell-to-cell contacts in both ventricles, while myofibril structures were unaffected. Then, we
tested whether PKP2 reduction promoted cardiomyocyte apoptosis2’ and eventually protein
oxidation. We determined the percentage of TUNEL-positive nuclei in paraffin-embedded
cross-sections from six-month-old hearts (Figure 4B). Figure 4C shows the number of
apoptotic nuclei was increased by 2.6 times in the RVFW of Pkp2-Het hearts compared

to that in WT RVs. Next, we estimated the oxidation level of cardiac proteins using the

2, 4-dinitrophenylhydrazine (2, 4-DNP) detection method. The 2, 4-DNP staining revealed
the oxidation of mutant RVFW and LVFW proteins was comparable to that of age-matched
WT hearts (Figure 4D and Figure S18). To further assess whether the loss of actin could

be due to its oxidation?82%, we immunoprecipitated actin from homogenates using a cardiac-
specific anti-actin antibody followed by 2, 4-DNP staining. As shown in Figures 4E and 4F,
actin oxidation was two times higher in the RV of Pkp2-Het hearts than that in WT RVS. In
contrast, in Pkp2-Het LVs, both the number of TUNEL-positive nuclei and the oxidation of
actin were comparable to those of WT LVs (Figures 4C and 4F).

Pkp2 haploinsufficiency does not promote fibrosis and fat infiltration in sedentary mice

A classic histopathology marker of the ACM phenotype is the progressive replacement of
cardiac myocytes by interstitial fibrosis and fat infiltration3. This phenomenon particularly
affects the RV in the “triangle of dysplasia”30. To determine whether the progressive

RV dysfunction observed in sedentary aging Pkp2-Het mice was associated with fibrosis
and fat infiltration, we performed classic histologic assessment (Figures 5A and 5B).
Hematoxylin and eosin staining confirmed the overall normal shape of the mutant heart.
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This staining also revealed normal organization of cardiac myocytes in LVs and RVs of
twelve-month-old Pkp2-Het hearts (Figures 5A and 5B). Collagen staining by picrosirius
red showed a tendency toward increased collagen deposits in Pkp2-Het hearts, while oil red
O staining showed an absence of lipid accumulation in mutant ventricles (Figures 5B and
5C). In agreement with these data, we observed no major alterations of the Wnt/B-catenin
pathway, which participates in ACM progression31:32, The expression of p-catenin and its
phosphorylation level at Ser33/35 and Thr41, which dictate its activity (the phosphorylation
causes B-catenin degradation and activation of adipogenesis, while dephosphorylation leads
to B-catenin translocation to the nucleus where it activates hypertrophic transcription
factors), were comparable between Pkp2-Het and WT hearts. Similarly, the expression of
Glycogen Synthase Kinase 3-B (GSK3-p), the p-catenin kinase, and its phosphorylation at
Ser9, active form, were also unaltered in the Pkp2-Het heart (Figures 5D and 5E).

Pkp2 haploinsufficiency increases the occurrence of life-threatening arrhythmias

The first clinical sign of ACM is often ventricular arrhythmias and aborted SCD. Previous
Pkp2 animal models showed increased PR intervals and susceptibility to arrhythmias due
to loss of Na* channel function, similar to Brugada syndrome’. Here, we tested whether
Pkp2 haploinsufficiency alters the electrical activity of the heart and its sensitivity to
ventricular arrhythmias. We recorded surface ECGs in six-month-old, anesthetized mice.

In baseline conditions, Pkp2-Het mice exhibited normal heart rates as well as normal PR and
QTc intervals (Figures 6A and 6B, and Table S5). Notably, Western blotting of Pkp2-Het
homogenates revealed a tendency for a decrease in Na* channel expression in RV myocytes
compared to that in LV myocytes (Figure S19). Isoproterenol (2 mg.kg™1) supplemented
with caffeine (120 mg.kg™?) activated the B-adrenergic pathway and increased heart rates
by 20% in Pkp2-Het and WT mice (P<0.001 vs. baseline). Nonetheless, the sympathetic
activation of Pkp2-Het hearts led to higher frequencies of non-sustained (<5 seconds) and
sustained (>5 seconds) arrhythmias compared to those of WT hearts. Among these events,
we recorded episodes of monomorphic and polymorphic ventricular tachycardia. Moreover,
we observed that 57% of stimulated Pkp2-Het mice died prematurely from ventricular
fibrillation followed by SCD (Figures 6C to 6E and Figure S19). To test whether these
arrhythmias have cellular origins, we recorded Ca2* transients of isolated myocytes paced
(1 Hz at RT) in the presence of 100 nM isoproterenol. Both RVFW and LVFW myocytes
isolated from WT and Pkp2-Het hearts responded to sympathetic stimulation by a classic
increase in Ca2* transient amplitudes and SR Ca?* loads (Figures 6F to 6H versus Figures
2F to 2H and Figures S8 and S20). Nonetheless, we observed an enhanced inotropic
response in LVFW myocytes from Pkp2-Het hearts occurring in animals as young as three
months of age (Figures 6G and 6H, and Table S6).

Discussion

ACM is characterized by electrical abnormalities, cardiac remodeling, and ventricular
dysfunction. Although the pathogenic variants of PKP2are present in most ACM clinical
cases, the outcomes of these variants remain uncertain, thus preventing the development
of therapeutic approaches. Here, we studied the key mechanisms of ACM progression in

a novel genetically engineered mouse model expressing a known human PKPZ pathogenic
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mutation®10.11 |n mice, this variant causes Pkp2 haploinsufficiency associated with altered
actin expression and oxidation in RV myocytes only, causing loss of contraction and

a progressive RV dysfunction. The RV-dominant ACM phenotype of the mouse is in
agreement with clinical observations of ACM patients carrying PKP2 variants210,

The primary feature of this new mouse model is quasi-inhibition of mutant Pkp2

mRNA transcripts in both ventricles of Het hearts, causing Pkp2 haploinsufficiency.
Haploinsufficiency occurs in various human disorders and animal models associated
with a truncation variant, including human clinical cases of PKP2-mediated ACM

(e.g., p.L401PfsX5 and p.L452X)1°. Nonfunctional mRNA transcript degradation occurs
during translation by nonsense-mediated mRNA decay, which identifies and promotes
the denaturation of transcripts carrying an early stop codonl”. In the Pkp2-L.362fsX21
homozygous mouse, the potential absence of PKP2 protein caused early lethality

during embryogenesis, demonstrating the central role played by desmosomes during
development14.16,

The progression of ACM pathology occurs in three stages: 1) the early “concealed” stage
where life-threatening ventricular arrhythmias and SCD arise before ventricular remodeling;
2) the “electrical” stage where fibrosis and fat infiltrate one ventricle, usually the RV; and

3) the “late” stage where both ventricles exhibit fibro-fatty infiltration2:30. During their first
year of life, our sedentary Pkp2-Het mice progressively developed the clinical characteristics
of the early concealed stage of ACM, including high propensity for ventricular arrhythmias
during stress and efforts in absence of cardiac remodeling. Similar to our mouse model,

the presence of fibro-fatty infiltration is rarely reported in the hearts of sedentary
Pkp2-mediated ACM models’:8:23:33_ Conversely, electrical abnormalities and defects in
conduction velocity (e.g., increased QRS duration) are more common and to some extent,
mimic the clinical outcomes of catecholaminergic polymorphic ventricular tachycardia3*

or Brugada syndrome3®, Thus, altered electrical activity in the heart has been linked to
impaired ion channel expression and/or trafficking causing intracellular Ca2* and Na*
mishandling?2:36:37. Here, Pkp2-Het mice showed normal heart rates and QRS complexes,
although RVFWs and LVFWs exhibited a disparity in Na* channel expression. Isoproterenol
and caffeine stimulated the sympathetic pathway, exacerbating the arrhythmogenic potential
of the mutant heart and triggering arrhythmic events typically observed in ACM cases38,
including the patients carrying the ¢.2212/nsT variant8-10.11 We could identify two sources
of arrhythmia in Pkp2-Het LV myocytes: first, the enhanced inotropic response during
isoproterenol stimulations and second, the elevated phosphorylation of RyR2 at Ser2814.
The hyperphosphorylation of RyR2 increases the stochastic activity of the channel, causing
Ca?" leak from the SR during diastole. In the presence of elevated SR Ca2* contents,
RyR2-mediated Ca?* leak can be large enough to 1) prematurely activate neighboring
RyR2 channels (Ca2* sparks) and propagate throughout the myocyte as Ca2* waves; and 2)
cause the depolarization of the sarcolemma via the NCX-1, triggering action potentials and
ectopic beats3®. In line with our observations, recent publications suggest increased RyR2
phosphorylation is the major source of arrhythmias in ACM hearts®40,

Our data demonstrate the Pkp2-c.1086/nsT knock-in mutation reproduces in mice the
hallmarks of human RV-dominant ACM phenotype associated with the PKP2-¢.1212InsT
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variant, including the high sensitivity to arrhythmias, ventricular tachycardia and SCD810.11,
Our major contribution is identifying a progressive loss in RV contraction directly correlated
with the reduction in RV cardiomyocyte function. Global loss of myocyte contraction
occurred at 1 Hz, a low pacing frequency for mouse cardiomyocytes. Interestingly,
intracellular Ca?* transients and SR Ca2* loads were normal in all tested myocytes,
including those from twelve-month-old Pkp2-Het mice, suggesting reduced PKP2 directly
affected sarcomere function. We confirmed this hypothesis by demonstrating 40% decreased
actin in RV myocytes. This decrease left sarcomere organization unscathed compared to
that in age-matched WT mice. These data are consistent with recent publications suggesting
actin involvement in the development of ACM pathogenesis*}42. Finally, we demonstrated
that loss of actin is a molecular characteristic of RVs from end-stage human ACM hearts.

Interestingly, actin oxidation took place in mutant RVs only, in parallel with elevated
apoptosis and despite the fact widening of cell-to-cell contacts—a direct outcome of

PKP2 reduction—occurred in both ventricles. This finding suggests the PKP2-mediated
ACM phenotype develops from the physiological properties of the RV rather than genetic
regulations. Indeed, LV and RV myocytes share similar excitation-contraction coupling
properties, yet structural differences in RV versus LV (e.g., thickness, shape...) lead
individual RV cardiomyocytes, particularly at cell-to-cell contacts, to endure higher stress
and stretch conditions than do LV cardiomyocytes. Prior’s group showed the RV is subjected
to a 125% increase in end-systolic wall stress during exercise, while wall stress increases
only by 14% in the LV43. In line with this, clinical evidence and ACM animal models have
highlighted the effects of workload on the onset of ACM3144-46 thys revealing that the level
of physiological stress sensed by cardiomyocytes is a major criterion for the development of
the pathology. In normal housing conditions, mouse cardiac stress is limited but sufficient to
impact actin stability during aging. Indeed, we report actin oxidation is doubled in the RV of
six-month-old Pkp2-Het hearts compared to that in age-matched WT RVs, while the overall
oxidation of cardiac proteins is unaffected. This suggests the targeted oxidation of actin is
an outcome of cardiomyocyte physiological stressors that leads to a reduction in total actin
and impairment of RV myocytes contraction capacity. Notably, a similar reduction in actin is
observed in hearts during ischemia/reperfusion28:29,

Our observations are consistent with recent publications showing partial and complete
knock-out of Pkp2expression leads to slow ACM progression, widening of intercalated
disks, absence of fibrosis and fat infiltration, but a high sensitivity to arrhythmias due

to altered Ca2* homeostasis and Na* channel dysregulation. However, our findings also
disagree with some of the literature, particularly with the role played by intracellular
Ca?* mishandling for the development of the disorder. In our case, the ACM phenotype
progresses principally due to mechanical dysfunction rather than modifications of the
expression profile of Ca?* handling protein genes®22:23, The reasons for the differences
in our data remain unclear, but we hypothesize they could be due to the nature of the animal
model tested: a knock-in mouse model reproducing a human variant in this study versus
knock-out models in other studies®22:23,

In conclusion, our data demonstrate that the Pkp2-¢.1086/nsT variant associates with
progressive development of the hallmarks of the ACM early “concealed” stage and reveal
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actin’s role in disease development, particularly its implication in the RV. In classic human
ACM cases, the workload of the heart largely contributes to disease onset. Thus, actin as

a marker of disease progression represents a novel approach for early detection and future
therapeutics. However, some questions remain regarding the effect of increased workload
on Pkp2-Het myocyte contraction and the possible role of actin in the development of later
stages of ACM.
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Non-Standard Abbreviations and Acronyms:

2, 4-DNP 2, 4-dinitrophenylhydrazine

ACM Arrhythmogenic cardiomyopathy
p-Cat B-Catenin

CaMKIllI Ca2+/Calmodulin-dependent kinase Il
CSQ2 Calsequestrin 2

GSK3-B Glycogen Synthase Kinase 3-p

LVFW and RVFW

Left and right ventricular free wall

cMyBP-C Myosin-binding protein C, Cardiac isoform
a-MHC Myosin heavy chain type a

NCX-1 Na+/Ca2+ exchanger type 1

PKA Protein kinase A

PKP2 Plakophilin-2

RyR2 Ryanodine receptor type 2

SCD Sudden cardiac death

TAPSE Tricuspid annular plane systolic excursion
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Clinical Perspective
What is new?

. In a novel knock-in mouse model of Plakophilin-2-mediated arrhythmogenic
cardiomyopathy, aging associates with right ventricular dysfunction due to
reduced myocyte contractions.

. Actin reduction is a characteristic of the right ventricle from both mutant
mouse hearts (-40% versus age-matched WT hearts) and biopsies from end-
stage arrhythmogenic cardiomyopathy patients (—40% versus control hearts).

. Adrenergic stimulation of plakophilin-2 mutant mice reveals Ca%* overload in
left ventricular myocytes and high propensity of the hearts to life-threatening
ventricular arrhythmias (57% of mutant mice died from sudden cardiac
death).

What are the clinical implications?

. Early development of arrhythmogenic cardiomyopathy is due to the
mechanical and physiological stress of the right ventricle.

. Actin is revealed as a major contributor to early-stage arrhythmogenic
cardiomyopathy, and its expression is a novel marker of the disease
progression.
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Figure 1: General characteristics of the Pkp2-Het knock-in mouse model.
A] Genetics of the Pkp2 knock-in mouse model. B and C] Quantifications of PKP2 mMRNAs

(RT-gPCR, AACt method with Gapah as the housekeeping gene) and proteins (Western

blot) reveal 50% decreased expression in Pkp2-Het hearts. N= 6 hearts per group. D]
Immunohistochemistry shows PKP2 in the intercalated disks of isolated RVFW Pkp2-Het
myocytes. Bar = 50 um. E] Representative images of M-mode echocardiography of LV
function in six-month-old WT and Pkp2-Het mice (green: systole, blue: diastole). Bar =

100 msec. F] Quantification of left ventricular end diastolic (L\VEDD) and systolic (LVESD)
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dimensions, and fractional shortening of hearts from six-month-old WT and Pkp2-Het mice.
N=5 mice per group. G] Tail blood pressure measured in conscious six-month-old WT and
Pkp2-Het mice. N= 7-10 mice per group. ***: £<0.001 vs. WT.
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Figure 2: Pathophysiological characteristics of RV dysfunction in the Pkp2-Het knock-in mouse
model.

A] Representative images of M-mode echocardiography of RV function in six-month-old
WT and Pkp2-Het mice. Note the reduction in contraction during systole (green) of the
mutant RV (diastole: blue). Bar = 100 msec. B] Fractional shortening in aging WT (solid
lines) and Pkp2-Het (dotted lines) mice. Note that RV function continuously declined in
Pkp2-Het mice older than three months. N=5-7 mice per group. C] Impact of aging on
contraction of isolated myocytes paced at 3 Hz. Top: LVFW myocytes, Bottom: RVFW
myocytes. Notice the progressive reduction in sarcomere shortening in RV myocytes from
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aging Pkp2-Het mice. The green dotted line (0) represents diastolic sarcomere length at

0.5 Hz. D] Age-dependent reduction in sarcomere shortening in isolated Pkp2-Het RVFW
myocytes paced at 3 Hz. n= 20-26 cells per 5-6 hearts per group. E] Pkp2-Het ventricular
contraction (fractional shortening) as a function of isolated myocyte sarcomere shortening.
Note the correlation between the age-dependent loss of RV function and the reduction in
RVFW myocyte contraction. By contrast, the LV is unaffected. F] Representative recordings
of Ca?* transients in RVFW myocytes from three-, six-, and twelve-month-old mice paced
at 1 Hz. Representative recordings of caffeine responses are presented in Figure S8. G] Ca2*
transient amplitudes and H] Sarcoplasmic reticulum Ca2* contents were similar in RVFW
myocytes isolated from aging WT and Pkp2-Het hearts. n= 19-39 cells per 5-6 hearts per
group. *: P<0.05, **: P<0.01, and ***: £<0.001 vs. age-matched WT.
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Figure 3: Effect of Pkp2 haploinsufficiency on cardiac gene and protein expression profiles.
A] RT-gPCR data of sarcomere, Ca?* handling, and intercalated disk genes. Data presented

as percent of change using the AACt method with Gapah as the housekeeping gene. Notably,
none of the genes tested in the Pkp2-Het heart exhibit altered expression compared to those
in the WT heart, except Pkp2and Nppb. N= 6 hearts per group. B] Representative Western
blots of actin, cardiac myosin-binding protein C (cMyBP-C), and troponin-I (Tn-I) in RVFW
homogenates from six-month-old WT and Pkp2-Het hearts. Representative Western blots of
myosin heavy chain type a (a-MHC) and tropomyosin (TPM) are presented in Figure S9A.
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C] Quantification of sarcomere protein expression after normalization to GAPDH. Note

the 40% decrease in actin in Pkp2-Het RVs. N= 6-9 hearts per group. D] Representative
Western blots of actin and calsequestrin-2 (CSQ2) in homogenates from RV biopsies

of human control (Ctrl) and end-stage ACM hearts. E] Quantification of cardiac actin
expression in human biopsies normalized to CSQ2. Note the 40% reduction in actin in the
RV of end-stage ACM hearts. N= 3 control and 4 ACM hearts. F] Representative Western
blots of cMyBP-C and Tn-I phosphorylation at Ser282 and Ser23/24, respectively, in RVFW
homogenates from six-month-old WT and Pkp2-Het hearts. G] Quantification of cMyBP-C
and Tn-1 phosphorylation reveals 39% increased phosphorylation of Tn-1 in the RV of
Pkp2-Het hearts. N= 6-9 hearts per group. *: /A<0.05 vs. WT. #: £<0.05 vs. Control.
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Figure 4: Outcomes of actin reduction on RV cardiomyocyte organization and protein oxidation

profiles.
A] Representative images of transmission electron microscopy of RVFWSs from six-month-

old WT and Pkp2-Het mice. Note the concomitant presence, in intercalated disks of

the mutant RV, of normal (asterisks) and widened (arrows) areas. Bar = 500 nm. B]
Representative images of TUNEL-stained cardiomyocyte nuclei from six-month-old WT
and Pkp2-Het RVFWs. Bar = 20 um. C] TUNEL-positive nuclei frequency in six-month-
old WT and Pkp2-Het hearts. Note the significant increase in apoptosis in the RV of
Pkp2-Het hearts. n=2,400-3,300 DAPI-stained nuclei per ventricle per heart, N= 4-6
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hearts per group. D] Representative Western blot of 2, 4-DNP-stained proteins in RVFW
homogenates from six-month-old WT and Pkp2-Het mice. Statistical data are presented in
Figure S18. E] Representative Western blots of actin immunoprecipitation (top) and actin
immunoprecipitation followed by 2, 4-DNP staining (bottom). F] Quantification of actin
oxidation in homogenates from six-month-old WT and Pkp2-Het hearts. Notice the increase
in actin oxidation in the RV of Pkp2-Het hearts. N= 3-6 ventricles per group. *: £<0.05 vs.
WT.
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Figure 5: Histologic assessment of Pkp2-Het hearts.

WTP2 WTP2 WTP2 WTP2

A] Hematoxylin and eosin (H&E) staining reveals the absence of remodeling in the heart
of twelve-month-old Pkp2-Het mice. Bar= 8 mm. B] High magnification view of H&E,
picrosirius red (PS), and oil red O staining of twelve-month-old WT and Pkp2-Het hearts
(Bar= 100 um). C] Quantification of picrosirius red staining in six- and twelve-month-old
hearts reveals a tendency toward increased collagen deposition in Pkp2-Het hearts. N=

5-8 hearts per group. D] p-catenin and GSK3-f expression in six-month-old WT and
Pkp2-Het hearts. Left: Representative Western blots of RVFW homogenates; Right: Protein
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expression normalized to GAPDH. N= 6 hearts per group. E] p-catenin and GSK3-p
phosphorylation in six-month-old WT and Pkp2-Het hearts. Left: Representative Western
blots of B-catenin and GSK3-p phosphorylation at Ser33,37/Thr41 and Ser9, respectively, in
RVFW homogenates; Right: p-catenin (p-Cat) and GSK3-p phosphorylation normalized to
total protein expression. N= 5-6 hearts per group.
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Figure 6: Effect of Pkp2 haploinsufficiency on the susceptibility of the heart to life-threatening
arrhythmias.

A] Representative surface ECG recordings of six-month-old WT and Pkp2-Het mice at
baseline and during stimulation by isoproterenol (2 mg.kg™~1 body weight) and caffeine (120
mg.kg~! body weight). B] Quantification of WT and Pkp2-Het mice heart rates at baseline
and during adrenergic stimulation. N= 6-7 hearts per group. Bpm: Beats per minute. C]
Arrhythmias recorded in Pkp2-Het hearts after sympathetic stimulation. a) Monomorphic
and b) polymorphic ventricular tachycardia, and ¢) ventricular fibrillation followed by
atrio-ventricular block and cardiac arrest. D] Mouse susceptibility to arrhythmias during
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ISO + caffeine stimulation. Left: Frequency of non-sustained arrhythmias (<5 seconds);
Right: Frequency of sustained arrhythmias (>5 seconds). E] Percentage of mice who died
from arrythmias during the recordings. Notice how adrenergic stimulation exacerbated the
sensitivity of Pkp2-Het hearts to arrhythmic events and premature death. N= 6—7 mice per
group. F] Representative recordings of Ca2* transients (1 Hz pacing) and caffeine-induced
Ca?* transients of LVFW cardiac myocytes, isolated from six-month-old WT and Pkp2-

Het hearts, stimulated by 100 nM isoproterenol. G] Ca?* transient amplitudes and H]
Sarcoplasmic reticulum Ca2* contents were significantly increased in LVFW myocytes from
aging Pkp2-Het compared to those in age-matched WT myocytes. h= 21-33 cells per 3-4
hearts per group. *: A<0.05 and **: A<0.01 vs. age-matched WT. ***: £<0.001 vs. baseline.
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Table 1:

Contraction properties of ventricular myocytes isolated from Pkp2-Het and WT hearts paced at 3 Hz at RT in
1.8 mM Ca2* Tyrode’s solution.

3-month-old 6-month-old 12-month-old
WT P2 WT P2 WT P2
N= 6 6 6 6 6 5
LVFW myocytes
Total number of cells 21 20 23 29 22 22

Sarc. length base (um) 1.794¢0.01 1.78+0.01 1.79+0.01 1.78+0.01 1.7740.01  1.79+0.01
Diastolic length (um) 1.74+0.01 1.74+0.02 1.75#0.01 1.73+0.01 1.73x0.01 1.74+0.01
Peak length (um) 1.54+0.02 1.56+0.02 1.54%#0.01 1.50+0.01 1.53+0.02  1.55+0.02
Amplitude (%) 12.0£0.7 107408  12.3+07  12.9+06  11.9+0.7  11.7+0.7
Contraction v. (-um.s™)  4.70+0.3  4.04+0.3  4.94+0.3 5.18+0.3 4.72+0.3 4.70+0.3
Relaxation v. (um.s™) 3.69+0.3 3.31+0.4 4.24+0.4 3.90+0.3 3.53+0.3 3.51+0.4

RVFW myocytes

Total number of cells 26 24 25 21 23 25
Sarc. length base (um) 1.78+0.01 1.79+0.01 1.76+0.01 1.78+0.01 1.78+0.01  1.76+0.01
Diastolic length (um) 1.76x0.01 1.77+0.01 1.72#0.01 1.76x0.01  1.75+0.01 1.73+0.01

Peak length (um) 157£0.01 1.60+0.01 1.54+0.02 1,6210_013; 1.56+0.02 1.60£0.01
Amplitude (%) 10.58+0.7 9.17#0.6  10.59+0.7 g8.15+0.5% 10.94+0.7 7.58+05%#
Contraction v. (-um.s2) 411203 354203  3.84+03 302+02°# 426803 2g81+0.2%

Relaxation v. (um.s™) 3.15+0.3 252402  2.78+0.3 2254027 3.10+0.2  1.95+02%%

Sarc. length base: Sarcomere length at diastole during 0.5 Hz pacing. Diastolic and peak lengths were measured at 3 Hz. V.: Velocity.
*
1 F<0.05,
$: P<0.01, and
<. p<0.001 vs. age-matched WT myocytes.

#: P<0.001 vs. age-matched LV myocytes.
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Ca?* transient characteristics of Fura-2-loaded isolated ventricular myocytes paced at 1 Hz at RT in 1.8 mM
Ca?* Tyrode’s solution.

3-month-old 6-month-old 12-month-old
wT P2 wT P2 wT P2

N= 5 6 6 6 6 5
LV myocytes
Total number of cells 33 33 23 28 33 33
Diastolic [Ca?*]; (Fura-2) ~ 0.61¥0.01  0.60£0.01  0.61#¥0.02 0.61x001 0.63+001  0.66:+0.01
Peak [Ca?*]; (Fura-2) 0.95+0.02  0.96+0.02  0.98+0.03  0.99+0.03  1.04x0.02  1.11¥0.02
A rc22j; (Fura-2) 0.34+0.01  0.36+0.02  0.37+0.02  0.38+0.02  0.41%¥0.01  0.45x0.02
Time to peak (ms) 27.8+1.03 3124101  31.9+1.08 34.7+1.32  34.6+1.30  34.7+1.34
Tau (sec) 0.25+0.01  0.21+0.01  0.23+0.02  0.24+0.01  0.18+0.01  0.18+0.01
A cafteine (Fura-2) 050£0.02  0.51+0.02  0.52+0.03  0.52+0.02  0.54%0.02  0.570.02
Caffeine decay (sec) 2.25+0.14 2.28+0.16 2.77+0.36 3.04+0.22 2.88+0.20 2.69+0.19
Fractional Ca* rel. (%)  68.6+3.15  69.4+3.62 7254262  757+3.02 80.3+3.14  81.9+3.77
RV myocytes
Total number of cells 30 39 19 28 29 30
Diastolic [Ca]; (Fura-2) ~ 0.61£0.01  0.62+0.01  0.65:0.02  0.64+0.01  0.65+0.01  0.67+0.01
Peak [Ca?*]; (Fura-2) 0.86+0.02  0.91+0.02  0.93+0.02  0.95+0.03  0.98+0.02  0.99+0.03
A [c2]; (Fura-2) 025:0.01° 0.29:0.01" 0.28+0.02% 0.31+0.02° 0.33:0.02" 0.32:0.02"
Time to peak (ms) 253£1.32 240061 285170 297+1.21" 30.3x1.74" 26.1+1.07"
Tau (sec) 0.33+0.01% 0.29+0.02% 0.31+0.02% 0.30+0.02™ 0.23+0.02° 0.2840.02"
A caffeine (Fura-2) 0.47+0.02  051+0.02  0.49+0.02  0.50+0.03  0.51*0.02  0.56+0.02
Caffeine decay (sec) 2.16+0.13 2.47+0.16 3.09+0.22 3.30+0.67 3.15+0.30 2.58+0.15
Fractional Ca?* rel. (%)  54.4+220% 56.9+2.12% 558+4.08" 58.8+2.63 64.8+3.10° 58.4+4.26"

caffeine: (10 mM) caffeine-induced Ca2* transient amplitude; Fractional Ca2* rel.: Fractional Ca2* release; Fura-2: Fura-2 ratio 340nm/380nm.

*
: P<0.05 vs. age-matched LV myocytes.
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