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1. Scientific Background
1.1 Atrial fibrillation (AF) as a clinical challenge: Atrial fibrillation (AF), the most prevalent cardiac arrhythmia, is a challenging medical condition with important clinical implications. AF is characterized by fast irregular electrical excitation waveforms and loss of mechanical contraction of the atrial tissue 1[]
. It is associated with higher rates of stroke, heart failure, hospital admissions and mortality 
 ADDIN EN.CITE 
[2, 3]
. The growing incidence and prevalence of AF 6[]
, the association with multiple risk factors and comorbidities in ways that are still elusive and the progressive nature of the arrhythmia all make the continuing research of molecular mechanisms underlying AF a high priority 
 ADDIN EN.CITE 
[1, 7, 8]
. Common conditions such as ischemic heart disease, valvulopathies, and heart failure (HF) with either reduce ejection fraction (EF) or preserved EF (HFrEF and HFpEF, respectively) are important etiological factors for AF 
 ADDIN EN.CITE 
[2]
. Additional etiologies include aging, hypertension, obesity, diabetes mellitus and sleep apnea 
 ADDIN EN.CITE 
[9, 10]
. Importantly, AF is a progressive condition, which also has a self-perpetuating nature, resulting in greater risk for recurrence and persistence over time challenging all treatment efforts 
 ADDIN EN.CITE 
[1, 11]
. 
1.2 Molecular mechanisms of AF progression as drag targets: The pathophysiology of AF is multi-factorial in nature 
 ADDIN EN.CITE 
[12, 13]
. AF initiation involves sources of sustained rapid electrical activity (“drivers”) that can trigger arrhythmic episodes 14[]
. In addition, various mechanisms may alter the electrical and structural substrate for AF in the atria and, thus, promote AF episodes in the presence of drivers 
 ADDIN EN.CITE 
[9, 15-17]
. A full understanding of the molecular mechanisms by which these factors converge to promote AF substrate is far from realized 
 ADDIN EN.CITE 
[18-20]
. In addition to co-morbidities and risk factors, AF itself induces “AF-related remodeling”. The principal stimulus for this phenomenon is the rapid electrical activity and consequent cellular calcium overload within atrial cardiomyocytes, leading to multiple secondary changes in the atrial tissue 
 ADDIN EN.CITE 
[19, 21]
. Current antiarrhythmic therapeutic strategies for AF include pharmacological, ablation, and surgical options. However, their overall efficacy remains suboptimal, and there is a clear need for improved therapeutic alternatives 
 ADDIN EN.CITE 
[9, 22, 23]
. 'Upstream therapies' intended to attenuate or revert underlying pathophysiological processes leading to increased AF substrate are attractive potential adjuncts to current management. Various insults such as inflammation, oxidative stress, ER stress, abnormal proteostasis, apoptotic signaling, autophagy and fibrosis are all considered as drug targets in this context 
 ADDIN EN.CITE 
[24-28]
. However, at present, no single upstream treatment has been proven to be clinically useful 
 ADDIN EN.CITE 
[19, 29-31]
. Recent clinical data suggested that in patients with early persistent AF and mild-to-moderate (HF), targeted therapy of underlying conditions can improve sinus rhythm maintenance at 1 year 
 ADDIN EN.CITE 
[32]
. Unfortunately, superiority of targeted therapy in sinus rhythm maintenance or cardiovascular outcome could not be demonstrated at 5-year follow-up 
 ADDIN EN.CITE 
[33]
.   
1.3 Role of atrial hypertrophy in atrial remodeling: Enhanced mechanical loading is an important detrimental factor leading to electrical and structural remodeling of the atria 
 ADDIN EN.CITE 
[34]
. Chronic atrial-selective stretch is present in conditions generating primarily atrial overload, such as mitral stenosis. Atrial stretch also develops in response to primary ventricular overload, either pressure- or volume-related, in which the hemodynamic load is transmitted in a retrograde fashion to the atria 
 ADDIN EN.CITE 
[10, 34]
. Atrial overload is particularly important in both HFrEF and HFpEF, and in valvular heart diseases such as mitral regurgitation and aortic stenosis, where LA enlargement is common and portends a greater risk of ventricular decompensation and clinical morbidity/mortality 
 ADDIN EN.CITE 
[34, 35]
. As in the ventricles, the response of the atrial tissue to mechanical loading progressively leads to cardiomyocyte hypertrophy, contractile dysfunction, atrial dilatation and excessive fibrosis 
 ADDIN EN.CITE 
[10, 34]
. In addition, pathways involved in pathological cardiac hypertrophy of the ventricles such as the activation of Ca2+/calmodulin-dependent kinase II (CaMKII) and calcineurin–nuclear factor of activated T lymphocytes (NFAT) signaling have also been implicated in promoting AF substrate 
 ADDIN EN.CITE 
[1, 36, 37]
. However, the characterization of atrial hypertrophy in terms of concentric vs. eccentric hypertrophy signaling is much less studied in the atria 
 ADDIN EN.CITE 
[10]
. In addition, the involvements of critical hypertrophic pathways such as the mAKAPβ signalosome–regulated serum responsive factor (SRF) phosphorylation that was lately identified to controls a transcriptional program responsible for modulating changes in cardiac myocyte morphology 
 ADDIN EN.CITE 
[38, 39]
, are poorly defined in the atria. One of the obstacles in studying atrial hypertrophy seems to be the lack of animal models in which long-term atrial selective mechanical loading can be studies in a direct fashion, while the mechanical loading in most of the existing models is secondary to ventricular / valvular impairments leading to multiple secondary changes 40[]
. In this regard, the current proposal is aimed to characterize a novel rodent model with atrial selective pathology (See section 1.5)          
1.4 Rodent models of AF: Studies in animal models are highly crucial for better understanding of AF pathophysiology 
 ADDIN EN.CITE 
[8, 41, 42]
. In the past, AF-related research evolved almost exclusively in large animal models, which have major advantages but are also highly demanding. Data supporting the clinical relevance of rodent models for AF research have grown substantially in the recent years, especially when complex mechanistic questions of the underlying signaling pathways that may contribute to human AF are initially explored 8[, 43]
. Indeed, the utility of rodents in AF research is growing exponentially in the last two decades. However, the small size of rodent atria renders the implantation of long-term pacing and recording electrodes challenging, so most electrophysiological (EP) studies are conducted using either ex-vivo preparations or invasive terminal procedures in the deeply anesthetized state (e.g. Reil et al. 
 ADDIN EN.CITE 
[44]
 Obergassel  et al. 45[]
, Su et al. 
 ADDIN EN.CITE 
[46]
). In addition, detailed evaluation of critical EP properties such as atrial action potential duration (APD), atrial effective refractory period (AERP) and intra-atrial or inter-atrial conduction velocities are missing or variable in many publications. AF substrate evaluation typically requires the application of burst-pacing protocols to determine whether an intervention deems the rodent inducible for AF episodes. However, while complex irregular AF episodes are typically in the order of seconds to tens of seconds in rodents, regular supraventricular arrhythmias appear to be far more stable leading to substantial bias in the AF substrate analysis 5[]
. Currently, the large majority of studies consider all arrhythmic events as 'AF' regardless of their characteristics, presumably due to insufficient signal resolution (e.g. 
 ADDIN EN.CITE 
[47-51]
). Atrial recordings may enable better classification, but even these recordings are mostly contaminated to some extent by ventricular signals due to of the close distance between the atria and the ventricles in rodents 
 ADDIN EN.CITE 
[52]
. 
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1.5 The utility of miniature-quadripolar atrial electrodes for advances atrial EP in rodents: Our laboratory developed for several years an implanted system for repeated atrial EP studies in freely moving rodents 
 ADDIN EN.CITE 
[5, 50, 52]
. 
During this process, we have identified four major obstacles that are limiting advances in rodent AF research: a). dependence of most EP procedures on deep anesthesia or ex-vivo studies as already mentioned above. b). difficulty in attaching several electrical poles to the small rodent atria for simultaneous pacing and recording required for high quality EP studies. c). the frequent contamination of the atrial signal by ventricular complexes. d). the uniform consideration of all supraventricular tachyarrhythmias as equal, regardless of their intrinsic properties. To overcome these critical challenges, we introduced an implantable miniature-quadripolar electrode, which is fully biocompatible and is specifically adapted for comprehensive atrial studies in unanesthetized rats (Murninkas et al. 2021 4[]
 and (Fig.1 A-D)). In addition, we recently also managed to adapt this system for the Guinea pig (GP) by overcoming the challenges in endotracheal intubation of this small mammal (Fig.1 E-F). This new capacity is opening a window of opportunities, since the EP of GP has remarkable resemblance to the human heart 8[, 43]
. The full separation between the atrial pacing and recording poles in this new electrode enabled repeated testing of AERP and conduction-time over a period of many weeks 4[]
. As well, the miniature-quadripolar electrode permits AF susceptibility testing using direct atrial recordings with high signal resolution 4[]
. Moreover, in collaboration with Dr. Gradwohl (see support letter) we also managed to set an automated unbiased algorithm that purifies the atrial signal from far field ventricular contamination (Fig. 2) and thereafter detects with high fidelity irregular arrhythmic events based on their level of complexity (Fig. 3). Thus, we can now analyze AF substrate in an unbiased fashion (Fig. 4). Importantly, in contrast to other implanted systems that were recently introduced (e.g. 53[]
) our system is highly stable in terms of capture threshold, allowing for monitoring of AF for at least 8 weeks without a significant rise 4[]
. 
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1.6 Atrial remodeling related to atrial electrode implantation: To the best of our knowledge, our implanted device with an atrial quadripolar electrode is the only available methodology enabling repeated testing of the AF substrate and atrial EP in freely moving rodents on a long-term basis.   A remarkable and consistent finding that we identified by following rats implanted with our device (without any additional manipulation) is a progressive rise in the AF substrate over time. 5[]
 Initial exploration of this unexpected phenomenon indicated that the susceptibility for AF induction is hardly noted 1W post implantation, a time in which local injury due pericardiotomy and electrode fixation should be overt 
 ADDIN EN.CITE 
[5, 50]
. However, AF induction is gradually developing in follow-ups at 4W and even more so at 8W 5[]
. Our initial evaluation of this henomenon excluded systemic inflammation 5[]
. In addition, anxiety/depression related to social isolation of the implanted rats was also excluded as a source of AF substrate progression. As well, marked improvements in the biocompatibility of the implanted electrode did not have an effect on this phenomenon 
 ADDIN EN.CITE 
[4, 5]
. Importantly, the development of quadripolar configuration now enables understanding of the EP characteristics of the atrial myocardium in vicinity of the implanted electrode. While we did not detect any shift in the conduction time, a remarkable shortening of AERP was consistently observed over-time 4[]
, correlating nicely with AF substrate development (Fig. 4 A-C). Importantly, our new automated analysis also confirmed AF substrate development under these conditions (Fig. [image: image3.png]2.0
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4 D-F) and indicated over-time, increased irregularity of the AF episodes with augmentation of high frequency energies in the power spectrum analysis of the arrhythmic events (Fig. 5). Thus, we identified a progressively evolving electrical remodeling that occurred in the implanted rats and is associated with remarkable AF substrate development over-time. The evolving AF substrate in the implanted rats do not seem to depend solely on the AERP magnitude. Indeed, our current preliminary data indicate that when atrial electrode implantation is combined with chronic exposure to aldosterone (Aldo), which is known to promote AF substrate in humans as well as in rats 
 ADDIN EN.CITE 
[44, 54]
, AERP is prominently reduced compared to vehicle treatment without any additional augmentation in AF susceptibility (Fig. 6). Since Aldo is expected to reduced AERP in the whole atria, this finding suggest that the AERP gradient between the implanted and non-implanted sides is the actual factor of significance in AF substrate progression in this model (Fig. 7). 
Based on all the above data we hypothesize that the AF substrate induced by the atrial implant is related to mechanical loading and pathological hypertrophy of the affected atria with consequent electrical remodeling characterized by APD / AERP shortening leading to inter-atrial AERP dispersion and possibly also triggered activity due to  Ca2+ handling abnormalities. The present proposal will address these possibilities in details.
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2. Research Objectives & Expected Significance 
The main goal of the current proposal is to elaborate the cellular and molecular mechanisms leading to the implant-induced atrial remodeling that we identified in the atrial myocardium of rats. Our central hypothesis is that this phenomenon is related to tonic mechanical loading of the implant on the atrial tissue leading to pathological hypertrophy with a consequent AERP dispersion between the loaded and the normal atrial tissue leading AF substrate (Fig.7 A). We also anticipate contractile dysfunction and Ca2+ handling abnormalities in the loaded myocardium (Fig.7 B). While the phenomenon we focus on might be viewed as somewhat artificial in nature, we see great opportunities in its detailed mechanistic understanding, which can shed light of the long-term effects of atrial mechanical loading highly relevant for many clinical scenarios. Moreover, the atrial selective loading in this model can open window of opportunities to study therapeutic strategies directed against atrial hypertrophy in a simple and focused way that is not readily available at the present. Our new capabilities which enable testing of the implant–induced EP effects in the Guinea pig heart (Fig. 1 E-F) is an important new feature of our system that can greatly help to better delineate the EP relevance to the human atrial tissue. To achieve our mentioned above objectives we will focus of three independent aims that will be studies in parallel. We specifically propose to:
Aim #1: Test the hypothesis that our chronic atrial implant induces focal APD/AERP shortening leading to AERP dispersion between the loaded and normal atrial tissue. Although this aim seems rather easy to test, a main challenge in studying it up to now was the inability to follow the AERP in the side without the chronic implant. To overcome this critical challenge, we intend to use an additional, acutely implanted electrode on the contralateral side to enable direct comparison between the AERP of both sides. We recently figured that this experimental setting can be performed by extracting the heart including the distal part of the chronically attached electrode and reconnecting it to electrical poles of the ex-vivo EP apparatus (Fig. 8). Thus, we now intend to compare between hearts in which chronic RA implant vs acute LA implant are inserted and vice versa. For comparison, sham hearts in which pericardiotomy and transient electrode fixation followed by removal will be examined, as well as naïve hearts without any previous manipulation. In addition, animals exposed to Aldo or vehicle will be studies with the same methodology to address the paradoxical discrepancy between AERP shortening and AF substrate under Aldo treatment (Fig 6, Fig 7A). 
Aim #2: Characterize the molecular and cellular effects of the chronic atrial implant in the atrial myocardium and test the hypothesis that concentric pathological hypertrophy and contractile dysfunction are main pathophysiological consequence. In this aim, we will rely on the fact that implanted electrodes can be easily extracted from the atrium in the first two weeks following implantation. Thus, the atrial tissue, which was exposed to the implant, can be easily extracted for biochemical analysis of hypertrophic and inflammatory signals as well as the expression of relevant ion channels. To further elaborate the effects of the implant, acutly isolated atrial cardiomyocytes from animals with longer period of exposure to the implant (4W, 8W) will be extracted and studied in terms of their morphology to characterize the type of induced hypertrophy (concentric vs. eccentric) and their contractile and calcium handling function. Histological analysis on the tissue level will also be used and will concentrate on the myocardial tissue that is not affected by the fixating pins of the implant. Finally, ex vivo pharmacological experiments will be considered to identify possible ionic mechanisms leading to AERP shortening.        
Aim #3: Evaluate anti-hypertrophic and anti-inflammatory therapeutic strategies to inhibit the chronic atrial implant-induced AF substrate progression. Here we indent to test promising therapeutic modalities to inhibit the implant-induced remodeling. The findings will not only mark novel therapeutic strategies but will also help in the mechanistic understanding of the implant-induced AF. First, based on the results obtained in Aim #2 in regard to the type of identified hypertrophy and the level of SRF phosphorylation, we intend to test the utility of anti-hypertrophic AAV9-based manipulations directed towards the mAKAPβ signalosome–regulated SRF phosphorylation 
 ADDIN EN.CITE 
[38, 39]
. This part will be performed in collaboration with Prof. Kapiloff (see support letter). In addition, based on the identified interconnection between pathological hypertrophy and inflammatory signaling 
 ADDIN EN.CITE 
[55]
, as well as the AERP shortening observed in mice with cardiomyocyte-specific overexpression of a constitutively active form of NLRP3 
 ADDIN EN.CITE 
[56]
, we will test the effect of the anti-inflammatory agent colchicine in preventing the implant-induced remodeling. Colchicine is a widely used, safe, anti-inflammatory medication found to be useful for preventing AF occurrence following cardiac surgery and after pulmonary vein isolation procedure 
 ADDIN EN.CITE 
[57]
 and has been shown to reduce cardiovascular risk in the setting of acute or chronic coronary syndromes 
 ADDIN EN.CITE 
[58]
. Finally, we will also test the activity of Ba6b9, a recently identified SK4 channel blocker 
 ADDIN EN.CITE 
[59]
 that was developed by Prof. Attali (see support letter) has been identified to have important anti-fibrotic and anti-AF properties in the setting of post-MI induced atrial remodeling with our implanted atrial EP device (Fig. 10).    
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2.1 Expected significance: We hope to establish the implant-induced atrial hypertrophy as a first targeted experimental model for the specific study of atrial mechanical loading and hypertrophy. In that sense, we envision our model to be the equivalent of the trans-aortic constriction (TAC) model that is invaluable for hypertrophy-targeted rodent studies of the ventricular myocardium. In addition, the findings of this project will promote the ongoing effort of our group to improve the models of AF in small mammals and to make them reliable and consistent as possible. The novel therapeutic strategies that we aim to explore in aim #3 will delineate important new strategies to combat progressive atrial remodeling. Lastly, although not considered as main a focus of our study, our findings might shed light on the clinical observation that the AF burden of patients implanted with an atrial electrode is very high post implantation 
 ADDIN EN.CITE 
[60, 61]
. While studies exploring this phenomenon mainly focused on the pacing itself, the possibility that the lead by itself might have local effects promoting AF substrate has not been examined so far to the best of our knowledge.     
3. Detailed description of the proposed research 
3.1 Working hypothesis: Fig. 7 illustrates the main concepts of our working hypothesis. We hypothesize that the AF substrate induced by the atrial implant is related to mechanical loading and progressively developed pathological hypertrophy of the affected atrial cardiomyocytes with consequent electrical remodeling characterized by APD / AERP shortening leading to inter-atrial AERP dispersion and possibly triggered activity due to abnormal Ca2+ handling and delayed after depolarization's (DADs). 
3.2 Experimental design & methods
3.2.1 Test the hypothesis that our chronic atrial implant induces focal APD/AERP shortening leading to AERP dispersion between the loaded and normal atrial tissue: 
[image: image8.jpg]


Rationale: The main logic of this aim is to experimentally confirm that the hypothesis summarized in Fig 7A. The main challenge in addressing this issue are that the chronic implant is presumably the source of AERP shortening but it enables AERP measurements only in the side of implantation. Thus, any strategy to address this aim must include acute implantation of another miniature-quadripolar electrode on the contralateral side. By performing such measurements in an ex vivo system we can have the advantage that only the intrinsic properties of the myocardium are determined without possible autonomic effects. In addition, acute quadripolar electrode implantation on the ex vivo heart is rather simple, as we have recently demonstrated 
 ADDIN EN.CITE 
[59, 62]
. N this setup we must cut the wires of the chronic implant. Thus, we recently developed a reliable technique to reconnect the implant to the electrical poles of the ex vivo apparatus (Fig. 8). 
Experimental approach:  
Aim 1.1 Experiments in healthy rats:  We intend to compare between chronic (8W) implants on the RA vs the LA. Our prediction is that the shorter AEREP will be consistently measured in the side of the chronic implant and that the AERP gap between both sides will correlate with the developed AF substrate and AF complexity (Fig. 4). As proper controls, we will use both hearts in which atrial pericardiotomy and transient electrode fixation were performed followed by its removal (sham operation) and naïve hearts without any previous manipulation. In these control hearts, acute insertion of quadripolar electrodes ex vivo will be performed in both sides. 
Aim 1.2 Experiments in Aldo treated rats:  We intend to perform similar experiment as in Aim #1.1 in rats expose to Aldo or vehicle treatment for the 8W period. In these experiments, the chronic implant will be inserted on the RA to stay consistent with our previous experiments (Fig. 6). These experiments will enable direct testing of our prediction that although AERP in RA is additively reduced by both the implant and the Aldo treatment, the dispersion between RA and LA is not increased due to Aldo-induced shortening of the LA AERP (Fig. 7 A).        
Aim 1.3 Experiments in Guinea pigs:  In parallel with the mentioned above experiments in rats we intend to utilize our newly developed GP model (Figure 1E-F) to address the issue of AERP shortening in the implant side. For that purpose, we will follow the same logic as in Aim #1.1 but in adult male and female GP. This will enable us to confirm the relevance of the obtained findings to atrial tissue with action potential repolarization and rate-adaptation properties that are closer to the human heart. In all of the mentioned above experiments the extracted hearts will be eventually fixed for histological evaluation of hypertrophy and interstitial fibrosis (see Aim #2). 
Specific methods: Animals: Male and female SD rats (250-300gr) and Dunkin Hartley GP (400-600gr) will be utilized for the whole project. The preparation of the implantable device, the atrial quadripolar-electrode and surgical technique in rats have previously been described in detail 
 ADDIN EN.CITE 
[4, 5, 50]
.  In Guinea pigs, endotracheal intubation will be performed by direct vision of the larynx with a veterinarian otoscope (Welch Allyn, Model 21700), insertion of a Seldinger wire through the vocal cords and finally, an over the wire intubation with a 14G endotracheal tube. This technique, recently developed in our laboratory, enables easy and safe intubation of the GP, a procedure that is conventionally regarded as a highly difficult 63[]
. Other than that, the surgical procedure and EP studies in the GP are similar to that performed in the rat, with rather minor modifications. In vivo EP: Baseline (1W) and terminal (8W) EP studies and AF substrate analysis will be performed as described in details in Murninkas et al 2021 4[]
. The advanced analysis of AF complexity and AF waveforms will be performed using the algorithm developed in collaboration with Dr. Gradwohl and described in details section 1.5.  Ex vivo EP: The use of the miniature-quadripolar electrode for atrial EP studies in ex vivo preparations was described in details in several recent publications of our group 
 ADDIN EN.CITE 
[4, 59, 62]
. The connection to the chronic implant will be done as described in Fig. 8.  Aldo vs. Vehicle treatment: Aldo treatment (1.5g/h) and vehicle alone (PEG 400) will be applied for 8W by Osmotic mini-pumps (ALZET pump Model 2004). This concentration was reported to induce AF in the literature 
 ADDIN EN.CITE 
[44]
 but consistently do not induce significant AF substrate in the rats implanted with our atrial electrodes at 4W 5[]
, as well as at 8W follow up, regardless of considerable AERP shortening (Fig. 6). Histology: at the end of ex vivo recordings all hearts will be fixed in formalin for 24h, followed by chronic implant extraction. These tissues will be used for histological evaluation in aim #2. Statistical considerations: It is hard to perform accurate power calculations for this new system. Based on our current experience (Fig. 4) we will use 8-10 males and 8-10 females for each condition (~16-20 rats total). AF substrate parameters will be analyzed using non-parametric testing, as routinely performed in our studies 
 ADDIN EN.CITE 
[4, 5]
. Comparison of AERP values between RA-implanted, LA-implanted, Sham and Naïve groups of both sex will be performed by 1-way ANOVA with Dunn’s multiple comparison post-test. To delineate the effect of sex two-way ANOVA will be applied. The criterion for significance will be set at P < 0.05.
Anticipated results, potential difficulties, and alternative methods: According to our hypothesis, we anticipate AERP shortening in the site of the chronic implant with dispersion between the loaded and the normal atrial tissue, that will correlate with AF substrate parameters. In the Aldo group, we anticipate marked reduction in AERP values in both sides so that the net depression will not be affected. We recently managed to overcome the challenge of reconnecting the chronic implant to the ex vivo apparatus (Fig. 8) so we anticipate no difficulties in the experiments of this aim. Nevertheless, in case of unexpected difficulty, we can perform the described experiments by inserting an acute implant on the contralateral site in the anesthetized state, a setup extensively used by our group in previous publications 
 ADDIN EN.CITE 
[52, 64]
. Such in vivo experiments may also be useful if AERP differences will not be identified ex vivo, to examine the possible involvement of autonomic changes. Although our recent publications were uniformly performed with RA implant only, we have previously shown that an LA implant can be easily applied as well 
 ADDIN EN.CITE 
[52]
. Thus, we expect no major difficulties in the crucial experiments suggested in this aim. Based on the results we will consider pharmacological experiments aimed to reveal the role of specific K+ currents in the AERP shortening (e.g. SK2 channels. 
 ADDIN EN.CITE 
[65]
)       
3.2.2 SPECIFIC AIM #2: Characterize the molecular and cellular effects of the chronic atrial implant in the atrial myocardium and test the hypothesis that concentric pathological hypertrophy and contractile dysfunction are main pathophysiological consequence:  
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Rationale: This aim is directed to delineate cellular and molecular changes around the implant. Our main challenges are that the pining of the implant create local injury points and with time, the a fibrotic capsule may strongly attach the implant to the atria. We intend to use two strategies to overcome these challenges: a). to study early-involved molecular pathways, we will rely on the fact that that the implant can be easily extracted from the atrium in the first two weeks following implantation for biochemical\molecular analyses. In these experiments, we will focus on classical pathways known to be involved in hypertrophic signaling (Fig. 7B). In addition, we will study SRF phosphorylation by mAKAPβ signalosome, a critical hypertrophic switch 
 ADDIN EN.CITE 
[39]
 that has not been studies in the atria, to the best of our knowledge. Here, we will leverage our ongoing collaboration with Dr. Kapiloff who extensively studies this pathway, as an important point of novelty of the proposal. To get a global view on the molecular signatures in the loaded atria we also intend to perform RNA-seq analysis, as we previously performed for rat atrial tachypacing using microarray analysis 50[]
.  b). In the animals with long-term implants, we are able to extract the heart on block with the implant (Fig. 8) followed by enzymatic digestion to isolate atrial cardiomyocyte (Fig. 9A). We will use them for morphological (Figure 9B) as well as functional analyses. Finally, histological analysis of the fixed tissues extracted in Aim #1 will be performed as well.        
Experimental approach: This aim will focus on rats. For sake of simplicity, we will focus only on RA electrode implantation. This strategy will leave the non-operated LA tissue as an internal control. Sham operated rats will go through RA pericardiotomy and transient electrode fixation followed by its removal before chest closure. Thus, the effects will be those of the implant per see. Specific methods: Animals: Male and female SD rats (250-300gr) will be utilized in this aim. Quadripolar electrode implantation: will be performed as in Murninkas et al. 2021 4[]
. Biochemical studies: rats will be sacrificed 3d, 1W and 2W post RA electrode implantation. Following RA electrode extraction, the RA and LA appendages will be rapidly dissected, washed in cold PBS and snap freeze for further analysis by Western blot and Real-time QT-PCR as routinely done on our laboratory 
 ADDIN EN.CITE 
[50, 66]
. At first, we will perform analysis of classical pathways of pathological remodeling: CAMKII phosphorylation will be studies as we previously reported 
 ADDIN EN.CITE 
[50, 66]
, Calcineurin/NFAT signaling activation will be assessed by the ratio of faster to slower migrating NFATc2/3 forms on a SDS-page 38


[ ADDIN EN.CITE ]
, as well as by quantifying the NFAT targets mir101, miR-26, mir1 50[]
. SRF Ser103 phosphorylation, an epigenomic switch balancing the growth in width versus length of adult ventricular myocytes will be evaluated 39


[ ADDIN EN.CITE ]
 and the results will direct the therapeutic manipulation of mAKAPβ signalosome–regulated SRF phosphorylation of Aim #3. Effectors of pathological atrial remodeling that can explain AERP shortening will also be studies: a.) MiR-328 up-regulation with consequent repression of Cav1.2-translation. b). Ca2+/calcineurin/NFAT- mediated down-regulation of the inhibitory miR-26, removing translational – inhibition of Kir2.1. 10


[ ADDIN EN.CITE ]
. Protein expression of Kir2.1 and Kv1.5 will be checked conventionally 54[]
.  RNA-seq: RA and LA of 5 rats 1W post implantation and 5 shams will be used. RNA-seq procedure will outsourced. Analysis will be performed in the bioinformatics core facility of Ben-Gurion university (see support letter). Morphometric and functional recordings from isolated cardiomyocytes: The atria of animals with long term implant (8W) will be used to enzymatically dissociate RA and LA cardiomyocytes (Fig. 9A). Part of the isolated cells will be fixed followed by ImageStream analysis of their cell length and width ratio (Fig. 9B). Optional immunostaining of the cells (e.g. to view nuclear translocations of NFAT) will be considered. Physiological studies of the cardiomyocytes will include contractility and [Ca2+]i measurements as we have recently reported in the literature  67[]
. To investigate the possible role of Ca2+ handling changes and DADs in the AF substrate  formation myocytes will be loaded with the ratiometric Ca2+ indicator Indo-1/AM and superfused with physiological solution at 37°C. Spontaneous Ca2+ release events (SCaEs) will be elicited by field stimulation at different pacing frequencies, as described and analyzed in the literature 68[]
. The SR Ca2+ content will be estimated by the amplitude of the Ca2+ transient induced by a brief rapid application of caffeine (20 mM, 1s) onto the cell by pressure-ejection via a nearby pipette 
 ADDIN EN.CITE 
[69]
.. Histological studies: At the end of the ex vivo recordings in Aim #1 all hearts will be fixed in formalin for 24h, followed by chronic implant extraction. Paraffin blocks of atrial tissue will be sectioned and stained with Masson’s trichrome followed by quantitative analysis of interstitial fibrosis. Wheat germ agglutinin staining will evaluate hypertrophy. 
Anticipated results, potential difficulties, and alternative methods: All methodologies suggested in this aim are routinely performed in our laboratory. Thus, we are confident in our ability to accomplish this aim. In the histological analysis, it will be critical to ignore injury induced by the fixating pins. Thus, we intend clearly mark the points injured by local application of dye and we will concentrate only on areas away from these points. Analysis of Ca2+ sparks indicating abnormal diastolic Ca2+ release can greatly substantiate our findings. At the present, we do not have access to such system. However, we may get such access and will consider such analysis with the help of Dr. Yael Yaniv (support letter). Patch clamp experiments to delineate the effect of the implant on specific ionic currents are demanding and behind the scope of this proposal. However, we will consider targeted patch clamp recordings to substantiate relevant findings.    
3.2.3 SPECIFIC AIM #3: Evaluate anti-hypertrophic and anti-inflammatory therapeutic strategies to inhibit the chronic atrial implant-induced AF substrate progression:
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Rationale: To get comprehensive insights and advance further mechanistic understanding it is important to examine the activity of modalities aimed to inhibit the implant-induced remodeling. Aim 3A- Manipulations of mAKAPβ signalosome–regulated SRF phosphorylation: Kapiloff's group demonstrated that SRF Ser103 is bidirectionally regulated by RSK3 (p90 ribosomal S6 kinase type 3) and PP2A (protein phosphatase 2A) at signalosomes organized by mAKAPβ. Accordingly, AAV9 vectors expressing mAKAPβ-derived RSK3 and PP2A anchoring disruptor peptides could inhibit concentric and eccentric hypertrophy, respectively. Based on the  SRF Ser103 we will identify in our model and the type of hypertrophy in isolated cardiomyocytes (Aim #2) we will use the relevant AAV9 vector to block the remodeling of the atrial tissue affected by the implant.  Aim 3B- Colchicine: based on the identified interconnection between pathological hypertrophy and inflammatory signaling 
 ADDIN EN.CITE 
[55]
 as well as the AERP shortening observed in mice with cardiomyocyte-specific overexpression of a constitutively active form of NLRP3 
 ADDIN EN.CITE 
[56]
 we will explore the effects of the anti-inflammatory agent colchicine in preventing the implant-induced remodeling. Colchicine was found to be useful for preventing AF occurrence in specific settings 
 ADDIN EN.CITE 
[57]
 and lately was found to be affective in a rat model of HFpEF 
 ADDIN EN.CITE 
[70]
.  Aim 3C- SK4 channel blockage: Our collaborative efforts with Attali's group indicate that SK4 channels are an attractive new drug target for AF treatment. 
 ADDIN EN.CITE 
[59]
 In addition to their direct EP effects in supraventricular cardiomyocytes, they have important role in activation of macrophages and fibroblasts 
 ADDIN EN.CITE 
[71, 72]
. In agreement with that, our preliminary findings indicate that in rats with HF post-MI (EF<40%), daily treatment with SK4 blocker for 3 weeks starting 1W post-MI, do not affect EF (Figure 10A) but markedly attenuate AF substrate, atrial fibrosis (Fig 10B,C). Interestingly, in this MI setting we did not observe AERP reduction, while the daily SK4 blockage induced mild but significant AERP prolongation even 24h following last treatment. Although the reduced AF substrate in this setting may mainly result from the inhibition of atrial structural remodeling, the possibility that SK4 blockage can affect the implant-induced remodeling is important to study. 
Experimental approach: All parts of this aim will be performed with rats using experimental setup and details similar to Murninkas et al. 2021. 4[]
 Following electrode implantation and animal recovery baseline EP measurements will be performed followed by random division of the animals to treatment vs. vehicle. Follow up EP measurements will be performed at 4W and 8W and for aim 3A we will follow the AAV treated rats up to 12W.      
Specific methods: Aim 3A- AAV9 vectors expressing mAKAPβ-derived RSK3 or PP2A anchoring disruptor peptides (depending on the hypertrophic findings in Aim#2) and an AAV expressing GFP (control) will be injected intravenously (1013 vg i.v.) via the tail vein. 39


[ ADDIN EN.CITE ]
 Aim 3B- Colchicine 0.1 mg/kg dissolved in saline or saline alone (vehicle) will be given daily by gavage treatment, as recently reported in HFpEF rat model. 
 ADDIN EN.CITE 
[70]
 Aim 3C- the SK4 blocker BA6b9, (20mg/kg dissolved in sesame oil) or sesame oil alone (vehicle) will be given by daily intraperitoneal injection as performed in the experiment in Fig 10. All additional methodologies for this aim were already described in the previous aims including advanced AF analyses, which will be performed in collaboration with Gideon Gradwohl. 

Anticipated results, potential difficulties, and alternative methods: Our group is experienced in all the technical details of this aim. AAVs will be will be shipped ready to use from Dr. Kappilof's lab. Thus, we anticipate no technical difficulties. Depending on the result of Aim #1 we will consider to check some of the therapeutic manipulation also in Guinea-pigs. 
4 Preliminary Findings: were all described along the text (Fig. 1-10). 
5. Experimental resources
The Etzion laboratory is located the new BGU Regenerative Medicine and Stem Cell Research Center. We have our own high-standard animal facility including two animal rooms for maintenance and EP of rats and Guinea pigs as well as a surgery room with two setups including rodent respirators, vaporizers, dissecting microscopes, surgical lights, delicate surgical tools and an autoclave. We have a workshop for fabrication of our electrodes. Eight computerized setups for EP studies in conscious rodents are available. We have a Langendorff apparatus, setup for cardiomyocyte isolation and a patch clamp apparatus. A chemical hood and laminar flow hood, −20ºC freezer, CO2 incubator, centrifuges, and western-blot apparatus are also on hand. A −80°C freezer and real time RT-PCR apparatus are available for the use of lab personnel at all times. Our lab is also in charge of an echocardiography system for rodents (Vevo 3100). ImagStream analyzer exists in The BGU nanotechnology center and is available for our usage.
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Figure 1: An implanted device for long-term atrial EP studies in freely moving rats and Guinea pigs. A. Photo of the implanted device developed in Etzion's lab for long-term atrial EP studies. The miniature quadripolar electrode (Blue Square magnified in B) is implanted on the atrial myocardium. Peripheral ECG poles (arrows) are implanted subcutaneously. B. Zoom on the miniature-quadripolar electrode. Red arrows mark the platinum-iridium poles facing the atrial surface. Black and while arrows mark the fixating pins in the front and the rear of the electrode, respectively. C. An implanted rat connected to the pacing & recording apparatus for AF substrate evaluation. D. AERP testing in a freely moving rat. ECG (White), Atrial (red) and Pacing (red) traced are demonstrated during S1-S2 protocol. Atrial capture / failure are marked by arrowheads and a stump arrow, respectively. E-F, Similar setup and recordings as in C-D but for the freely moving Guinea pig (GP).  
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Figure 2: An unbiased algorithm for cleaning and sorting of atrial arrhythmic signals. A. Examples of regular and irregular arrhythmic events that are typically considered uniformly as "AF" by most studies. B. A recording before (Left panel) and after (Right panel) a burst pacing protocol leading to an arrhythmic event. In both panels, the traces represent from top to bottom: a). Peripheral ECG lead II b). Original atrial recording c). 'Pure' atrial recording following ventricular signal subtraction. The arrows mark a location in which a ventricular signal was subtracted by the algorithm. Dashed line represents the complexity analysis threshold at 25% of the signal amplitude. d).The binary sequence derived from crossing of the amplitude threshold by the pure atrial signal. The post burst binary sequences are analyzed in 1 s windows using the Lempel-Ziv complexity (LZC) algorithm and are normalized to the pre-pacing LZC to get the final complexity ratio (CR) of each post pacing window. For each 1s window both positive and negative thresholds are calculated and averaged. 
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Figure 3: CR analysis is highly accurate in the detection of irregular atrial arrhythmias. Similar data as in Figure 2.  A, Comparison between the CR values of post-pacing windows with either NSR or regular arrhythmic events (negative\regular) versus post-pacing windows with irregular arrhythmia only (positive). B, ROC analysis of the CR ability to detect atrial arrhythmic events. Optimal CR threshold was 1.236. Note an AUC of 96.3% (95% CI 94.9%-97.6%). C, Examples of irregular (top) and regular (bottom) arrhythmic events that are clearly separated by above and below threshold CR values, respectively.  
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Figure 4: Progressive AF substrate development and electrical remodeling in rats with chronic atrial implants. A,  AF induction values(%) obtained 1, 4, and 8 weeks post implantation, B,  AERP values obtained 1, 4, and 8 weeks post implantation. C, Inverse correlation between AERP and AF induction. A-C adapted from Murninkas et al. 2021. � ADDIN EN.CITE <EndNote><Cite><Author>Murninkas</Author><Year>2021</Year><RecNum>2138</RecNum><DisplayText>[4]</DisplayText><record><rec-number>2138</rec-number><foreign-keys><key app="EN" db-id="950v2ra2pt2pr6etxfzpeezbdtxarawr9frp" timestamp="1664803078">2138</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Murninkas, Michael</author><author>Gillis, Roni</author><author>Lee, Danielle I</author><author>Elyagon, Sigal</author><author>Bhandarkar, Nikhil S</author><author>Levi, Or</author><author>Polak, Rotem</author><author>Klapper-Goldstein, Hadar</author><author>Mulla, Wesam</author><author>Etzion, Yoram</author></authors></contributors><titles><title>A new implantable tool for repeated assessment of supraventricular electrophysiology and atrial fibrillation susceptibility in freely moving rats</title><secondary-title>American Journal of Physiology-Heart and Circulatory Physiology</secondary-title></titles><periodical><full-title>American Journal Of Physiology-Heart And Circulatory Physiology</full-title><abbr-1>Am. J. Physiol.-Heart Circul. Physiol.</abbr-1></periodical><pages>H713-H724</pages><volume>320</volume><number>2</number><dates><year>2021</year></dates><isbn>0363-6135</isbn><urls></urls></record></Cite></EndNote>�[� HYPERLINK \l "_ENREF_4" \o "Murninkas, 2021 #2138" ��4�]� D-F, analysis of the same data as in A-C with the complexity ratio (CR) algorithm. D. CR in the first five seconds after atrial burst pacing. Note in all post-operative weeks the markedly elevated CR in the first second followed by a gradual decay of the CR thereafter. Also note the progressive increase of CR values as a function of time. E, Bar graph showing the average CR of the first 5 post-burst seconds. Each point represents the data of a single rat. Note the progressive increase of the average CR as a function of the post-operative week. F, Analysis of the fraction of post-burst seconds that are above the CR threshold of irregularity determined in the previous analysis in Figure 3 (1.236). Note a gradual increase in fraction of irregular post-burst windows as a function of post-operative week.  
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Figure 5: Power spectrum analysis of arrhythmic events indicates augmentation of high frequency energies over-time. A, Analysis of positive windows sorted by the post-implantation week and following baseline power subtraction. Arrow represents distortion of the signal by the notch filter. B, Similar data as in A in which interpolation was used to correct the effect of the notch filter. Blue arrow mark the increase of power in the higher frequency zone at weeks 4 and 8. Statistical analysis of the ratio between the power spectrum integrals above and below 50Hz. Note a significant increase of this ratio in post-implantation weeks 4,8 compared to week 1.
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Figure 6: Chronic exposure to Aldosterone (Aldo) reduce the RA AERP of implanted rats, paradoxically without an effect on AF susceptibility. A, Comparison of AERP changes between vehicle-treated vs. Aldo-treated (1.5g/h) rats applied for 8W using ALZET osmotic mini-pumps. Note AERP shorter AERP in the Aldo treated animals at 1W and more so at the 8W EP study. B, AF induction (%) in the vehicle-treated vs. Aldo-treated rats. Note relatively similar progression of AF susceptibility in both groups. The AF susceptibility data is in agreement with our previously reported results using miniature-bipolar hook electrodes. � ADDIN EN.CITE <EndNote><Cite><Author>Klapper-Goldstein</Author><Year>2020</Year><RecNum>2147</RecNum><DisplayText>[5]</DisplayText><record><rec-number>2147</rec-number><foreign-keys><key app="EN" db-id="950v2ra2pt2pr6etxfzpeezbdtxarawr9frp" timestamp="1664803078">2147</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Klapper-Goldstein, Hadar</author><author>Murninkas, Michael</author><author>Gillis, Roni</author><author>Mulla, Wesam</author><author>Levanon, Eran</author><author>Elyagon, Sigal</author><author>Schuster, Ronen</author><author>Danan, Dor</author><author>Cohen, Hagit</author><author>Etzion, Yoram</author></authors></contributors><titles><title>An implantable system for long-term assessment of atrial fibrillation substrate in unanesthetized rats exposed to underlying pathological conditions</title><secondary-title>Scientific reports</secondary-title></titles><periodical><full-title>Scientific Reports</full-title></periodical><pages>1-12</pages><volume>10</volume><number>1</number><dates><year>2020</year></dates><isbn>2045-2322</isbn><urls></urls></record></Cite></EndNote>�[� HYPERLINK \l "_ENREF_5" \o "Klapper-Goldstein, 2020 #2147" ��5�]�  Advanced AF complexity analysis is still pending. 
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Figure 7: Working hypothesis of the suggested project. A, Postulated AERP gradient by the chronic implant leading to increased AF substrate. Lower panel describe the postulated paradoxical effect in the presence Aldo (see text for details) B, Postulated cellular abnormalities in the loaded atrial cardiomyocytes near the chronic implant.   
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Figure 8: Reconnecting a chronic atrial implant to the ex vivo apparatus. A, Flexible silicone coated wires adapted with distal pins (arrows) that can be inserted to the cut electrical wires of the atrial implant for electrical connections to the EP system. B, Reconnection of a chronic RA implant to the ex vivo EP apparatus. Arrows indicate the connection sites with the four electrical poles of the implant.   
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Figure 9: Analysis of acutely isolated cardiomyocytes. A, Acutely isolated atrial cardiomyoctes dissociated enzymatically from the RA tissue of a rat. Arrows mark two intact cells with typical striation. These cardiomyocytes will be used for functional IonOptiX measurements as well as morphometric analysis B, Left: Example acutely isolated murine ventricular cardiomyocytes that were fixed and sorted by the ImageStream analyzer. Right: analysis of length and width. Immunostainings can be performed as well.
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Figure 10: The novel SK4 blocker BA6b9 ameliorates AF substrate and structural remodeling post-MI. A, EF, AERP and AF substrate parameters at baseline and after 3W treatment with Ba6b9 (20mg/Kg/d) or vehicle. B, Masson-trichrome staining of LA sections. C-D. Quantitative analysis of LA Fibrosis (%) and LA smooth muscle actin.   
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