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Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia, affecting over 30% of patients diagnosed with heart rhythm dysfunction [START_REF] Saad | Atrial Fibrillation: Current Perspective[END_REF]. Aging, diabetes, obesity, hypertension and a variety of conditions primarily affecting the left ventricle like myocardial infarction, cardiomyopathy and valvular heart disease increase AF-risk [START_REF] Andrade | The clinical profile and pathophysiology of atrial fibrillation: relationships among clinical features, epidemiology, and mechanisms[END_REF]. Extensive work has been performed to study the fundamental basis of the AF-substrate associated with these left-heart conditions [START_REF] Andrade | The clinical profile and pathophysiology of atrial fibrillation: relationships among clinical features, epidemiology, and mechanisms[END_REF][START_REF] Schotten | Pathophysiological mechanisms of atrial fibrillation: a translational appraisal[END_REF][START_REF] Lau | Novel mechanisms in the pathogenesis of atrial fibrillation: practical applications[END_REF]. However, common conditions principally affecting the right heart, including chronic obstructive lung disease [START_REF] Goudis | Chronic obstructive pulmonary disease and atrial fibrillation: An unknown relationship[END_REF], pulmonary hypertension [START_REF] Rajdev | Arrhythmias in pulmonary arterial hypertension[END_REF] and congenital heart disease [START_REF] Drakopoulou | Arrhythmias in adult patients with congenital heart disease and pulmonary arterial hypertension[END_REF], also increase AF-risk, but the underlying mechanisms are much less well-understood. The objectives of this study were: i.) to evaluate the effect of right heart disease (RHD) on atrial arrhythmia susceptibility in a rat model; ii.) to determine the mechanisms underlying arrhythmogenesis with the use of optical mapping; and iii.) to assess the potential biochemical basis with the use of transcriptomic analyses. For some studies, we compared right (RA) and left (LA) atrial gene-expression changes associated with RHD to those resulting from AF-promoting left heart disease (LHD) caused by myocardial infarction (MI).

Methods

Detailed Methods are provided in the Online Supplement.

Model of RHD

Male Wistar rats weighing 200-275 g were obtained from Charles River Laboratories (Montreal, Quebec). Rats were randomly assigned to control (vehicle-treated) or monocrotaline (MCT) groups (n=32/group). MCT-animals received a single i.p. dose (60 mg/kg) of MCT. On day 21 post-MCT, a transesophageal electrophysiological study (EPS) was performed under 2%isoflurane anaesthesia, to determine AF vulnerability and duration. The heart was then excised and Langendorff-perfused for optical mapping (n=12) or dissected for histological/biochemical studies. RV hypertrophy was assessed based on Fulton's Index (RV mass/[LV+septal mass]).

Atrial Remodeling Due to Acute MI

Male Wistar rats (200-275 g) were injected subcutaneously (SC) with buprenorphine (0.03 mg/kg) and anaesthetized with 2%-isoflurane. The left anterior descending coronary artery was ligated via left thoracotomy. Buprenorphine (0.03 mg/kg) was injected SC 6 and 12 hours postoperatively.

Echocardiography

Echocardiograms were obtained under 2%-isoflurane anaesthesia at baseline, day-14 and day-21 using a phased-array 10S probe (4.5 to 11.5 MHz) in a Vivid 7 Dimension system (GE Healthcare Ultrasound, Horten, Norway).

Transesophageal Stimulation

EPS was performed in vivo via transesophageal stimulation with a 4F quadripolar catheter (2-mm interpolar distances; St. Jude Medical #401993). To assess atrial arrhythmia inducibility, 50-Hz burst pacing was applied for 3 s, with twelve bursts separated by 2-s intervals [START_REF] Reil | Aldosterone promotes atrial fibrillation[END_REF]. AF was defined as a rapid (>800 beats/min) irregular atrial rhythm lasting ≥1 s. Atrial flutter (AFl) was defined as a regular atrial tachyarrhythmia between 600 and 800 bpm. AFduration was the mean duration of all induced AF-episodes.

Hemodynamic Measurements

A 2-F pressure-transducer catheter (Science P catheter-RAT) was used to measure aortic blood pressure (BP) and LV systolic pressure (LVSP). RV systolic pressure (RVSP) was measured with a catheter introduced via the right jugular vein.

Optical Mapping

The heart was excised and perfused via the aorta with Krebs solution at 10 ml/min and 37°C. After 20 minutes for stabilization, a recirculating solution containing 15-µM blebbistatin was used to suppress mechanical contraction. Di-4-ANEPPS (10-µM, 0.1 ml) was injected.

Fluorescence signals were recorded at 2 kHz with a charge-coupled device focused on a region up to 8×8 mm in the RA or LA free-wall. Effective refractory period (ERP) was measured with programmed stimulation at a basic cycle length (BCL) of 150 ms. AF-inductions were performed at BCLs 300, 250, 150, 100, 80 and 60 ms (3 s each) and with 25-Hz burst-pacing.

Conduction velocity (CV) and action potential duration to 80% repolarization (APD80; average for all pixels) were determined as previously described [START_REF] Xiong | Wavelet analysis of cardiac optical mapping data[END_REF].

Histology

Formalin-fixed samples were stained with Masson's Trichrome. Images were analyzed (blinded to rat-group) to quantify fibrous-tissue content. Lung-samples were fixed in 10%formalin to evaluate pulmonary-artery medial wall-thickness.

PCR and Gene Microarray Analysis

Quality-control and differentially-expressed genes were assessed with Transcriptome Analysis Console (TAC) 4.0. The significance filter was set at P<0.05 with a fold-change >2 needed for further analysis. Signalling pathways were obtained with KOBAS 3.0 web-server for enrichment analysis [START_REF] Xie | KOBAS 2.0: a web server for annotation and identification of enriched pathways and diseases[END_REF][START_REF] Wu | KOBAS server: a web-based platform for automated annotation and pathway identification[END_REF]. Biological process, cellular component, and molecular function were analyzed with DAVID database [START_REF] Huang | Bioinformatics enrichment tools: paths toward the comprehensive functional analysis of large gene lists[END_REF][START_REF] Huang | Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources[END_REF]. Hierarchical clustering was performed with Cluster 3.0 [START_REF] De Hoon | Open source clustering software[END_REF] and Treeview (15) software.

Drugs and Reagents

Monocrotaline was obtained from Sigma-Aldrich (St. Louis, MO). Blebbistatin and di-4-ANEPPS were obtained from Cedarlane (Burlington, Ontario). Collagen1α1, collagen3α1, Cx40, Cx43, FN1, αSMA, PDGFRα, PDGFRβ, TGFβ1, MMP2, MMP9, KCNA5, KCNJ2, KCNQ1, CACNA1C and GAPDH probes were obtained from ThermoFisher Scientific (Waltham, Massachusetts).

Statistical Analysis

Statistical analysis was performed with Student's t-test (for 2-sample analyses only) or one-way or two-way ANOVA. Post-hoc Tukey or Bonferroni-corrected Student t-tests were applied when analyses of variance revealed significant group effects. Categorical variables like AF-inducibility were analyzed with the Fisher exact test. Results are expressed as mean±S.E.M. Differences were considered statistically significant for two-tailed P-values< 0.05.

Results

Cardiac Structural and Hemodynamic Remodeling

Figure 1A shows pressure recordings from the left ventricle (LV) and aorta in control and MCT-rats 21 days after injection. MCT-rats had reduced LV and arterial BP. Figure 1B shows RV-recordings in the same rats, indicating substantially increased RVSP with MCT. Mean data in Figure 1C show a statistically significant, ~30% decrease in BP and LVSP and a >2-fold increase in RVSP.

PA wall-thickness was analyzed histopathologically (Online Figure 1A), showing significant increases in MCT-treated rats (44.1±0.7 μm) versus controls (11.8±0.8 μm; Figure 1D). The RV was hypertrophied in MCT-rats (Online Figure 1B). Fulton's Index was significantly increased from 0.19±0.04 (control) to 0.41±0.03 in MCT-rats (Figure 1E). 3C). These included significant decreases in TAPSE, tricuspid annulus motion velocity and AT/RVET-ratio, along with important tricuspid regurgitation in all MCT-rats. LV function indices showed slight but significant reductions in LV-dimensions and increased LV ejection-fraction in MCT-rats (Online Table 1).

AF-Vulnerability and ECG Parameters

Transesophageal stimulation (Online Figure 4) induced AF/AFl in all MCT-rats but rarely in controls (Figure 2A). Mean AF-duration increased from 2.2±0.3 s in control to 11.2±3.2 s (P<0.05) in MCT-rats. AFl was induced only in MCT-rats (2 with only AFl, 3 with episodes of both AFl and AF), with a mean duration of 135±77 s. ECG-analysis revealed significant increases in P-wave duration (Figure 2B), P-P (Figure 2C) and QT intervals (Figure 2F), with unchanged PR-interval and QRS-duration (Figure 2D, Figure 2E), in MCT-rats.

In Situ EPS and Optical Mapping

Langendorff-perfused hearts were subjected to in situ EPS and optical mapping. AF was readily induced in MCT-rats (Figure 3A). AF-inducibility was substantially greater in MCT-rats (11/12 showing induced AF; 92%) than controls (2/12, 17%, P<0.001; Figure 3B), as was AFduration (Figure 3C): 8.0±1.0 s (control) versus 51.4±19.2 s (MCT). RA conduction velocity was slowed in MCT-treated rats, with slowing increasing at shorter BCLs closer to those of AF (Figure 4A). RA APD showed statistically significant increases in MCT-treated rats (Figure 4B), with changes corresponding to significant increases in ERP (Figure 4C). RA optical mapping revealed evidence of rotor activity maintaining AF. Stable rotors were observed during AF in 3 MCT-rats; in addition, one rat with AFl but no AF showed macroreentry with a single stable rotor. An example of rotor activity during AF is illustrated in Figure 5A, based on transmembrane-potential fluorescence over 1 cycle (Figure 5B) and phase maps covering 2 cycles (Figure 5C).

Atrial Structural Remodeling

Atrial structural remodeling, particularly fibrosis, is a common finding in many forms of AF [START_REF] Andrade | The clinical profile and pathophysiology of atrial fibrillation: relationships among clinical features, epidemiology, and mechanisms[END_REF]. Figure 6 shows an analysis of atrial structure in control and MCT rat RA (top) and LA (bottom). MCT increased both RA fibrous-tissue content (over 5-fold, P<0.001; Figure 6A) and dimension (Figure 6B). In the LA, MCT also increased fibrous-tissue content (about 2-fold, P<0.001; Figure 6C) but did not cause dilation (Figure 6D).

Comparison with AF in LHD

In order to obtain additional insights into the pathophysiology of AF associated with RHD, we repeated selected observations in rats with LHD associated with acute MI. Significant structural remodeling was noted in MI-rats, with fibrous-tissue content of 14.6±1.8% and 10.8±2.2% in LA and RA respectively. Figure 7A illustrates LA conduction-changes in MCT and MI rats. MI-rats showed major slowing in LA conduction, whereas modest, non-significant conduction velocity decreases were noted in MCT-rats. LA ERP was significantly increased in MCT but reduced in MI (Figure 7B), with qualitatively similar changes in APD (Figure 7C).

EPS with LA burst-pacing induced AF (Online Figure 5) in 5/6 MCT-rats and 6/6 MI-rats, with mean AF-duration of about 5 s and 20 s in MCT and MI rats respectively (Figure 7D and Figure 7E).

Expression of Specific Genes Related to Electrophysiological Changes

The expression of selected genes encoding a range of proteins that govern cardiac electrophysiology were examined by qPCR; others were available from the gene microarray analysis. Atrial fibrosis is a prominent cause of conduction-changes underlying AF [START_REF] Li | Promotion of atrial fibrillation by heart failure in dogs: atrial remodeling of a different sort[END_REF]. The RA messenger-RNA expression of fibrosis-related genes Col1α1, Col3α1, Fn1, Acta1 (α-SMA), Mmp2, and Mmp9 (Figure 8) was upregulated in MCT-rats, with Col1α1 and Mmp2 also significantly increased in MI-rat LA. No significant increases were observed in LA of MCT-rats or RA of MI-rats. The profibrotic signaling-molecule genes Pdgfra, Pdgfrb, and Tgfβ1 were upregulated in RA of MCT-rats; of these, the only upregulated signaling gene in MI-rats was Tgfβ1 in LA and RA (Online Figure 6).

Connexin-proteins form the hemichannels responsible for cell-to-cell coupling and can be dysregulated in AF [START_REF] Andrade | The clinical profile and pathophysiology of atrial fibrillation: relationships among clinical features, epidemiology, and mechanisms[END_REF][START_REF] Schotten | Pathophysiological mechanisms of atrial fibrillation: a translational appraisal[END_REF][START_REF] Lau | Novel mechanisms in the pathogenesis of atrial fibrillation: practical applications[END_REF]. Connexin40 and 43 are the 2 principal connexins in atrial tissue. Both qPCR and gene microarray data were available: connexin43 was downregulated on both in MCT RA (Online Figure 7). Significant connexin43-downregulation was seen with qPCR in both RA and LA for both MCT and MI rats. For connexin40, the only consistent change was upregulation in MCT-RA, which was statistically significant only on qPCR.

We also examined changes in mRNA-expression with qPCR for a variety of ion-channel genes reported to be dysregulated in AF [START_REF] De Hoon | Open source clustering software[END_REF]: Cav1.2 (Cacna1c), Kir2.1 (Kcnj2), Kv1. 5 (Kcna5) and Kcnq1. All were downregulated in LA and RA of MI-rats (Online Figure 8); only Kcnq1 was significantly reduced in MCT-rats. The expression of a variety of additional Ca 2+ -handling genes was assessed from gene microarray data (Online Figure 9). The most consistent changes were seen in the ryanodine-receptor (Ryr2), which was significantly downregulated in both RA and LA of MCT and MI rats. MCT RA showed the largest number of dysregulated genes, with Ryr2, sarcolipin (Sln, an atrial-specific Ca 2+ -binding protein) and the sodium-calcium exchanger Ncx1 all significantly downregulated in MCT-rat RA. Sln was also reduced in MI-rat LA, albeit to a lesser extent than in MCT RA. Finally, the sodium-channel α-subunit gene Scn5a was also downregulated in MCT-RA and MI-LA, potentially contributing to conduction-slowing in these regions.

Transcriptomic Analysis

In order to gain insight into the gene programs activated in the atria of MCT and MI rats, we performed pangenomic transcriptome analysis based on the microarray data. In MCT-rats, 917 genes were significantly dysregulated (444 down; 473 up) in the LA versus 2690 genes (1419 down; 1271 up) in the RA. In MI-rats, 2371 genes were dysregulated (1075 down; 1296 up) in the LA, versus 2000 genes (817 down and 1183 up) in the RA. Consistent with the underlying pathophysiology, the most strongly dysregulated transcriptome patterns were noted in RA from MCT-rats and LA from MI-rats (Figure 9). Gene-categories classified as biological process, cellular component and molecular function were identified, and revealed that RA from right-heart diseased rats (MCT) and LA from left-heart diseased rats (MI) shared a high level of differentially expressed gene-groups such as those involved in extracellular matrix, focal adhesion, membrane, proteinaceous extracellular matrix, extracellular exosome and/or cell adhesion that are directly related to fibrogenesis.

RA and LA samples were further analyzed to identify the most statistically significant differentially-expressed genes in rats with RHD (MCT) and LHD (MI) compared to control (Online Figure 10). The left side of the figure shows expression heat-maps in all RA-(top) and LA-(bottom) samples for the genes that were most dysregulated in MCT-rat RA. Cluster (a) genes in panel A were downregulated in MCT RA and cluster (b) genes upregulated. Many of the strongly dysregulated genes in RA of MCT-rats shown in A were similarly dysregulated in LA of MI-rats shown in B; the same genes showed less dysregulation in MI-RA and MCT-LA.

The right panel shows a similar analysis for the most significant differentially expressed genes in MI-rat LA. Once again, the RA of MCT-rats showed a similar dysregulation pattern (panel C) to that of LA in MI-rats (D). Online Figure 11 shows a Venn diagram for the most dysregulated genes in MCT-rat RA and MI-rat LA. Seven common genes (Acta1, Col8a1, Myl3, Myh7, Postn and Thbs1), known to be involved in cardiac hypertrophy, fibrosis and thrombogenesis, were upregulated in LA from MI and RA from MCT; Art1, involved in apoptosis and immunoprotection, was downregulated in MI LA and MCT RA.

Discussion

The present study addresses the AF-susceptibility changes and underlying mechanisms occurring in a well-established rat model of RHD (Central Illustration). Central elements included RA, and to a lesser extent LA, fibrosis and conduction abnormalities that stabilized reentry. Transcriptomic analysis indicated activation of hypertrophic, proinflammatory and profibrotic pathways that shared many motifs with profibrillatory LA remodeling caused by LVdysfunction due to acute MI.

RHD and AF

It is widely believed that the LA plays a predominant role in AF, and there is extensive supportive clinical and experimental evidence, particularly in studies of LHD-models (2). However, AF can also be quite prominent in RHD. Chronic obstructive pulmonary disease is an important risk factor for AF (5, 7), with the one-second forced expiratory volume (FEV1) being an independent predictor of new-onset AF and AF hospitalization [START_REF] Buch | Reduced lung function and risk of atrial fibrillation in the Copenhagen City Heart Study[END_REF]. Supraventricular arrhythmias are a common complication in adults with congenital heart disease and pulmonary hypertension (PH), with AF constituting a substantial proportion and being a strong independent mortality risk factor [START_REF] Drakopoulou | Arrhythmias in adult patients with congenital heart disease and pulmonary arterial hypertension[END_REF]. New-onset AF/atrial flutter has a five-year incidence of about 25% in patients with primary or chronic thromboembolic PH [START_REF] Olsson | Atrial flutter and fibrillation in patients with pulmonary hypertension[END_REF], heralding increased death rates [START_REF] Olsson | Atrial flutter and fibrillation in patients with pulmonary hypertension[END_REF][START_REF] Wen | Frequency of supraventricular arrhythmias in patients with idiopathic pulmonary arterial hypertension[END_REF][START_REF] Bandorski | Evaluation of the prognostic value of electrocardiography parameters and heart rhythm in patients with pulmonary hypertension[END_REF][START_REF] Wanamaker | Atrial Arrhythmias in Pulmonary Hypertension: Pathogenesis, Prognosis and Management[END_REF]. Finally, RV dysfunction is one of the strongest predictors of AF-occurrence in patients with acute decompensated heart failure [START_REF] Aziz | Right ventricular dysfunction is a strong predictor of developing atrial fibrillation in acutely decompensated heart failure patients, ACAP-HF data analysis[END_REF]. Thus, there are extensive data pointing to the potential importance of RHD as a factor leading to AF.

Mechanisms by which RHD Leads to AF

Despite the clinical evidence noted above, relatively little is known about how RHD causes AF. Here, we show that in a rat MCT-induced PH model: 1.) AF inducibility and sustainability are greatly enhanced; 2.) RA conduction slowing that stabilizes re-entrant activity is a prominent mechanism; 3.) Tissue fibrosis is substantially enhanced, particularly in the RA, and likely underlies the conduction changes; 4.) Tissue remodeling is associated with prominent transcriptomal reprogramming. The transcriptomal remodeling associated with RHD involves a large number of systems associated with hypertrophic, proinflammatory and profibrotic responses.

Relatively little prior work has been performed to study the potential mechanisms linking RHD to AF. We were able to identify one study that examined MCT-induced PH in a beagle dog model [START_REF] Zhao | Effects of Intrinsic and Extrinsic Cardiac Nerves on Atrial Arrhythmia in Experimental Pulmonary Artery Hypertension[END_REF]. The authors noted an increased window of vulnerability for AF-induction associated with increased sympathetic nerve and beta-adrenoceptor density. Koyama The present study is the first transcriptomic analysis of RA/LA changes in a RHD model.

The results show much more substantial changes in the RA versus LA of MCT-rats (Figure 9).

The extent of gene-expression dysregulation in MCT RA and MI LA was similar, compatible with their roles as primary AF-drivers respectively. Deshmukh et al previously analyzed transcriptional changes in LA-appendage surgical samples from patients with no AF-history, with a history of AF but in sinus rhythm at the time of surgery, and with a longstanding and persistent history of AF [START_REF] Deshmukh | Left atrial transcriptional changes associated with atrial fibrillation susceptibility and persistence[END_REF]. They noted that AF-susceptibility was characterized by dysregulation of targets related to inflammation, oxidation and cellular stress responses. They analyzed transcription factor targets and noted specific patterns of dysregulation, which might be interesting to pursue in subsequent phases of this work. There is evidence that inflammation may be a central but poorly understand contributor to AF-pathophysiology [START_REF] Hu | Inflammation and the pathogenesis of atrial fibrillation[END_REF][START_REF] Yao | Enhanced Cardiomyocyte NLRP3 Inflammasome Signaling Promotes Atrial Fibrillation[END_REF]. In the present study, Reg3b was the most up-regulated gene in MCT-rat RA versus control. Reg3b is involved in inflammatory responses, regulating macrophage accumulation in response to myocardial ischemia [START_REF] Lörchner | Myocardial healing requires Reg3β-dependent accumulation of macrophages in the ischemic heart[END_REF]. Our gene microarray assay data also showed that Cxcl1 and Cxcl2, two proinflammatory chemokines expressed by macrophages, were up-regulated in the RA and LA of MCT-rats (Online Figure 10). A recent study reported that the CXCL1-CXCR2 axis regulates monocyte infiltration and angiotensin II-induced cardiac hypertrophy and remodelling [START_REF] Wang | CXCL1-CXCR2 axis mediates angiotensin II-induced cardiac hypertrophy and remodelling through regulation of monocyte infiltration[END_REF]. Finally, recent work has implicated cardiomyocyte NLRP3-inflammasome signaling in the AF-substrate, leading to tissue fibrosis, aberrant Ca 2+ -release promoting ectopic activity and upregulation of K + -channels causing APD-abbreviation [START_REF] Yao | Enhanced Cardiomyocyte NLRP3 Inflammasome Signaling Promotes Atrial Fibrillation[END_REF]. We therefore examined the expression-changes corresponding to key NLRP3-related genes based on our microarray data.

The results, shown in Online Figure 12, indicate upregulation of Casp1 and Casp8 in MCT-rat RA, Casp1 in MCT-rat LA, Casp1 and IL-1b in MI-rat LA. In addition, Nlrp3 and IL-1b mean mRNA expression-values were higher in MCT-RA than control, but there was considerable variability in the results and no statistically significant difference.

MCT-rats had increased inducibility and duration of AF despite increased RA APD and RA and LA ERP, likely because of fibrosis-associated conduction abnormalities. In contrast to MCT-rats, MI-rats had reduced LA ERP and APD, consistent with significant decreases in Ltype Ca 2+ -channel (Cacna1c) mRNA expression in MI-rats (Online Figure 8).

Potential Limitations

The MCT model has been used to study PH for over 50 years [START_REF] Wang | CXCL1-CXCR2 axis mediates angiotensin II-induced cardiac hypertrophy and remodelling through regulation of monocyte infiltration[END_REF] and is the most widely used method for this purpose. While MCT produces PH in a predictable way, it has limitations in reproducing the specific pathophysiology of idiopathic PH [START_REF] Lalich | Pulmonary arteritis produced in rat by feeding Crotalaria spectabilis[END_REF]. For the present study, we wanted an animal model that could reliably and reproducibly induce RHD [START_REF] Nogueira-Ferreira | Exploring the monocrotaline animal model for the study of pulmonary arterial hypertension: A network approach[END_REF], to define the consequences for AF-susceptibility and the underlying pathophysiology, and were not aiming to study the particularities of vascular pathology in PH. The hemodynamic, tissue remodeling and echocardiographic consequences are likely related to those that would be seen with any form of RHD, whether due to congenital heart disease, primary diseases of the pulmonary vasculature or parenchymal lung disease. Nevertheless, the specific clinical manifestations would be expected to vary with the precise pathology, the rate of its development, and the presence of concomitant conditions, so our rat model does not precisely mimic clinical forms of RHD.

The principal AF-promoting feature appeared to be RA conduction abnormalities associated with prominent fibrosis, along with RA dilation. Fibrous-tissue content increased dramatically in the RA and was accompanied by quite striking conduction abnormalities, especially at rapid rates close to those of AF (Figure 3A). LA changes were less striking, with lesser fibrosis and much more limited conduction changes (Figure 7A) than in the RA.

However, there was a significant increase in LA fibrous-tissue content in MCT-rats, suggesting that fibrosis was due not only to local abnormalities in atria directly exposed to hemodynamic stress, but that some other form of more remote signaling (such as that due to neurohumoral changes) might be at play. The RA action-potential changes we noted in MCT-rats consisted principally of modest APD-prolongation, which was accompanied by parallel changes in ERP.

These would be expected to make reentry/rotor-formation less likely [START_REF] Nattel | Demystifying rotors and their place in clinical translation of atrial fibrillation mechanisms[END_REF] and thus not to promote AF, contrasting with the LA APD-abbreviation occurring in MI-rats, which might have contributed to their longer AF-durations (Figure 7E).

Conclusions

We have assessed the atrial remodeling in a rat model of RHD, identifying strong increases in AF-susceptibility associated with prominent RA remodeling. There are common motifs and some interesting differences compared to the AF-substrate in rats with LVD post-MI.

These findings emphasize the importance of RHD as a predisposing condition for AF, provide new mechanistic insights and point to new approaches and tools for therapeutic innovation. 

CLINICAL PERSPECTIVES

Competency in Medical

Functional

  consequences of right-heart remodelling accompanying PH were confirmed with echocardiographic analyses of tricuspid valve movement and function (Online Figure 2), pulmonary artery flow pattern (Online Figure 3A) and flow index (Online Figure 3B), right-ventricular wall thickness and right-ventricular systolic function (Online Figure

  et al observed RA hypertrophy and a slight decrease in CACNA1 mRNA in rats with MCT-induced PH (24). Medi et al studied electroanatomical remodeling in PH patients, observing phenomena very similar to what we noted in our experimental studies: PH patients exhibited slower RA conduction, reduced electrogram voltage and electrically silent areas suggesting fibrotic scar, and increased AF-inducibility (25). John et al. studied mitral stenosis patients and noted extensive changes compatible with slow conduction and tissue fibrosis in both the LA and RA (26). While AF is generally attributed to the LA in mitral stenosis, the RA could conceivably be an important contributor in patients with severe secondary RHD, particularly in longstanding cases with marked PH.

  Knowledge: The right atrium plays a central role in sustaining atrial fibrillation in an animal model of right heart disease through mechanisms that involve atrial conduction abnormalities caused by atrial fibrosis. Translational Outlook: The next steps in clinical translation are to identify key signaling mechanisms leading to right atrial remodeling that might lead to development of novel approaches to preventing AF associated with right heart disease.

Figure 1 .

 1 Figure 1. Hemodynamic Measurements. Representative recordings of (A) Left ventricular

Figure 2 .

 2 Figure 2. Atrial Arrhythmia Inducibility and Electrocardiogram Analyses. (A) Percentage

Figure 3 .

 3 Figure 3. In situ AF-induction. (A) Atrial electrogram recordings in response to burst-pacing in

Figure 4 .

 4 Figure 4. Optical Mapping Data. (A) Left: Right atrial (RA) activation maps at basic cycle

Figure 5 .

 5 Figure 5. Rotor Activity. (A) Upper panel shows a picture of the RA area delimited by a yellow

Figure 6 .

 6 Figure 6. Fibrosis Quantification. Histological analysis of right ((RA) upper panels) and left

Figure 7 .

 7 Figure 7. LA Electrophysiological Remodeling. (A) Left: left atrial (LA) activation maps at

Figure 8 .

 8 Figure 8. Fibrosis Marker Expression. essenger RNA expression, as measured by qPCR,

  

  

  

  

  

  

  

  

  

Canadian Institutes of Health Research and Heart and Stroke Foundation of Canada.

Central Illustration. Dysfunction Induced by Right Heart Disease (RHD) Leading to Atrial

Fibrillation. MCT-induced pulmonary hypertension promotes severe right-ventricular hypertrophy due to pressure overload, along with tricuspid regurgitation, which cause right atrial (RA) pressure/volume loading, hypertrophy and dilation. In response to chronic RA mechanical loading, tissue fibrosis and electrical abnormalities, including altered conduction and repolarization properties, are observed. RA stress is also associated with increased expression of genes involved in hypertrophy, inflammation, apoptosis, and fibrosis. Together, these abnormalities constitute a proarrhythmic substrate that increases AF-vulnerability.