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Abstract
[bookmark: _Hlk107778573]Background: Fibroblast-derived exosomes can regulate the electrical remodeling of cardiomyocytes, and the KCa3.1 channel is an important factor in atrial electrical remodeling; however, the underlying molecular mechanisms that influence the fibroblast-derived exosomes on the electrical remodeling of cardiomyocytes are blurry. Therefore, our objective is to study the regulation of cardiac electrophysiology by exosomes linked to KCa3.1. 
[bookmark: _Hlk108451868][bookmark: _Hlk108448683][bookmark: _Hlk108451977]Methods: Atrial myocytes (AMs) and atrial fibroblasts collected from Sprague-Dawley suckling rats were isolated and cultured individually. The cellular atrial fibrillation (AF) model was then established via electrical stimulation (1.0 v/cm, 10 Hz), and fibroblast-derived exosomes were isolated via ultracentrifugation. Moreover, these exosomes were co-cultured with AMs to investigate their influences on KCa3.1 and its potential mechanism. Various techniques, such as nanoparticle tracking analysis, transmission electron microscopy, whole-cell patch clamp technique, reverse-transcription polymerase chain reaction (RT-PCR), Western blot, and immunofluorescence, were used.
[bookmark: _Hlk108452241] Results: Rapid pacing promoted the secretion of exosomes from atrial fibroblasts (P < 0.05), along with elevating the miR-21-5p expression level in atrial fibroblasts and exosomes (P < 0.01). The expression of protein and current density of the KCa3.1 channel significantly increased after rapid pacing in AMs (0.190 ± 0.010 vs. 0.513 ± 0.057, P < 0.001). The KCa3.1 channel expression and PI3K/AKT pathway were further amplified after co-culturing of AMs with exosomes secreted by atrial fibroblasts (0.513 ± 0.057 vs. 0.790 ± 0.020, P < 0.001). However, the KCa3.1 expression was reversed after the cells were co-cultured with exosomes secreted by atrial fibroblasts transfected with miR-21-5p inhibitors (0.790 ± 0.020 vs. 0.570 ± 0.056, P < 0.001) or after the use of LY294002, a PI3K/AKT pathway inhibitor (0.676 ± 0.025 vs. 0.480 ± 0.043, P < 0.001).
[bookmark: _Hlk108452498]Conclusions: Rapid pacing promoted the secretion of exosomes from fibroblasts, and the miR-21-5p was upmodulated in exosomes. Moreover, the miR-21-5p enriched in exosomes up-regulated the KCa3.1 channel expression in AMs via the PI3K/AKT pathway.
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Abbreviations:
AF (atrial fibrillation), KCa3.1 (intermediate-conductance calcium-activated potassium channel), AMs (atrial myocytes), SAN (sinoatrial node), MPD (maximum depolarization potential), eFat-EVs (epicardial fat -derived extracellular vehicles), APD (action potential duration), ESCM (Embryonic stem cell-derived Cardiomyocyte), EADs or DADs (early or delayed after depolarizations), hiPSC-CMs (human-induced pluripotent stem cell-derived cardiomyocytes), CPVT (Catecholaminergic polymorphic ventricular tachycardia) 
1. Introduction
 According to recent studies, atrial fibrillation (AF) is prevalent in the adult population, and patients with AF are at high risk of stroke, heart failure, and mortality[1, 2]. Current experimental and clinical studies have found that electrical and structural remodeling, inflammation responses, and autonomic neural dysregulation are involved in the incidence and maintenance of AF [3-5]; however, the molecular mechanisms underlying the occurrence of AF are still unclear.
Published data illustrates that KCa3.1 is crucial for the development of arrhythmias[6]. Studies have revealed that the spontaneous activity of sinoatrial node (SAN) cells increased significantly with the elevation of the KCa3.1 current. Using TRAM-34, a KCa3.1 blocker, a substantial decrease was observed in the spontaneous activity of SAN cells and the maximum depolarization potential (MPD) of cardiomyocytes [6, 7]. Recent studies have revealed that during rapid atrial pacing in canines, the KCa3.1 expression in the atrium was enhanced. TRAM-34 entirely blocked the induction of AF and suppressed electrical remodeling and the development of atrial fibrosis [8, 9]. However, there are only a few studies on the regulation of myocardial KCa3.1 channels during AF.
[bookmark: _Hlk106403642]According to the latest research, the exosomes have unique pro-inflammatory, profibrotic, and pro-arrhythmic characteristics [10], whereas,  MicroRNA-21 (miR-21) is an important component of exosomes that promotes myocardial interstitial fibrosis [11]. The exosomal miR-1247-3p is secreted by hepatocellular carcinoma cells into fibroblasts, which leads to the secretion of inflammatory factors [12]. According to our previous study of a canine model, it was found that exosome release blockade induced by GW4869 may alleviate atrial fibrosis to suppress AF induction. This mechanism could be correlated with profibrotic miR-21-5p enriched in exosomes and its downstream TIMP3/TGF-β1 pathway [9]. Previous studies have shown that the accumulation of cross-linked collagen in atrial myocardial fibroblasts is associated with the structural remodeling of AF [13]. Furthermore, fibroblasts can couple to cardiomyocytes and substantially affect the cell’s electrical characteristics, including conduction, excitability, resting potential, and repolarization [14-18]. Recently, Li et al. revealed that exosomes derived from fibroblasts could affect the electrical remodeling of cardiomyocytes and contribute to AF [19]. 
On the basis of these previous researches, we assumed that exosomes derived from cardiac fibroblasts might facilitate atrial electrical remodeling by regulating the KCa3.1 channel. Therefore, this research focused on interrogating the influences of exosomes originating from fibroblasts on the KCa3.1 channel of atrial myocytes (AMs) during AF and exploring its mechanism. 
1. 
2. METHODS
The research work was carried out in accordance with the guidelines for the care and use of laboratory animals of the National Institutes of Health (NIH), and the approval was taken from the animal research subcommittee, a part of the institutional review board committee.
2.1 Culture of atrial fibroblasts and AMs
Sprague-Dawley suckling rats (1–3 days old, SPF class) were used in this study. The site of operation was disinfected with 75% ethanol for 10 s, and the chest cavity was opened with ophthalmic scissors; after that, the heart was resected with ophthalmic forceps and subsequently placed in pre-chilled phosphate-buffer saline (PBS). The residual blood in the heart was washed out by squeezing both sides of the heart with straight ophthalmic forceps. The atria were cut into small pieces in sterile PBS and digested for 10 min at 37 ℃ with 0.04% collagenase and 0.08% trypsin.
The supernatant was collected, and 0.125% of trypsin was added 5–10 times for 5 min each time until the heart tissue was entirely digested. Thereafter, the centrifugation of cell suspension was performed for 10 min at 1000 rpm, followed by the collection of cells and suspension in Dulbecco’s Modified Eagle’s Medium (DMEM, 5 mM glucose, Gibco) with 10% fetal bovine serum (FBS, Invitrogen), penicillin (100 U/ml) and streptomycin (100 mg/ml). After 2 h of incubation in humid conditions in flasks with 5% CO2 at 37 ℃, the AMs and atrial fibroblasts were isolated via differential attachment. 
[bookmark: _Hlk102240111]2.2 Tachypacing of AMs and atrial fibroblasts
The cells were processed when their size increased by approximately 60%–80%. Holes were punched on either side of the Petri dishes using electric soldering iron, and the high-temperature-disinfection carbon electrode with a 0.5 cm diameter was ensconced in these dishes for the connection with the culture medium. An external connection was established between the carbon electrode and the stimulation system (Master 8, Israel), and 1.0 v/cm of electric field and 10 Hz of frequency were used to stimulate the incubator. The cells were harvested after an incubation period of 48 h[20].
2.3 Isolation of exosome and its characterization
[bookmark: _Hlk108035697][bookmark: OLE_LINK5]The atrial fibroblast culture supernatant (40 mL) was collected at an average of 20 plates after incubation with and without pacing for 48 h. Centrifugation was performed at 3,000 rpm at 4°C for 30 min to eliminate dead cells and we further centrifuged at 10,000 rpm at 4°C for 20 min to remove swollen vesicles and debris. After filtration (0.2 μm), centrifugation was performed on a 60% iodixanol cushion (Sigma-Aldrich) for 70 min at 100,000 rpm (Type 45 Ti, Beckman Coulter). The centrifugation of the supernatant was done again at 100,000 rpm at 4°C for 70 min (SW 40 Ti Rotor) with optiPrep (5%, 10%, and 20% w/v iodixanol) for further exome purification.
For the characterization of the exosomes, several techniques were employed, including transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and Western blot. In TEM, isolated exosomes (100 µl) were fixed overnight with 25% glutaraldehyde, dropped into a copper net, and stained for 2 min with 2% phosphotungstic acid oxalate. A transmission electron microscope (HT-7700, Japan) was utilized to obtain the images. Using NTA, the concentration and particle size of the exosomes were assessed with the aid of the ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany) and the ZetaView 8.04.02 software. 1X PBS buffer (Biological Industries, Israel) was added to isolated exosome samples for dilution and measurement of particle size and concentration by means of NTA. The calibration of the ZetaView system was done using 110-nm polystyrene particles while maintaining the temperature between 23°C–37°C. Additionally, the marker protein expression of exosomes(CD63, CD81, and TSG101) were examined via western blot.
2.4 Electrophysiology
[bookmark: _Hlk108036700]The membrane current in cultured AMs was noted by the whole-cell patch-clamp technique utilizing an EPC-9 amplifier (HEKA Instruments). Borosilicate glass patch pipettes with 4–10 MΩ tip resistance were pulled (PB-7; Narishige, Tokyo, Japan), whereas the seal resistance was greater than 1 GΩ. After placing in a small chamber (approximately 1.0 mL) for infusion, the cells were examined with the inverted microscope (IX70; Olympus, Japan), with built-in standard video camera systems and Hoffman modulation contrast optics. For further analysis, all the data were recorded and saved on a computer with the Pulse/PulseFit software. The performing temperature of recordings was approximately 20°C–21°C.
[bookmark: _Hlk108038232][bookmark: _Hlk108038303]The bath solution was prepared using 140 mmol/L NaCl, 5 mmol/L KCl, 3.8 mmol/L CaCl2, 1.2 mmol/L MgSO4, 10 mmol/L glucose, and 10 mmol/L HEPES, with a pH of 7.4. The pipette solution was prepared using 2 mmol/L MgSO4,135 mmol/L KCl, 2.5 mmol/L ATP, 10 mmol/L EGTA, 7 mmol/L Cacl2, 10 mmol/L HEPES with the pH maintained at 7.2 using KOH.
2.5 Western blot
AMs were lysed using Western-IP Lysis Buffer (Beyotime, Shanghai, China), and centrifugation was performed for protein sample collection for 5 min at 4℃. The bicinchoninic acid (BCA) protein concentration determination assay kit (Beyotime, Shanghai, China) was employed to measure the concentration of the samples to guide the required amount of SDS-PAGE so as to separate the proteins, followed by transferring to the polyvinylidene fluoride (PVDF) membrane (Millipore, USA). After blocking for 1 h, overnight incubation of the membrane was performed at 4℃ with rabbit anti-rat primary antibody (1:1000). Washing was performed with TBST, and goat anti-rabbit secondary antibody (1:5000) was used for the second incubation of 1 h at room temperature. Electrochemiluminescence was used to develop and collect images, while the gray values of protein bands were assessed by means of ImageJ. 
2.6 Real-time fluorescent quantitative PCR
TRIpure Total RNA Extraction Reagent (ELK Biotechnology, China) was employed for total RNA extraction from CF by following the protocol provided by the manufacturer. The detection of U6 and miR-21-5p relative expression levels was performed using Stem-Loop RT-qPCR with the EnturboTM SYBR Green PCR Supermix Kit (ELK Biotechnology, China) and the StepOneTM Real-Time PCR instrument (Life Technology, the USA). The data analysis was carried out using the 2−ΔΔCT method.
[bookmark: _Hlk105613259][bookmark: OLE_LINK6][bookmark: _Hlk108565924]2.7 Immunofluorescence
4% formaldehyde was used for AMs fixation (20 min). Then, AMs were washed thrice with PBS (5 min each). Blocking was then performed using 3% BSA, and AMs were incubated overnight with KCa3.1 antibody (Bioss, the USA) at a dilution of 1:150 at 4℃. After washing and the second incubation for 1 h at room temperature, DAPI (Biotechnology, China) was employed to counterstain the nuclei, and the results were observed using fluorescence microscopy. 
2.8 Statistical analysis
The data was presented using mean ± standard deviation. Tukey-Kramer test was used to determine any remarkable difference, whereas the two-tailed independent Student’s t-test, as well as  ANOVA and Newman-Keuls tests, were used for the analysis of the means of two groups and the mean values of continuous variables in multiple groups, respectively. All data were assessed by means of GraphPad Prism 9 (GraphPad, the USA). All statistical tests were two-sided. Moreover, P＜0.05 was considered a statistically significant value. 
3. RESULTS
3.1 Increased release of exosomes derived from atrial fibroblasts with rapid pacing
The characteristics of exosomes isolated from the atrial fibroblast supernatant were confirmed by TEM, NTA, and Western blot (Figure 1). The isolated exosomes were identified as extracellular vesicles with a ~100–200 nm diameter measured by TEM (Figures 1A, B), whereas the distribution of size and proximal density were determined by NTA. Figure 1E shows the concentration of exosomes in the supernatant. The exosomes concentration increased from 1.193 ± 0.09 × 1012 vesicles/mL to 1.613 ± 0.10 × 1012 vesicles/mL (P < 0.05) after rapid pacing. The expression of the exosome markers CD63, CD81, and TSG101 in the vesicles (Figure 1F) were analyzed via Western blot, which indicated that CD63, CD81, and TSG101 levels increased after rapid pacing in comparison to the control group (CD63: 0.24 ± 0.02 vs 0.50 ± 0.04, P < 0.01; CD81: 0.20 ± 0.07 vs 0.60 ± 0.08, P < 0.05; TSG101 0.25 ± 0.03 vs 0.53 ± 0.08, P < 0.05; Figures 1G–I). 
3.2 miR-21-5p expression in exosomes and atrial fibroblasts
The results of Figure 2A demonstrated that the miR-21-5p expression in the exosomes was substantially amplified after rapid pacing when compared with the control group (P < 0.001). However, it could be reversed with miR-21-5p inhibition treatment (P < 0.001). Furthermore, the expression of fibroblasts was observed to be consistent with that of the exosomes (Figure 2B). Hence, these results indirectly indicated that tachypacing of atrial fibroblasts increased the miR-21-5p expression.
3.3 Upregulation of KCa3.1 current via tachypacing in AMs
The KCa3.1 current regulation and the effect of tachypacing on the upregulation of KCa3.1 current in rat AMs were investigated. By employing the whole-cell patch clamp method, we recorded the expression of KCa3.1 channels in isolated rat AMs (Figure 3A) with 100-ms voltage steps between −100 and +100 mV from a holding potential of −70 mV (inset). The membrane current was observed to be blocked by a KCa3.1 channel blocker, TRAM-34 (1 μmol/L), with weak inward rectification at more positive potential. Therefore, the KCa3.1 current was identified to be one of the predominant potassium-channel currents in AMs. The rapid pacing for 48 h revealed that the membrane current and the TRAM-34 inhibition levels were significantly elevated in AMs. Figure 3B shows the average of the current-voltage relationships of the TRAM-34-sensitive current, which was derived by numerically subtracting the level of current before TRAM-34 and the level of current after adding TRAM-34 to AMs.
3.4 Role of exosomal miR-21 secreted by atrial fibroblasts on the KCa3.1 current in AMs
[bookmark: _Hlk108107894]We investigated the upregulation of KCa3.1 currents caused by exosomes secreted by atrial fibroblasts in AMs. To measure changes in the expression level of KCa3.1 currents, AMs were cultured in the medium with and without exosomes at a concentration of 2×109 particles per mL[21].
As illustrated in Figure 3C, the membrane current of KCa3.1 and its level of suppression increased in cells with exosomes in comparison to the pacing group. However, after the addition of miR-21-5P inhibitor to atrial fibroblasts and co-culturing of their secreted exosomes with cardiomyocytes, the expression of KCa3.1 current was reduced (Figure 3D). Therefore, in the AMs, the expression of KCa3.1 currents can be up-regulated by exosomes containing miR-21-5p from atrial fibroblasts. 
3.5 Upregulation of the KCa3.1 channel by miR-21-5p via the PI3K/AKT pathway
[bookmark: OLE_LINK4][bookmark: _Hlk105691855]The culturing of rat AMs was done in a medium without (a control group) and with rapid pacing for 48 h to determine changes in the level of KCa3.1 channel expression to check if the increased expression is linked to increased KCa3.1 currents. Figures 4 and 5C illustrate a substantial enhancement in the KCa3.1 channel expression in the rapid pacing group when compared with the control group (0.190 ± 0.010 vs. 0.513 ± 0.057, P < 0.001). When AMs and exosomes containing overexpressed miR-21-5p were co-cultured, the expression level of KCa3.1 channels was further increased (0.513 ± 0.057 vs. 0.790 ± 0.020, P < 0.001), however, this result could be reversed if the co-culturing of the cells was performed with the exosomes secreted by atrial fibroblasts transfected with miR-21-5p inhibitor (0.790 ± 0.02 vs. 0.570 ± 0.056, P < 0.001). Therefore, rapid pacing could up-regulate the KCa3.1 channels, and this effect could be further enhanced by miR-21-5p in exosomes. To explore whether the effect of miR-21-5p on KCa3.1 channel expression is related to the enhanced phosphorylation of PI3K/Akt pathway, we examined the total and phosphorylated levels of Akt in AM. As illustrated in Figure 5A, under the same treatment, the relative levels of phosphorylated AKT had the same trend as the KCa3.1 channel. Therefore, miR-21-5p in exosomes could regulate the PI3K/AKT pathway. Furthermore, exosomes with overexpressed miR-21-5p were co-cultured with AMs, while the KCa3.1 channel expression was substantially decreased after treatment with LY294002 (0.676 ± 0.025 vs. 0.480 ± 0.043, P < 0.001). 
4. [bookmark: _Hlk105681970]DISCUSSION
This research was designed to explore the impact of fibroblast-derived exosomes on the KCa3.1 channel in AMs and its potential mechanisms in the cellular AF model. The following novel findings were obtained: first, tachypacing enhances the exosome release and the miR-21-5p upregulation in atrial fibroblasts. Second, tachypacing up-regulates the KCa3.1 channels in AMs. Third, the release of miR-21-5p-enriched exosomes up-regulates the KCa3.1 channels in AMs by activating the PI3K/Akt pathways. 
[bookmark: _Hlk108382810]Exosomes are extracellular vesicles that can be secreted by different cells, and they function in local or distant targets. Moreover, since exosomes contain pro-inflammatory and profibrotic molecules, therefore, they have a significant significance in the development of cardiovascular diseases such as coronary artery disease and myocardial infarction[22, 23]. Furthermore, the exosomes are correlated with the occurrence of AF, however, the underlying mechanism remains unclear. Shaihov et al. revealed that epicardial fat (eFat)-derived extracellular vehicles (EVs) secreted by patients with AF contain more pro-inflammatory and profibrotic cytokines and profibrotic microRNAs than those in patients without AF. Only eFat-EVs from patients with AF induced sustained reentry (rotor) in induced pluripotent stem cell-derived cardiomyocytes [24]. Our previous study illustrated an increase in exosome release due to rapid atrial pacing, and the development of AF was suppressed by alleviation in atrial fibrosis due to blockade of exosome release by GW4869 [9]; therefore, it was observed that exosomes are closely associated with AF.
[bookmark: _Hlk108383870][bookmark: _Hlk108383823]Based on conductance levels, calcium-activated potassium channels can be categorized as high-conductance, intermediate-conductance (KCa3.1, also referred to as SK4), and small-conductance (SK1-3) [25]. The overexpression or activation of KCa3.1 in Embryonic stem cell-derived Cardiomyocyte (ESCM) significantly prolonged the action potential duration (APD) and increased the frequency of triggering and the area of the embryoid pulse; whereas the KCa3.1 inhibition treatment can significantly reduce or even stop the autonomy of human ESCM [26, 27]. It is well known that early or delayed after depolarizations (EADs or DADs) are essential mechanisms in the initiating activity of arrhythmias. Shiraz et al. found that in human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) from patients with Catecholaminergic polymorphic ventricular tachycardia (CPVT), inhibition of KCa3.1 channels significantly reduces DADs and calcium transients, thereby suppressing the occurrence of ventricular arrhythmias [6]. Recent studies have revealed that the KCa3.1 channel was subjected to considerable upregulation in the atria of canines with sustained rapid atrial pacing and that inhibition of KCa3.1 markedly prolonged the AERP, shortened AERP dispersion (dAERP), and suppressed the AF occurrence [28]. The current study revealed that the KCa3.1 channel expression was significantly up-regulated in AMs during rapid pacing, which is uniform with the result of our previous in vivo studies. However, the underlying mechanism for the increase in KCa3.1 expression with rapid pacing in AMs is unknown. 
Fibroblast cells are essentially non-excitable; however, they can transmit currents via connexins between cardiomyocytes in vitro [29]. A previous study found that exosomes secreted by fibroblasts not only promote fibrosis but also regulate the electrical remodeling of AF [19]. Based on the above background, we studied the effect of fibroblast-derived exosomes on the KCa3.1 channel of AMs during AF. Results revealed that the KCa3.1 currents and the expression of KCa3.1 increased after purified exosomes from pacing atrial fibroblasts were added to AMs. Furthermore, rapid pacing enhanced the levels of miR-21-5p expression in exosomes and atrial fibroblasts. After the transfection of atrial fibroblasts with miR-21-5p inhibitor, exosomes were co-cultured with AMs, and the upregulation of the KCa3.1 channel by exosomes was counteracted. Hence, the mechanism underlying the effect of exosomes secreted by atrial fibroblasts that upregulate the KCa3.1 channel is mainly attributed to miR-21-5p.
The PI3K/AKT signaling pathway has a role in several important biological activities, such as apoptosis, cell proliferation, and differentiation; moreover, it is involved in the pathophysiological processes of several diseases[30]. Recent studies reveal the PI3K/AKT signaling pathway contributes to the developmental process of AF via different mechanisms, including atrial fibrosis, inflammation, oxidative stress, and neuroendocrine regulation [31-33]. Hence, the phosphorylation levels of Akt were up-regulated due to miR-21-5p  overexpression. In contrast, phosphorylation levels of Akt were decreased due to the use of the miR-21-5p inhibitor. The KCa3.1 pathway expression level was substantially lowered due to LY294002 treatment, which acts as a PI3K/AKT pathway inhibitor. The above-mentioned results illustrate the KCa3.1 channels upregulation in AMs caused by the activation of the PI3K/AKT pathway due to miR-21-5p expression in exosomes secreted by atrial fibroblasts. 
5. Conclusions
[bookmark: _Hlk105691989]A significant increase in exosome secretion by fibroblasts was observed in rapid pacing, which also results in the upregulation of miR-21-5p. Furthermore, miR-21-5p-enriched exosomes can up-regulate the KCa3.1 channel via the PI3K/AKT pathway in AMs.
Limitations
This study had several limitations. First, previous studies have shown that the KCa3.1 current had no significant effect on the action potential repolarization duration and acted only in the late stages of repolarization [7]; however, our experiments did not further validate the effect of the KCa3.1 current on the action potential. Moreover, we also assessed the possible mechanisms by which exosomes regulate the KCa3.1 channels. The existence of other miRNAs in exosomes and their role in the regulation of KCa3.1 channels are unknown. Therefore, microRNA sequencing analysis must be further performed in future studies.
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FIGURE LEGENDS 
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Figure 1. Characteristics of exosomes secreted by atrial fibroblasts. A, B Typical electron microscopic images of exosomes isolated from the atrial fibroblast supernatant (n = 3, scale bar: 200 nm). C, D Typical nanoparticle tracking analysis (NTA) images of particle size of exosome and its concentration (n = 3; dilution ratio: 1:1000). E NTA analysis and the volume of supernatant were used for the determination of supernatant exosome concentration (n = 3, **P < 0.01). F Western blot images of the typical exosome markers CD63, CD81, and TSG101. G–I The average  expression levels of CD63, CD81, and TSG101 in exosomes (n = 3, *P < 0.05, **P < 0.01)
[image: ]
Figure 2. miR-21-5p expression in exosomes and atrial fibroblasts. A, B Relative levels of expression of miR-21-5p and U6 in atrial fibroblasts and exosomes. n = 3, **P < 0.01, ***P < 0.001 compared to the control group. ##P < 0.01 compared to the pacing group. C Primers used in real-time PCR. 
 [image: ]
[bookmark: _Hlk105613213]Figure 3. KCa3.1 currents in AMs isolated from rats. A, B, C, and D According to the protocol provided in the inset, membrane currents of the isolated AMs were recorded from rats in various groups before and after the TRAM-34 application (1 μmol/L). E Current-voltage relationships of the mean values of TRAM-34-sensitive current obtained via digital subtraction of the current before TRAM-34 application by the current after TRAM-34 application. Mean ± SEM was used to present the data, n = 5, *P < 0.05, **P < 0.01 versus control. #P < 0.05, ##P < 0.01 versus pacing. &P < 0.05, &&P < 0.01 versus pacing + mir-21 inhibitor.
[image: ]
Figure 4. Immunofluorescence for KCa3.1 in atrial myocytes (magnification: x 400).
[image: ]
Figure 5. miR-21-5p's effects on Akt phosphorylation and KCa3.1 channel in rat atrial myocytes. A, B Western blots and relative levels of the total Akt (T-AKT) to the phosphorylated AKT (p-AKT) in rat atrial myocytes treated with exosomes containing miR-21-5p (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group) C, D Western blots and relative levels of KCa3.1 in rat atrial myocytes treated with exosomes containing miR-21-5p (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group) E, F Western blots and relative levels to KCa3.1 in cells treated with exosomes containing miR-21-5p (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group, LY: cells plus 10 μM LY294002). 

Rapid atrial fibroblast pacing induces the exosome release. The exosomes containing miR-21-5p were then transferred into the atrial myocytes via endocytosis. MiR-21-5p up-regulated the KCa3.1 channels by activating the PI3K/Akt pathways.[image: ]
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