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Health, Madison, WI, USA;

2 –Department of Medicine, University of California San Francisco, San Francisco, CA, USA;

3 –National Heart and Lung Institute, Imperial College London, London, United Kingdom;

4 –Department of Mathematics and Statistics, Georgia State University, Atlanta, GA, USA.

Abstract

Caveolae are tiny invaginations in the sarcolemma that buffer extra membrane and contribute 

to mechanical regulation of cellular function. While the role of caveolae in membrane 

mechanosensation has been studied predominantly in non-cardiomyocyte cells, caveolae 

contribution to cardiac mechanotransduction remains elusive. Here, we studied the role of 

caveolae in the regulation of Ca2+ signaling in atrial cardiomyocytes. In Langendorff-perfused 

mouse hearts, atrial pressure/volume overload stretched atrial myocytes and decreased caveolae 

density. In isolated cells, caveolae were disrupted through hypotonic challenge that induced a 

temporal (<10 min) augmentation of Ca2+ transients and caused a rise in Ca2+ spark activity. 

Similar changes in Ca2+ signaling were observed after chemical (methyl-β-cyclodextrin) and 

genetic ablation of caveolae in cardiac-specific conditional caveolin-3 knock-out mice. Acute 

disruption of caveolae, both mechanical and chemical, led to the elevation of cAMP level in 

the cell interior, and cAMP-mediated augmentation of protein kinase A (PKA)-phosphorylated 

ryanodine receptors (at Ser2030 and Ser2808). Caveolae-mediated stimulatory effects on Ca2+ 

signaling were abolished via inhibition of cAMP production by adenyl cyclase antagonists 

MDL12330 and SQ22536, or reduction of PKA activity by H-89. A compartmentalized 

mathematical model of mouse atrial myocytes linked the observed changes to a microdomain-

specific decrease in phosphodiesterase activity, which disrupted cAMP signaling and augmented 

PKA activity. Our findings add a new dimension to cardiac mechanobiology and highlight 

*To whom correspondence should be addressed: Glukhov AV, 8455 WIMR II, 1111 Highland Ave., Madison, Wisconsin 53705, 
USA. aglukhov@medicine.wisc.edu.
#These authors contributed equally

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures
None declared.

HHS Public Access
Author manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2024 November 01.

Published in final edited form as:
J Mol Cell Cardiol. 2023 November ; 184: 75–87. doi:10.1016/j.yjmcc.2023.10.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



caveolae-associated cAMP/PKA-mediated phosphorylation of Ca2+ handling proteins as a novel 

component of mechano-chemical feedback in atrial myocytes.

Graphical Abstract
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Atrial myocyte; Stretch; Calcium dynamics; Cyclic adenosine monophosphate; Ryanodine 
receptor; protein kinase A; Caveola

1. Introduction

Mechanical load is one of the most important regulators of cardiac function. Cardiomyocyte 

membrane plasticity is required for sensing and transmitting mechanical signals. Specialized 

structures called caveolae help provide this plasticity [1]. Caveolae are small (50–100 nm) 

invaginations of the plasma membrane that are enriched with cholesterol, sphingolipids, 

and scaffolding proteins called caveolins. Caveolae play a major role in the adaptation 

to membrane tension by buffering “extra” membrane in various cell types, including 

cardiomyocytes. The mechanosensitive functions of caveolae could be particularly important 

for atrial myocytes, which have a less organized transversal tubule system than ventricular 

myocytes [2], and demonstrate a 2–3-fold higher expression of caveolae compared to 

ventricular cells [3]. It is estimated that caveolae increase the plasma membrane surface 

area by 27% in ventricular myocytes [4] versus 56% in atrial cells. Furthermore, compared 

to ventricular myocytes, atrial cells have unique Ca2+ signaling [5], different hemodynamics, 

and distinct mechanisms of arrhythmogenesis. Despite these differences, most studies of 

caveolae in the heart, including those focused on mechanobiology, were performed on 

ventricles, and the role of caveolae in mechano-mediated regulation of Ca2+ signaling in 

atrial cardiomyocytes (ACMs) remains poorly understood.

Recent studies indicate that caveolae may contribute to mechano-induced modulation 

of Ca2+ signaling via compartmentalized regulation of cyclic adenosine monophosphate 

(cAMP) dynamics in cardiac myocytes [6,7]. It was shown that muscle-specific caveolar 

scaffolding protein caveolin-3 (Cav3) concentrates various proteins within the caveolae 

microdomain, including G-protein coupled receptors, as well as adenylyl cyclases (ACs), 

and phosphodiesterases (PDEs) [8]. Downregulation of Cav3 in failing ventricular myocytes 

[9], expression of the dominant negative Cav3 mutant [10], or disruption of caveolae by 
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cholesterol depleting agent methyl-β-cyclodextrin (MβCD) [6] converts the sarcolemma-

confined cAMP signal to a global cell-wide pattern that may affect phosphorylation of 

cytosolic proteins. Indeed, MβCD-induced caveolae disruption significantly increased the 

twitch amplitude and the rates of cell shortening and relaxation [11] in rat ventricular 

myocytes, increasing both diastolic and systolic [Ca2+]i and CaT amplitude [7]. Thus, we 

hypothesize that caveolae contribute to mechano-induced modulation of Ca2+ signaling via 

spatial-temporal control of cAMP signaling and cAMP-mediated phosphorylation of Ca2+ 

handling proteins in ACMs.

We used an established model of atrial volume overload in Langendorff-perfused ex 
vivo mouse hearts [12] that resulted in an elevated membrane tension and caveolae 

downregulation. In in vitro experiments using isolated ACMs, caveolae were disrupted 

through hypotonically increased membrane tension, cholesterol depletion (via MβCD), 

and cardiac-specific conditional Cav3 knockout. We found that in all these condition, 

caveolae disruption led to augmentation of Ca2+ signaling that was associated with the 

elevation of cAMP level in the cell interior, cAMP-mediated upregulation of protein 

kinase A (PKA) activity, and PKA-phosphorylation of ryanodine receptors (RyRs). 

A novel compartmentalized mathematical modeling of mouse ACMs [13], linked the 

observed findings to a caveolae-specific regulation of PDEs. Our findings add a new 

dimension to cardiac mechanobiology and highlight caveolae-associated cAMP/PKA-

mediated phosphorylation of Ca2+ handling proteins as a novel component of mechano-

chemical feedback in ACMs.

2. Methods

For a detailed description of methods, see Expanded Methods in the Data Supplement.

2.1. Animals

Adult (3 to 5-month-old) male and female cardiac-specific Cav3 knock-out mice (Cav3KO) 

and wildtype littermate controls (WT) were used in the study. The male outbred, Sprague 

Dawley rats (rattus norvegicus, 200–500 g) were obtained from Charles River, USA. 

Cav3KO mice were generated as in [14,15] by crossing a mouse line with loxP-flanked exon 

2 of Cav3 with an α-myosin heavy chain proto-oncogene tyrosine-protein kinase MER Cre 

recombinase proto-oncogene tyrosine-protein kinase MER (aMHC-MERCreMER) mouse. 

Tamoxifen was delivered in the form of tamoxifen-laced food, at 0.5 mg tamoxifen/1 g 

pulverized chow, reconstituted with 1 mL H2O/1 g chow, reformed, and dried for 24–48 h. 

Mice remained on the diet for 14 days and euthanized 14 days post tamoxifen treatment.

2.2. In vitro atrial volume overload model

To apply graded stretch to the intact atria, a Langendorff perfusion protocol modified for 

murine heart was used [12]. Briefly, hearts were retrogradely perfused under constant aortic 

pressure (60–80 mmHg) and superfused with oxygenated Tyrode solution of the following 

composition (in mmol/L): 128.2 NaCl, 4.7 KCl, 1.19 NaH2PO4, 1.05 MgCl2, 1.3 CaCl2, 

20.0 NaHCO3, and 11.1 glucose (pH=7.35±0.05, 37°C). The caval and pulmonary veins 

were ligated. The interatrial septum was perforated to ensure pressure equilibration between 
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left and right atria. A polyimide tube (ID: 0.0249”, OD: 0.073”; Cole-Parmer) was inserted 

into the coronary sinus and connected to a pressure monometer (MLT844, AD Instruments) 

to monitor biatrial pressure. Another polyimide tube was inserted into the pulmonary artery, 

so perfusion fluid left the heart exclusively through this tube. Atrial pressure and degree of 

atrial dilatation were controlled by adjustment of the height of the pulmonary outflow tube.

2.3. Mouse ACM isolation

Mouse ACMs were enzymatically isolated as previously described [16]. Briefly, hearts were 

extracted, cannulated, and perfused with Tyrode’s solution (37°C) containing the following 

(in mmol/L): 140 NaCl, 6 KCl, 1 MgCl2, 1 CaCl2, 10 glucose and 10 HEPES, pH=7.4 

(NaOH). Left and right atrial appendages were dissected and washed with “low Ca2+/Mg2+-

free” solution containing the following (in mmol/L): 140 NaCl, 5.4 KCL, 1.2 KH2PO4, 

0.066 CaCl2, 50 taurine, 18.5 D-glucose, 5 HEPES and 1 mg/ml bovine serum albumin 

(BSA), pH=6.9 (NaOH), followed by “low Ca2+/Mg2+-free” solution containing 1 mg/ml 

collagenase from Clostridium histolyticum (type 2, Worthington) and 0.2 mg/ml elastase 

(Worthington) for 12 min (37°C). Isolated cardiomyocytes were readapted to extracellular 

Ca2+ concentration of 1.0 mmol/L. Rat ACMs were isolated using the similar protocol [3], 

except digestion was performed with collagenase (1 mg/ml; Worthington) and hyaluronidase 

(0.6 mg/ml; Sigma-Aldrich) for 20 min.

2.4. Cell swelling

To increase membrane tension and mechanically disrupt caveolae, cell swelling was induced 

by changing the osmolarity of cell bathing solution from isotonic Tyrode’s solution (IT, in 

mmol/L: 91 NaCl, 5.3 KCL, 1.2 KH2PO4, 0.5 MgCL2, 1 CaCl2, 10 glucose, 10 HEPES, 

with pH 7.4 and Mannitol 91 mM, 300 mOsm) to hypotonic Tyrode’s (HT, composition is 

same as IT, except mannitol, 210 mOsm) [17].

2.5. Scanning ion conductance microscopy (SICM)

SICM was used to visualize changes in ACM topography during stretch [3]. The analysis 

of cell surface z-groove organization determined as a ratio between the total lengths of 

z-grooves observed on the image to the estimated value from the image with an ideal 

z-groove structure [3].

2.6. Transmission electron microscopy (TEM)

Langendorff-perfused hearts from volume overload model and isolated ACMs were fixed in 

phosphate buffer with 2.5% glutaraldehyde and 2.0% paraformaldehyde for 12 hours, post-

fixed in 1% osmium tetroxide, dehydrated in a graded ethanol series, rinsed in propylene 

oxide, and embedded in Epon 812 substitute. The samples were sliced into 70-nm sections, 

post-stained in 8% uranyl acetate in 50% EtOH and Reynold’s lead citrate and viewed on a 

Philips CM120 transmission electron microscope. TEM images were analyzed by using the 

Fiji software. [18,19]
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2.7. Intracellular confocal Ca2+ recordings

Intracellular Ca2+ measurements were performed from freshly isolated ACMs as previously 

described [20]. Cells were incubated in IT with 5 μM Fluo-4 AM (Invitrogen) and 0.4% 

Pluronic F-127 (Invitrogen) for 25 minutes. Then, the dye was washed out and cells were 

kept in fresh isotonic Tyrode’s solution. Experiments were performed using Leica SP5 (Ca2+ 

sparks) or LSM510 Meta confocal microscope (Carl Zeiss) at 2.35 ms/line as previously 

described [16]. The protocol for Ca2+ transients included 30 s of field pacing at 1 Hz and 

application of IT/HT buffer containing 1 mM of caffeine for 30 sec. Cells were paced at 

1 Hz for 30 s to increase SR Ca2+ loading and then the local Ca2+ release events were 

recorded under 40× oil immersion objective, pinhole of 1 airy unit. The analysis of Ca2+ 

sparks was made with the SparkMaster plugin [21] in Fiji with the detection criteria set at 

4.2. [22]

2.8. Isolated cardiomyocytes immunofluorescence labeling

ACMs were fixed with methanol, blocked with 2% BSA, and incubated overnight 

with the respective primary antibodies in blocking solution at 4°C. The total RyR2 

(1:500, MA3–916, ThermoFisher Scientific) raised in mouse and one of the rabbit-raised 

phosphor-specific antibodies: custom-made RyR2-Ser2030 (1:200, provided by Dr. Alvarado 

[23]), RyR2-Ser2808 (1:200, A01031AP, Badrilla), and RyR2-Ser2814 (1:200, A01030AP, 

Badrilla). The cells were then washed and incubated with Alexa-conjugated secondary 

antibodies (Molecular Probes) diluted 1:800 in blocking solution. Imaging was performed 

with a Leica SP5 Confocal microscope under 63×/1.40 NA oil immersion objective. The 

colocalization percent was analyzed by BlobProb plugin in Fiji [24].

2.9. Foster resonance Energy Transfer (FRET) microscopy

Isolated rat ACMs were plated (around 5,000) on coverslips, and cultured for 48 h in 

M199 media with adenovirus encoding the plasma membrane-targeted EPAC (pmEPAC) 

or cytosolic-EPAC cAMP sensors [14]. Cell fluorescence was split into YFP (535/40 nm) 

and CFP (480/30 nm) channels using DualView (Optical Insights) and monitored by ORCA-

ER CCD camera (Hamamatsu Photonics, UK). After baseline FRET measurements in IT, 

a 0.3T (to make a final 0.7T solution) or IT solutions were added to start swelling or 

isotonic recordings, respectively. In separate experiments, IT with MβCD was added to a 

final concentration of 10 mM to remove caveolae. After 15 min of measurements, 1 mM 

IBMX with 10 μM of Forskolin was added to the cells to inhibit PDEs and stimulate ACs, 

respectively, to measure the maximal cAMP level. cAMP responses were calculated in 

reference to this maximal cellular cAMP responses.

2.10. Mathematical models of mouse ACMs

We used a compartmentalized mathematical model of mouse ACMs recently developed by 

Asfaw et al. [13] with minor modifications. The only change we added to the transition 

rate between the states of ryanodine receptors by increasing rates ka
+ and kb

+ by a factor 

2 and by multiplication the rates ka
– and kb

– by a factor 0.5 to stabilize Ca2+ release. 

The resulting modifications did not change the action potential and slightly reduced [Ca2+]i 
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transient (from 0.465 μM to 0.425 μM, 8.6% decrease), which is within the variability of the 

experimental data.

To investigate the effects of caveolae reduction on the mouse ACMs, we performed 

simulations with control model and with the models with hypothetical changes of the model 

parameters that could be a result of the caveolae loss. Both control and modified models 

were run for 10 minutes (600 s) after the caveolae loss, and time dependencies of cAMP 

concentration in three compartments (caveolar, extracaveolar, and cytosol) were obtained for 

10-minute periods. All simulations were performed on a single processor under SUSE Linux 

11 on a Dell Precision Workstation T3500 with a six-core Intel Xeon CPU W3670 (3.2 GHz, 

12 GB RAM).

2.12. Statistical analysis

Data are presented as mean ± S.E.M. Student t test was used in 2-group comparisons 

(paired for comparisons between the same participant and unpaired for 2 groups of 

different participants). Multiple groups of normally distributed data of similar variance were 

compared by 1- or 2-way ANOVA when appropriate. For multiple comparisons, the Tukey 

corrected p-value is shown. All statistical analyses were performed using GraphPad Prism 8 

(GraphPad Software). A value of p<0.05 was considered statistically significant.

3. Results

3.1. Elevated membrane tension caused caveolae disruption

To model ex vivo acute atrial stretch, we used atrial pressure/volume overload in 

Langendorff-perfused mouse hearts through an increase in end diastolic volume by elevating 

pulmonary artery pressure (Fig. 1A, B). This model led to a statistically significant atrial 

distension accompanied by an increase in myocyte width (~15%) and length (~25%; Fig. 

1C) and elongation of sarcomeres in both atria (~20%, Fig. 1D). TEM analysis linked 

atrial distension to a significant increase in the membrane tension (as estimated through the 

membrane convolution index [18,19]) and reduction in caveolae density by ~60% (Fig. 1E).

To further estimate cellular changes upon mechanical disruption of caveolae in isolated 

ACMs, we applied a hypotonic (HT) swelling protocol [25]. HT challenge caused a 

significant increase in cell width (~20%, Fig. 2A), without change in cell length. SICM 

topographical analysis of swelled myocytes revealed a significant decrease in Z-groove 

index (a measure of surface regularity [3], Fig. 2B), confirming changes in cardiomyocyte 

topography during elevated membrane tension. Importantly, TEM analysis (Fig. 2C) showed 

that HT protocol decreased the membrane convolution index already at 1 min of swelling 

and resulted in a significant reduction of caveolae density (Fig. 2D) as observed during ex 
vivo atrial distension (Fig. 1E), and thus could be used to model stretch-induced caveolae 

disruption and its effects on Ca2+ signaling in ACMs.

3.2. Mechanical disruption of caveolae temporally augments Ca2+ signaling

To determine the effects of mechanically disrupted caveolae on intracellular Ca2+ signaling, 

confocal line scan imaging was performed on isolated ACMs during HT protocol applied for 
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16 min (Fig. 3A and B). HT swelling caused a temporal increase of Ca2+ transient (CaT) 

amplitude that significantly differed from the IT condition at the 8th min and then returned 

to control values after 12 min of swelling (Fig. 3C). HT protocol also caused a temporal 

prolongation of CaT time to peak at 1–4th min (Fig. 3D). We did not find significant changes 

in CaT decay time and decay rate constant during swelling. We estimated the effects of HT 

on sarcoplasmic reticulum (SR) Ca2+ loading by caffeine induced Ca2+ release (Fig. 3B). SR 

Ca2+ load did not change significantly during HT protocol (Fig. 3E). The rate constant for 

caffeine-induced CaTs, which mainly represents Ca2+ transport via Na+/Ca2+-exchanger and 

the plasma membrane Ca2+ ATPase, was found to be elevated after 1 min of HT and then 

reduced to IT levels after 4 min of swelling (Fig. 3F).

Stretch-induced augmentation of Ca2+ signaling was accompanied by elevation of 

spontaneous Ca2+ release from the SR (Fig. 3G, H). Furthermore, we found a significant 

increase in spontaneous Ca2+ spark (CaSp) activity during swelling (Fig. 3I), specifically at 

1 min, which returned to IT levels at around 8th min of swelling (Fig. 3J). These findings 

indicate a biphasic response of ACMs to stretch characterized by a transient augmentation of 

Ca2+ signaling during first 1–8 mins of mechanical stimulation, with a subsequent reduction 

to baseline levels.

3.3. Disruption of caveolae recapitulates swelling-induced changes in spontaneous Ca2+ 

signaling

To confirm that caveolae disruptions augments Ca2+ signaling, we employed two alternative 

models of caveolae downregulation through (1) cholesterol depletion via 30 min incubation 

of ACMs with 10 mM of MβCD, and (2) genetic deletion of caveolae scaffolding protein 

Cav3 in Cav3KO mice. TEM analysis confirmed ~60% reduction of caveolae density in 

MβCD-treated cells and ~50% reduction of caveolae density in Cav3KO cells compared 

to wild-type myocytes (Fig. 4A, B). In both MβCD-treated and Cav3KO ACM, we found 

a significant increase in CaSp frequency (Fig. 4C, D), similarly to the HT-induced CaSp 

activity. We used a caffeine protocol to estimate changes in the SR Ca2+ load and found, 

like HT cells, no change in the caffeine-induced CaT amplitude observed in both models of 

caveolae disruption (Fig. 4E).

3.4. Inhibition of adenylyl cyclases prevents caveolae-mediated augmentation in Ca2+ 

spark activity

Previous studies linked caveolae to the spatial-temporal regulation of cAMP signaling in 

ventricular myocytes via localization of ACs and PDEs in caveolar microdomains [6]. To 

determine whether HT swelling affects cAMP signaling, we applied FRET imaging to 

wild-type rat ACMs transfected with either a plasma membrane-targeted (pmEPAC2) or 

cytosolic (cEPAC2 [9]) cAMP biosensors [14]. We found that HT challenge and disruption 

of caveolae by MβCD both resulted in a rise in cAMP level over the 15 mins of treatment 

(Fig. 5A, B). Cytosolic changes in FRET signal also demonstrated a significant elevation of 

cAMP level during both HT challenge and MβCD treatment after 10 mins (Fig. 6C, D).

To determine whether the re-distribution of cAMP production pattern contributes to the 

increase in CaSp activity observed in 3 models of caveolae disruption, we tested the impact 
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of AC inhibition by two non-selective antagonists MDL12330 [26] and SQ22536 [27]. 

While neither drug changed CaSp frequency in IT conditions (Fig. 5E), pre-incubation 

of ACMs with both MDL12330 and SQ22536 prevented the increase on CaSp frequency 

during HT challenge (Fig. 5F). Inhibition of ACs also significantly decreased CaSp 

frequency in MβCD-treated (Fig. 5G) and Cav3KO cells (Fig. 5H). These findings suggest a 

key role of ACs in caveolae-mediated re-distribution of cAMP production in stretch-induced 

augmentation of CaSp activity.

3.5. Caveolae disruption augments RyR phosphorylation at PKA specific sites

Increase in cAMP production observed during caveolae disruption could subsequently 

contribute to phosphorylation of cytosolic proteins, including RyRs [28]. To examine 

this further, we used immunofluorescent labeling with phospho-specific RyR2 antibodies: 

RyR2-Ser2030 for PKA phosphorylation site [23], RyR2-Ser2808 for both PKA and CaMKII 

phosphorylation site, and RyR2-Ser2814 CaMKII-specific phosphorylation site [29]. We 

analyzed the amount of total RyR2 overlaid with phospho-specific antibodies as a measure 

of RyR2 phosphorylation. In control experiments, we treated ACMs with (1) 100 nM 

isoproterenol to stimulate kinase activities, or (2) with H-89 and KN93 to inhibit PKA and 

CaMKII activities, respectively. Figs. S1–S3 show that, for all three phosphorylation sites, 

the application of isoproterenol significantly increased the level of RyR2 phosphorylation, 

whereas incubation with H-89 and KN93 significantly reduced this parameter.

WT and Cav3KO ACMs treated with IT, HT conditions, as well as after MβCD treatment, 

were then labeled with total RyR2 and one of the phosphorylated-specific sites (Fig. 6). 

Co-localization analysis of total versus phosphorylated RyR2 demonstrated a significant 

increase of pRyR2-Ser2030 (Fig. 6A) and pRyR2-Ser2808 (Fig. 6B) for all three models 

of caveolae loss which indicates an upregulation of cytosolic PKA activity after caveolae 

disruption. Interestingly, pRyR2-Ser2814 level did not change in HT and MβCD cells and 

decreased in Cav3KO myocytes (Fig. 6C).

Distribution of pRyR2-Ser2030 phosphorylation was analyzed near the surface sarcolemma 

and in the cytosol (Fig. 6D). In control cells, we found significantly higher levels of 

pRyR2-Ser2030 located close to sarcolemma vs. cytosol (Fig. 6E). In HT cells, this 

difference disappeared, likely due to significant elevation of pRyR2-Ser2030 in the cytosol. 

Similar to augmentation of Ca2+ signaling during HT protocol (Fig. 3), pRyR2-Ser2808 

phosphorylation was also transiently increased during swelling, with initial increase at 1–2 

min followed by a significant reduction at 8 min of HT challenge (Fig. 6F).

To translate the observed findings into changes in Ca2+ signaling, CaSp frequency was 

measured when one of the kinases was inhibited: in the presence of PKA inhibitor H-89, 

or CaMKII inhibitor KN93 (Fig. 7A). In the setting of HT challenge, PKA inhibitor H-89 

dramatically reduced CaSp frequency as compared with untreated cells (Fig. 7B), while 

during HT protocol KN93 did not change CaSp frequency when compared with either KN92 

treatment or control cells (Fig. 7C).
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3.6. Modelling of cAMP dynamics after caveolae loss

To investigate the effects of mechanically-induced caveolae disruption on mouse ACMs, 

we used our novel compartmentalized model of mouse ACM which combines the action 

potential (AP), CaT, and cAMP signaling, described in a microdomain-specific manner [13]. 

As we observed ~60% of caveolae density reduction during both ex vivo and in vitro stretch 

(Figs. 1E and 2D), we tested potential impacts of the single caveolar protein modifications 

in the caveolae compartment on the cAMP levels (Fig. 8B). These modifications include: (1) 

an increase in the cAMP flux from the caveolar to extracaveolar compartment by 5-fold; (2) 

a redistribution of 60% of the L-type Ca2+ channels from the caveolar to extracaveolar 

compartment; (3) a redistribution of 60% of β2-adrenergic receptors and Gs from the 

caveolar to extracaveolar compartment; (4) a redistribution of 60% of AC5/6 from the 

caveolar to extracaveolar compartment; and (5) an inhibition of 100% PDE2, PDE3, and 

PDE4 in the caveolar compartment. For each of these modifications, we calculated the 

changes in cAMP concentration after 10 min in caveolae (Fig. 8Ai), extracaveolae (Fig. 

8Aii) and cytosol (Fig. 8Aiii). Among all the simulations performed, only inhibition of 

caveolar PDEs induced a significant elevation of cAMP concentration in all microdomains 

(Fig. 8B). We further tested whether PDE inhibition can enhance CaSp activity in isolated 

ACMs in vitro (Fig. 8C). We found that cilostazol (PDE3 inhibitor) did not affect 

CaSp frequency, while rolipram (PDE4 inhibitor) and IBMX (nonselective PDE inhibitor) 

significantly elevated CaSp frequency. Thus, our model with PDEs inhibition in caveolae 

suggests that redistribution/loss of PDEs control of cAMP could be one of the main parts of 

the observed cAMP and Ca2+ augmentation after caveolae disruption.

Importantly, using computational modeling, we confirmed that caveolae-specific PDE 

inhibition leads to significant augmentation of CaT amplitude (Fig. 8D), as it was observed 

in isolated ACMs (Fig. 2C). Computational modeling also demonstrated that the observed 

changes in cAMP and Ca2+ signaling were associated with AP duration prolongation (Fig. 

8E), as it was further confirmed by AP measurements in isolated ACMs during HT protocol 

(Fig. 8F and Fig. S4).

4. Discussion

4.1. Caveolae as mechanosensors

The ability to sense membrane forces may underlie many of the caveolae functions in 

diverse cell types, including endothelial, smooth muscle, and cardiac muscle cells. Sinha 

and colleagues [30] have shown that uniaxial stretch or osmotic swelling in different 

cell types caused a reversible loss of caveolae within minutes. They proposed that stretch-

induced recruitment and flattening of caveolae buffers an increased membrane tension 

during cell stretch. Similarly, Kohl et al. observed myocyte membrane unfolding and 

incorporation of sub-sarcolemmal caveolae into the plasma membrane in loaded ventricles 

[31]. Similar experiments were performed by Pfeiffer et al. [32] on Langendorff-perfused 

mouse hearts where ventricular volume overload quickly (<1 min) and reversibly recruited 

caveolae to the sarcolemma. Importantly, in latter study, stretch-induced decrease in 

caveolar density coincided with conduction velocity slowing, and this effect was lost when 

caveolae were abolished by MβCD or Cav3KO, highlighting a crucial role of caveolae 
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in cardiomyocyte mechanotransduction and electrophysiology. Our findings from caveolae 

degradation in AMCs align with the results of previous studies and highlight caveolae-

mediated cAMP/PKA/RyR2 axis as a part of cardiac mechanotransduction pathway.

4.2. Molecular mechanisms of mechano-chemical signal transduction

In cardiomyocytes, caveolae orchestrate a variety of signaling pathways, including spatial-

temporal control of intracellular cAMP pools. From highly controlled signals with intact 

caveolae, cAMP pools are converted to a global cell-wide pattern when caveolae are 

disrupted [7,9]. We observed that caveolae loss induces an elevation of cAMP signal in both 

sarcolemma and cytosol (Fig. 5). We further confirmed that elevation in cytosolic cAMP 

level is responsible for increase in CaSp activity, as pre-treatment of cells with AC inhibitors 

prevented upregulation of CaSp in all models of caveolae disruption (Fig. 5E–H).

We next linked the caveolae-mediated increase in CaSp activity to PKA-induced 

phosphorylation of RyR2s. Similarly, an enhanced PKA-specific phosphorylation of SR 

phospholamban was previously observed after caveolae degradation [6]. Specifically, we 

showed transiently elevated levels of RyR2s phosphorylated at Ser2030 and Ser2808, both 

PKA phosphorylation sites, after caveolae disruption and unchanged levels of Ser2814, which 

is a CaMKII-specific residue (Fig. 6). There are some discrepancies in literature regarding 

the role of Ser2808 phosphorylation in the activation of CaSp. Some authors suggest Ser2808 

as the main PKA-related phosphorylation site for RyR2s [33], while others did not find the 

activation of Ca2+ leak with Ser2808 phosphorylation in mouse ventricular myocytes [34,35]. 

Alternatively, Ser2030 was proposed as the main regulator for PKA-mediated Ca2+ leak from 

RyR2s [36–38]. Overall, we demonstrated that caveolae-induced increase in CaSp activity 

was lost when ACMs were pre-treated with PKA inhibitor H-89, supporting a crucial role 

of PKA activation and PKA-mediated regulation of Ca2+ handing proteins in stretch-induced 

augmentation of Ca2+ signaling.

Interestingly, we found that, under control conditions, phosphorylation of RyR2 at Ser2030 

was significantly higher beneath the surface membrane compared to the cell interior (Fig. 

6D, E). Such pattern could be associated with lack of developed T-tubular system in 

mouse ACMs [5,16], where phosphorylated RyR2s would be linked with caveolar cAMP 

compartments near the surface membrane. With disrupted caveolae, the spatial control of 

cAMP would be lost, resulting in upregulation of pRyR2-Ser2030 in the cytosol.

Our computational modeling provided additional details for the caveolae disruption 

mediated cAMP redistribution. While the effects of redistribution from caveolae to extra-

caveolae compartments on cAMP levels, modeled for β2-adrenergic receptors with Gs, 

L-type Ca2+ channels, and AC, were mild, inhibition of PDEs led to the most prominent 

elevation of cAMP in all compartments (Fig. 8A). This could be supported by the data from 

Yang and Scarlata, who demonstrated that swelling-induced flattening of caveolae structures 

does not affect the organization and membrane localization of the membrane components 

of caveolar macromolecular complexes, such as Gαi-β2 adrenoreceptor components [39]. 

It was also shown that swelling does not induce a translocation of Cav3 from caveolae to 

non-caveolae membrane fraction [17]. In contrast to the membrane-bound proteins, PDEs 

are mostly soluble proteins [40] and linked to caveolae compartment through the A kinase 
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anchoring proteins [41]. Therefore, caveolae loss could cause PDE uncoupling from the 

sarcolemma and their redistribution from native caveolar location to the cell interior. This 

would remove the cAMP sequestration and spatial control of cAMP signaling, leading 

to cAMP diffusion into other compartments and cAMP/PKA-mediated increase in CaSp 

activity, as it was mimicked by PDE4 inhibition in Fig. 8C. Thus, we propose that PDEs 

inhibition may be one of the main factors contributing to the alterations of Ca2+ handling 

during cardiomyocyte stretch.

4.3. Stretch and atrial arrhythmogenesis

Myocardial stretch has previously been linked to the development of atrial fibrillation (AF) 

[12,42], the most common cardiac rhythm disorder. Clinically, AF often occurs in the setting 

of atrial distension [43] associated with chronically elevated atrial pressure/volume overload 

and pathological cardiomyocyte stretch. On the cellular level, AF triggers have been linked 

to hyperactivity of RyR2s [29,44], which results in Ca2+ leak from the SR, augmentation 

of Na+/Ca2+-exchanger and development of the arrhythmogenic delayed afterdepolarizations 

[44]. In patients with paroxysmal AF, leaky RyR2s have been associated with upregulated 

PKA activity and PKA-mediated hyperphosphorylation or RyR2s [29], as it was also 

observed in the present study under caveolae disruption. This mechanism is in line with 

recent finding from human AF myocytes, where downregulation of PDE4 was linked to 

elevated cAMP level, increase in CaSp activity, and the incidence of arrhythmias [45]. It is 

also supported by our previous findings that stretch significantly potentiates adrenergically-

driven arrhythmogenesis in rat pulmonary veins [19].

4.4. Study limitations

In the present study, to model stretch-induced decrease in caveolae density observed in 

ex vivo atria during overload, we utilized three in vitro protocols of caveolae disruption 

in isolated cardiomyocytes, including (1) mechanical disruption via HT swelling, (2) 

cholesterol depletion, and (3) Cav3KO. While all these models shared the effects associated 

with caveolae disruption, including augmentation of cAMP signaling, cAMP-mediated 

increase in PKA activity, PKA-mediated phosphorylated RyRs, and elevation of Ca2+ 

spark activity, it is possible that each protocol of caveolae disruption induces additional 

effects on cardiomyocyte electrophysiology which were not the focus of this study. 

Furthermore, cardiomyocyte stretch, including HT swelling, could directly modulate 

biophysical properties of various ion channels affecting AP morphology [46]. The exact 

mechanisms of such mechano-electrical feedback regulation remain poorly understood and 

would require additional investigations. Finally, while our computational studies suggested 

that a decrease in caveolar PDE activity results from caveolae disruption, future experiments 

are required to test this hypothesis.

5. Conclusions

Our findings add a new dimension to cardiac mechanobiology and highlight caveolae-

associated cAMP/PKA-mediated phosphorylation of Ca2+ handling proteins as a novel 

component of mechano-chemical feedback in ACMs. Our results also indicate a 

transient nature of stretch-mediated modulation of Ca2+ signaling that may include a 
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few counteracting subcellular targets as well as complex spatial-temporal interactions 

between different components of mechano-chemical signal transduction. A comprehensive 

understanding of this autoregulatory signaling pathway is critical to advance our knowledge 

on plasticity of atrial myocardium. Its resilience to elevated hemodynamic pressure 

and volume overload observed during pathological conditions and associated with atrial 

remodeling and arrhythmogenesis.
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Highlights

• Caveolae represent an important component of membrane mechanosensing 

and mechanical regulation of cellular function, while their role in cardiac 

mechanotransduction is poorly understood.

• Stretching of atrial myocytes flattens caveolae and increases membrane 

tension.

• Caveolae disruption via elevated membrane tension, cholesterol depletion or 

cardiac-specific genetic deletion of caveolar scaffolding protein caveolin-3, 

results in temporal augmentation of Ca2+ signaling through cAMP-mediated 

increase in PKA-phosphorylated ryanodine receptors.

• Computational modeling linked the observed changes in Ca2+ signaling to a 

loss of caveolae-confined control of cAMP signaling by phosphodiesterases.

• Our findings highlight caveolae-associated cAMP/PKA-mediated 

phosphorylation of Ca2+ handling proteins as a novel component of mechano-

chemical feedback in atrial cardiomyocytes.
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Fig. 1. Atrial volume overload causes ACM stretch and caveolae degradation.
(A) Schematic of the ex vivo atrial volume overload protocol. (B) Photographs of unloaded 

(UNL, left) and loaded (LD, right) mouse hearts. (C) WGA-stained atrial sections from 

unloaded and loaded ex vivo hearts are shown together with the relative changes in cell 

width and length in right (RA) and left (LA) ACMs. n=120/180 RA-UNL/LD and n=140/70 

LA-UNL/LD cells from N=3 mice. *,** – p<0.05, <0.01 by two-way ANOVA. (D) TEM 

microphotographs together with the average sarcomere length measured in RA and LA 

myocytes from unloaded and loaded atria. n=12/14 RA-UNL/LD and n=13/14 LA-UNL/LD 

cells from N=3 mice. * – p<0.05 by two-way ANOVA. (E) TEM microphotographs showing 

caveolae structures in unloaded and loaded atria (left), average caveolae density (middle) 

and membrane convolution index (right) from RA and LA cells. n=24/29 RA-UNL/LD and 

n=31/31 LA-UNL/LD cells from N=3 mice. *,*** – p<0.05, p<0.001 by two-way ANOVA.
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Fig. 2. Hypotonic stress induces changes in ACM morphology.
(A) Morphological changes of ACMs during hypotonic stress. Right: Relative changes in 

cell width and length are shown during hypotonic cell swelling over time. n=20 cells from 

N=3 mice. *** – p<0.001 by one-way ANOVA. (B) Left: Typical SICM topographical scans 

of ACMs at isotonic and hypotonic conditions. Right: Average Z-groove ratio under isotonic 

(IT) and hypotonic (HT) conditions. n=19 (IT) and n=13 (HT) from N=3 mice. * – p<0.05 

by Student t test. (C) TEM micrographs demonstrate significant decrease in caveolae density 

(orange arrowheads). (D) Average data for membrane convolution index (left) and caveolae 

density (right) in ACMs under IT (n=51 cells), HT at 1 min (n=60 cells) vs. HT at 15 min 

(n=52 cells). *,*** – p<0.05, <0.001 by one-way ANOVA.
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Fig. 3. Swelling-induced changes in ACM Ca2+ handling.
(A) Representative traces of Ca2+ transients (CaT) recorded at 1 Hz pacing in IT/HT buffers. 

(B) Representative traces of caffeine-induced CaTs in ACMs bathed in IT and different time 

points of HT solutions. (C-F), summary graphs showing changes in CaT amplitude (C), 

time to peak (D), caffeine-induced CaT amplitude (E) and CaT decay constant (Kcaf) (F) 

measured during 1 Hz pacing at different time points of HT swelling. n=30 cells (IT), 19 

(H1), 15 (H4), 23 (H8) and 12 (H16) from N=5 mice. *,** – p<0.05, <0.01 by two-way 

ANOVA. (G-H) Representative examples of abnormal Ca2+ oscillations in ACMs during 

HT (G, bottom) and average percentage of cells with CaT abnormalities at different times 

of HT swelling (H). n=5–7 cells/mice. Each dot represents a percentage of cells with 

Ca2+ abnormalities in one experimental day. * – p<0.05 by two-way ANOVA. (I) Typical 

linescans of Ca2+ sparks activity in ACMs treated with IT/HT buffers. (J) Summarized data 

for the frequency of Ca2+ sparks recorded in IT and at different time points of HT swelling. 

n=27 (IT), 15 (H1), 22 (H4), 18 (H8) and 21 (H16) from N=5 mice. *,** – p<0.05, p<0.01 

vs. IT by two-way ANOVA.
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Fig. 4. Ca2+ activity in ACMs with disrupted caveolae.
(A) Representative TEM images of membrane structures from control, MβCD-treated 

WT, and Cav3KO ACMs. (B) Statistical analysis of caveolae density in control (n=39), 

MβCD-WT (40) and Cav3KO (n=41) ACMs. *** – p<0.001, by one-way ANOVA. (C) 

Representative linescans of Ca2+ spark activity and statistical analysis of Ca2+ spark 

frequency (D) recorded in control (n=32), MβCD-WT (n=28), and Cav3KO (n=29) ACMs. 

**, *** – p<0.01, 0.001 by one-way ANOVA. (E) Average data for caffeine-induced CaT 

amplitude in control (n=23), MβCD-WT (n=23), and Cav3KO (n=28) ACMs.
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Fig. 5. Caveolae depletion induces fluxes of cAMP promoting CaSp activity.
(A) Average FRET traces showing the baseline, IT/HT/MβCD-induced (labeled as 

treatment) and full cAMP (IBMX + forskolin) responses measured using plasma membrane 

EPAC2 (pmEPAC) sensor in ACMs. (B) Average cAMP changes near the sarcolemma 

normalized by total cAMP signal induced by IT (n=8), HT (n=9) and MβCD (n=13) 

treatments. *,** – p<0.05, p<0.01 by one-way ANOVA. (C) Average FRET traces showing 

IT/HT/ MβCD-induced and full cAMP (saturator) responses of cytosolic cEPAC2 (cEPAC) 

sensor in ACMs. (D) Mean cAMP change normalized by total AC signal induced by IT 

(n=14)/HT (n=9)/MβCD (n=12) treatments. *, ** – p<0,05, 0.01 by one-way ANOVA. 

(E-H) Typical Ca2+ spark recordings (left) and summarized data for Ca2+ spark frequency 

(CaSpF, right) measured in ACMs with no treatment (n=31) and after MDL12330 (n=29) 

and SQ22536 (n=24) in IT (E), in HT (n=32/25/31 cells for no drug/MDL12330/SQ22536, 

F), after MβCD treatment (n=28/23/16 for no drug/MDL12330/SQ22536, G), and in 

Cav3KO ACMs (n=29/16/23 cells no drug/MDL12330/SQ22536, H). *,*** – p<0.05, 0.001 

by one-way ANOVA.
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Fig. 6. Redistribution of PKA-phosphorylated RyR2s in stretched ACMs.
(A-C) Colocalization analysis for total (greed) and phospho-specific (red) RyR2 in WT 

ACM under isotonic (IT) and hypertonic (HT) conditions, MβCD-treated WT, and Cav3KO 

ACMs. Representative confocal images and colocalization analysis are shown for pRyR2-

Ser2030 (n=39/18/13/16 cells for IT/HT 1 min/MβCD/Cav3KO groups, A), pRyR2-Ser2808 

(n=25/16/14/24 cells for IT/HT 1 min/MβCD/Cav3KO groups, B), and pRyR2-Ser2814 

(n=33/27/15/7 cells for IT/HT 1 min/MβCD/Cav3KO groups, C). *, **, *** – p<0.05, 0.01, 

<0.001 by one-way ANOVA. (D) Representative confocal sections with 30×1 μM selected 

near the sarcolemma (blue box) and in the cytosol (red box). (E) Graph of the corresponding 

colocalization analysis. N=22/16 IT/HT cells. *– p<0.05 by two-way ANOVA. (F) Time 

course of pRyR2-Ser2808change during cell swelling. IT (n=39), HT: 1 min (n=16), 2 min 

(n=21), 4 min (n=30) and 8 min (n=45). *, *** – p<0.05, 0.001 by one-way ANOVA.
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Fig. 7. PKA-mediated CaSp activity in swelled cells.
(A) Confocal line scans of Ca2+ spark activity in IT (left) and HT (right) treated ACM under 

control condition (without drugs) and after application of 1μM of H-89, 1μM of KN92, and 

1μM of KN92. (B-C) Summarized data for the effects of PKA (H89) and CaMKII (KN93) 

inhibition on CaSp frequency in IT (B) and in HT (C) cells. IT: CTRL (n=31), H89 (n=56), 

KN92 (n=59), KN93 (n=54); HT: CTRL (n=60), H89 (n=64), KN92 (n=54), KN93 (n=40). 

from N=5 mice. *,*** – p<0.05, 0.001 by two-way ANOVA.
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Fig. 8. Caveolae-specific PDE inhibition leads to cAMP upregulation, Ca2+ signaling 
augmentation and action potential prolongation.
(A) Mathematical modeling of the effects of caveolar protein changes on cAMP levels 

in caveolae (i), extracaveolae (ii) and cytosol (iii) compartments of ACM. (B) Simulation 

of microdomain-specific time courses of cAMP levels in ACM under baseline and under 

caveolae-specific PDE inhibition. (C) Typical Ca2+ spark confocal recordings (left) and 

statistical analysis of Ca2+ spark frequency (right) in ACMs without PDE inhibitors (n=40 

cells) and after cilostazol (PDE3 inhibitor, n=19), rolipram (PDE4 inhibitor, n=32) and 

IBMX (non-selective PDE inhibitor, n=29) in isotonic condition. *** – p<0.001 by one-way 

ANOVA. (D-E) In silico simulation of Ca2+ transient (D) and AP (E) changes under 

caveolae-specific PDE inhibition. (F) In vitro mouse action potential under isotonic and 

hypotonic (2 min) conditions.
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