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Abstract

:

Caveolae-associated signaling toward mitochondria contributes to the cardioprotective mechanisms against ischemia-reperfusion (I/R) injury induced by ischemic postconditioning. In this work, we evaluated the role that the actin-cytoskeleton network exerts on caveolae-mitochondria communication during postconditioning. Isolated rat hearts subjected to I/R and to postconditioning were treated with latrunculin A, a cytoskeleton disruptor. Cardiac function was compared between these hearts and those exposed only to I/R and to the cardioprotective maneuver. Caveolae and mitochondria structures were determined by electron microscopy and maintenance of the actin-cytoskeleton was evaluated by phalloidin staining. Caveolin-3 and other putative caveolae-conforming proteins were detected by immunoblot analysis. Co-expression of caveolin-3 and actin was evaluated both in lipid raft fractions and in heart tissue from the different groups. Mitochondrial function was assessed by respirometry and correlated with cholesterol levels. Treatment with latrunculin A abolishes the cardioprotective postconditioning effect, inducing morphological and structural changes in cardiac tissue, reducing F-actin staining and diminishing caveolae formation. Latrunculin A administration to post-conditioned hearts decreases the interaction between caveolae-forming proteins, the co-localization of caveolin with actin and inhibits oxygen consumption rates in both subsarcolemmal and interfibrillar mitochondria. We conclude that actin-cytoskeleton drives caveolae signaling to mitochondria during postconditioning, supporting their functional integrity and contributing to cardiac adaption against reperfusion injury.
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1. Introduction


Caveolae are invaginations of the plasmatic membrane considered as a “lipid raft” subtype, enriched with cholesterol, sphingolipids and specific proteins, such as cavin, pacsin, EHD2 and mainly, with caveolin (cav). This protein participates in several cellular processes, such as vesicular and cholesterol transport, calcium homeostasis and space-temporal regulation of signal transduction [1]. Of the three caveolin isoforms, cav-3 is expressed in skeletal and cardiac muscle, and to a lesser extent in smooth muscle cells; cav-1 is expressed in adipocytes, endothelial and smooth muscle cells, whereas cav-2 is found in other cellular types [2]. All of them possess scaffold domains for the anchorage of different proteins [3], including members of the reperfusion injury salvage kinase (RISK) pathway [4], that phosphorylate and regulate the activity of intracellular targets, reducing cardiac reperfusion damage [5]. A well-known example is the MEK1/2-ERK1/2-GSK3β (mitogen-activated protein kinase/extracellular signal-regulated kinase 1/2-glycogen synthase kinase 3 beta) cascade of the RISK family, activated after GPCR (protein-coupled receptor) stimulation, that interacts with mitochondrial membranes, regulating the activities of the permeability transition pore (mPTP) [6] and the ATP-dependent mitochondrial K+ channels (mitoKATP) [7]. In this sense, we and others have shown that plasmatic structural modules enriched with cav-3, contain cardioprotective kinases [8] that interact with mitochondria [9], reinforcing the idea that maintenance of the mitochondrial function is paramount for cardio-protection, since loss of their integrity is considered the “non-return” point for cardiac cells’ fate after reperfusion [10]. Accordingly, preserved mitochondrial function is a consequence of maneuvers or strategies that prevent cardiac reperfusion damage.



The impact of the associations between the plasmatic membrane and intracellular compartments, as well as their contribution to physical and signaling processes, is a buoyant field in cardiology research. Sub-plasmalemma microdomains proximal to the mitochondria interact physically with them, producing post-translational modifications in mitochondria that regulate their function [9,11]. The demonstration that caveolae constitute platforms that deliver cardioprotective signaling to mitochondria and preserve their function has been provided by our group [12]; however, the involved driving mechanisms remain controversial.



In this work, we aim to determine if the actin-cytoskeleton, that participates in maintaining the structural organization of eukaryotic cells [13], might regulate the cardioprotective signaling transmission of caveolae to mitochondria. In this regard, it is known that actin-cytoskeleton disruption interrupts the GPCR-associated signaling [14], and diminishes caveolin phosphorylation associated with adenylate cyclase inactivation in cardiomyocytes [15]. Furthermore, some cytoskeleton proteins have binding sites to caveolin [4] and the caveolar protein pacsin 2, has reported to interact directly with actin [16]. Therefore, in this paper we test the hypothesis that cytoskeleton disruption destabilizes caveolae, mitigating the cardioprotective effect of postconditioning (PostC) associated with a loss of mitochondrial function.




2. Materials and Methods


This investigation was conducted following the Guide for the Care and Use of Laboratory Animals, published by the United States National Institutes of Health (US-NIH) and approved by the research committee of the National Institute of Cardiology I. Ch (INC-13806). Experimental work followed the guidelines of the Mexican Official guide for the use and care of laboratory animals (NOM-062-ZOO-1999) and for the disposal of biological residues (NOM-087-SEMARNAT-SSA1-2002). Most reagents were purchased from Sigma Aldrich (Sant Louis, MO, USA). The chemiluminescent detection system was obtained from Millipore (Bedford, MA, USA). Phalloidin-iFluor 405 reagent (ab176752), phalloidin-iFluor 647 reagent (abcam176752), latrunculin A (ab144290), anti-caveolin-3 caveolae marker (ab2912) and anti-PTRF (cavin-1, ab-76919) were purchased to Abcam (Cambridge, UK); whereas anti-LDL-R (sc-18823), anti-actin mAb (sc-8432), anti-pacsin-3 mAb (sc-373952) and anti-EHD2 mAb (sc-390513) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). G-Actin/F-actin In Vivo Assay Biochem Kit (Cat. # BK037) was obtained from Cytoskeleton, Inc. (Denver, CO, USA).



2.1. Experimental Design


Male Wistar rats (250–300 g) were anesthetized with a single dose of sodium pentobarbital (60 mg/kg i.p) and a complete lack of pain response was assessed by determining the pedal withdrawal reflex. The hearts were rapidly excised via midsternal thoracotomy, placed shortly in ice-cold Krebs–Henseleit buffer, and perfused retrogradely via the aorta at a constant flow rate of 12 mL/min with Krebs–Henseleit solution, which was continuously bubbled with 95% O2 and 5% CO2 at 37 °C. Cardiac performance was measured at the left ventricular end-diastolic pressure (LVEDP) of 10 mmHg using a latex balloon inserted into the left ventricle and connected to a pressure transducer and to the PowerLab System (ADInstruments, Sydney, NSW, Australia). Throughout the experiment, the left ventricular developed pressure (LVDP) and heart rate (HR) were calculated automatically from the pressure trace with the digital acquisition system LabChart 8.1.5 Pro (ADInstruments, Sydney, NSW, Australia). HR is expressed as beat number min−1 and the double product (DP) was calculated by multiplying the HR by LVDP [17]. The hearts were perfused for 20 min to reach a steady state and then subjected to the different protocols. The experimental groups were: (1) Control, hearts perfused for an additional 90 min; (2) I/R, hearts subjected to global ischemia for 30 min by turning off the pumping system and 60 min of reperfusion; (3) PostC, hearts subjected to 30 min of ischemia, to postconditioning (5 cycles of 30 s reperfusion and 30 s ischemia) and to 60 min of reperfusion and (4) PostC + Lat A, post-conditioned hearts to which 1 μM of latrunculin A were administrated for 10 min before ischemia (Figure 1a), as reported by Smyth et al. [18]. Cytoskeletal disruption with latrunculin A, might cause changes in the cell structure and signaling, therefore we determined whether such a dose and timing might exert a different effect on the Control and PostC heart function, unraveling a possible link between the cell structure and PostC signaling. Control hearts preserved both the HR and LVDP, whereas PostC showed diminished contractility and higher heart rates at the end of the experiment (Supplementary Figure S1), suggesting that the loss of PostC-conferred cardio-protection has an additional component besides actin damage.




2.2. Electron Microscopy


At the end of the experiment, the ventricular tissue was sectioned into pieces of 1 mm of thickness, fixed by immersion in 2.5% glutaraldehyde for 1 h at 4 °C, post-fixed in 1% OsO4, dehydrated with increasing concentrations of ethanol and infiltrated with Epon 812 (Electron Microscopy Sciences). Ultrathin sections of 60 nm contrasted with uranyl acetate and lead citrate were examined with a JEM-1011 JEOL Ltd., Tokyo, Japan) at 60 kV to detect the mitochondrial areas and cristae-integrated density. The Multi Measure ROI tool of ImageJ 1.48 software, was used to analyze the digital images obtained at similar magnifications. The total number of caveolae per membrane length identified in both open (structures visibly integrated into the sarcolemma) and closed (as vesicles) configurations were counted and compared between the experimental groups.




2.3. Phalloidin Staining and F-Actin/G-Actin Levels


For phalloidin staining, deparaffinized heart sections were incubated with phalloidin-iFluor 647 conjugate for 2 h at room temperature. Fluorescence microscopy images were obtained with a research fluorescence microscope (Olympus, Tokyo, Japan; Leica Microsystems, Wetzlar, Germany) equipped with a digital camera. A cellular fractionation protocol was also used to measure F-actin and G-actin levels in the heart tissue from each group (G-actin/F-actin in vivo assay, cytoskeleton, Cat. #BK037). Briefly, 0.1 mg of frozen heart tissue was treated with 1 mL of warm LAS2 buffer (1 mL of lysis and F-actin stabilization buffer, 10 µL of ATP stock solution (100 mM), 10 µL of 100× protease cocktail inhibitor) and homogenized using a motorized homogenizer. Lysates were incubated at 37 °C for 10 min. Then, a 100 µL volume from each lysate was saved for further analysis. The rest of the sample was centrifuged at 350× g in a tabletop microfuge at room temperature for 5 min to pellet the unbroken cells of tissue debris. The obtained supernatants were transferred into clearly labeled ultracentrifuge tubes. Supernatants were centrifuged at 100,000× g at 37 °C for 1 h to pellet F-actin and leave G-actin in the supernatant. The obtained supernatants were transferred to fresh tubes designated as supernatant samples. Then, 100 µL of F-actin depolymerization buffer (supplied in the kit) was added to each pellet and incubated on ice for 1 h to allow for actin depolymerization. The supernatants were pipetted up and down several times every 15 min. Then, we added 25 µL of 5X SDS sample buffer to each of the pellets and supernatant samples and mixed well. Samples were tested by SDS-PAGE and western blot analysis.




2.4. Immunofluorescence


Tissues were perfused with PFA 4% for immunofluorescent labeling. Frozen OCT-embedded sections were cut to 5 μm and epitope retrieval was performed in citrate buffer (10 mM sodium citrate, pH 6.0). Sections were blocked with donkey antiserum 5% (Jackson ImmunoResearch Laboratories, code 017-000-121) and bovine serum albumin 1% % (Jackson ImmunoResearch Laboratories, code 001-000-162). Primary and secondary antibodies were dissolved in blocking buffer and incubated overnight at 4 °C. Labeling was performed with anti-actin antibody, diluted 1:500 (Abcam, ab20272), anti-caveolin-1 antibody-caveolae marker diluted 1:1000 (Abcam 18199); anti-caveolin-3, diluted 1:1000 (Abcam, ab2912) and with phalloidin-iFluor 405 reagent (Abcam, ab176752), as specified. Fluorescently labeled secondary antibodies (Jackson ImmunoResearch Laboratories) were dissolved in blocking buffer and applied for 2 h at room temperature. As indicated, the cell nuclei were counterstained with DAPI with blue fluorescence. Samples were mounted with Fluoromount mounting media (Thermo-Fisher, 00-4959-52). Images were acquired using a laser-scanning confocal microscope system (LSM 700, Carl Zeiss, Zeiss, Germany).




2.5. Caveolin-3 and Actin Segregation in Lipid Rafts


Triton X-100 solubilization and the sucrose gradient centrifugation protocol was performed as follows. Frozen powdered heart tissue (300 μg) from all groups was lysed in 3 mL of MBS (25 mM MES and 150 mM NaCl, pH 6.5) containing 1% Triton X-100 and supplemented with a protease inhibitor mix (Complete™ Protease Inhibitor Cocktail (Roche Molecular Biochemicals). The samples were incubated at 4 °C for 60 min under constant rotation, and the debris was removed by centrifuging at 3000 RPM for 10 min. Then, 1 mL of the homogenate was mixed with an equal volume of 80% (w/v) sucrose in MBS and placed at the bottom of a centrifuge tube, to be further overlaid with 10 mL of MBS buffer with 35% sucrose and finally with 10 mL of MBS buffer plus 5% sucrose. Following centrifugation at 26,000 RPM in a Beckman SW28Ti rotor for 18 h, 1 mL fractions were collected from the bottom of the gradient [designated fractions number 1 (top) through 11 (bottom)] and concentrated to 0.5 mL for the protein content measurement and western blot analysis.




2.6. Western Blot Analysis and Co-Immunoprecipitation


Clarified heart homogenates (2 mg) were mixed with 10 µg of polyclonal anti-cav-3 antibodies, along with nonspecific mouse and rabbit IgGs (5 µg) for 1 h at 4 °C. Then, 20 µL of protein A beads (Santa Cruz Biotechnology) were added for 1 h under constant agitation at a cold temperature. The supernatant with unbound proteins was collected and the beads were washed four times with 1 mL of a buffer containing 50 mM Tris/HCl, 1 mM EGTA, and pH 7.5. Bound proteins were eluted with 1× SDS-PAGE loading buffer containing 2% SDS and subjected to PAGE and western blot.




2.7. Subsarcolemmal and Interfibrillar Mitochondrial Isolation


Heart tissue was finely minced and washed in a cold buffer containing 100 mM KCl, 50 mM Tris base, 5 mM MgCl2, 1 mM EDTA, 1 mM ATP; pH 7.5 (buffer A). Subsarcolemmal (SSM) and interfibrillar (IFM) subpopulations were obtained as described by García-Niño et al. 2017 [12]. For the SSM isolation, heart tissue was homogenized in buffer A with five strokes of a Teflon pistil in a glass potter. The homogenate was clarified by centrifuging at 750× g for 10 min, and then the supernatant spun down for 10 min at 12,000× g. The pellet was suspended in 220 mM sucrose, 70 mM mannitol, 10 mM Tris base, 1 mM EDTA, pH 7.4 (buffer B) supplemented with 1.5% albumin fatty acid-free (AFAF) and incubated for 10 min on ice, before further centrifuging at 12,000× g, 10 min. The pellet was resuspended in the same buffer without albumin. For IFM isolation, the sediment of the first centrifugation was suspended in buffer A supplemented with 0.250 mg/mL of the protease nagarse and incubated for 5 min on ice. Then, homogenization was performed using a Teflon pistil in a glass potter (five strokes) and the suspension was centrifuged at 750× g for 10 min. The supernatant was centrifuged for 10 min at 12,000× g and the resulting pellet was suspended in buffer B supplemented with 1.5% albumin AFAF, incubated further for 10 min on ice, and finally, centrifuged at 12,000× g for 10 min. The mitochondrial pellet was collected and suspended in a small volume of buffer B. Mitochondria were further purified by 60% percoll gradient ultracentrifugation. Protein concentration was determined by the Lowry method [19].




2.8. Cholesterol Measurement in Isolated Mitochondria


For the total cholesterol determination, 100 µL of isolated mitochondria suspension was saponified by using alcoholic KOH in a 60 °C heating block for 30 min. Once the mixture had cooled, 666 µL of hexane and 600 μL of distilled water were added and shaken to ensure complete mixing. Appropriate aliquots of the hexane layer were evaporated overnight and used for cholesterol measurement with O-phthalaldehyde dissolved in acetic acid (0.5 mg/mL). Then, sulfuric acid (300 µL) was added and then read at 550 nm in a spectrophotometer. A curve of cholesterol (0 µg–100 µg) was used as the standard [20].




2.9. Mitochondrial Function


O2 consumption rate (OCR) was measured in isolated interfibrillar and subsarcolemmal mitochondria with an Agilent Seahorse XFe/XF24 analyzer. Substrates and inhibitors were prepared in 1XMAS buffer supplied by the manufacturer. A 10X concentration of the compounds was added to the corresponding ports to achieve the following final concentrations: ADP (adenosine 5′–diphosphate, 2 mM, 50 μL); oligomycin (2 μM, 55 μL); CCCP [carbonyl cyanide chlorophenylhydrazone, 6 µM, 60 μL]; and 2 μM antimycin-A (65 μL). Isolated mitochondria were diluted to 1 mg/mL with MAS buffer supplemented with free-fatty acid bovine serum albumin 0.2%. Then, 15–20 μg of protein per well were loaded in cold and the plate was centrifuged at 2500× g for 15 min at 4 °C. Homogenous adherence to the wells was confirmed after viewing the mitochondria under the microscope. Thereafter and always in cold, 445 μL of 0.5 M malate-glutamate solution was added and incubated for 8 min at 37 °C before placing the plate in the XF24 analyzer.




2.10. Statistical Analysis


Data are presented as the mean  ±  SEM. A one-way or two-way repeated measure ANOVA was used to determine the statistical significance among multiple groups’ results, followed by Tukey’s multiple comparisons test. For all statistical analyses, a p  <  0.05 was considered to be statistically significant. GraphPad Prism (version 7.0, GraphPad Software, Inc., La Jolla, CA, USA) was used to create artwork and for all statistical tests.





3. Results


3.1. Changes in the F-Actin Microfilament Cytoskeleton Abolish the Cardioprotection and Reduce the Caveolae Content in PostC Hearts


Heart rate values in the control hearts were around 200 beats/min during the experiments. In the I/R group, the heart rate increased in early reperfusion due to the onset of arrhythmias (249.6 beats/min) and diminished significantly, as compared to the Control (118 ± 53 vs. 223 ± 12 beats/min, p ≤ 0.05) at the end of reperfusion. Moreover, recovery of the heart rates in PostC hearts was lost in the presence of latrunculin A at some time points during reperfusion. The left-ventricular developed pressure (LVDP) which was constant in the Control hearts (93.3–107 mmHg) during 110 min of constant perfusion, while LVDP dropped from the first minute until the end of reperfusion in the I/R hearts (63.33–20.66 mmHg). The PostC group maintained LVDP values between 93.33 and 123 mmHg along reperfusion, whereas the PostC + Lat A group showed lower LVDP during reperfusion (56–26 mmHg). The loss of both the heart rate and LVDP in the post-conditioned hearts treated with latrunculin A (PostC + Lat A) was observed (Figure 1b,c), suggesting that the actin-cytoskeleton preservation is required to maintain PostC driven protection.



Morphologic and ultrastructural analyses with eosin/hematoxylin staining and electron microscopy showed longitudinally arranged cardiac fibers, with acidophilic sarcoplasm and central oval nuclei in the Control and PostC hearts; whereas the disorganized sarcomeric structure was observed in hearts subjected to I/R and in the PostC + Lat A group (Figure 2a). We quantify the nuclei number as a measure of viable cardiomyocytes, using H&E stained tissue with the IHC Plugin Fiji (ImageJ). Significant differences were found between the Control and the I/R groups (219.2 ± 12.64 vs. 52.07 ± 11.87 total nuclei/mm2, p ≤ 0.05), between the I/R and the PostC groups (52.07 ± 11.87 vs. 230.5 ± 55.3 total nuclei/mm2, p ≤ 0.05) and among the PostC and the PostC + Lat A groups (230.5 ± 55.3 vs. 52.5 ± 6.71 total nuclei/mm2, p ≤ 0.05) (Supplementary Figure S2).



Moreover, electronic microscopy images showed uniformly arranged myocardial fibers, along with clear muscle segments and preserved mitochondria in the Control and PostC groups, whereas in the I/R group and the Post + Lat A groups, edema between muscle fibers and mild fragmentation, along with mitochondrial swelling and even partial disappearance of such organelles, were observed (Figure 2b).



Phalloidin is a bicyclic heptapeptide from poisonous mushrooms, that binds to actin filaments more tightly than to actin monomers, therefore we used this compound to evaluate the possible changes in the F-actin microfilament cytoskeleton in the PostC + Lat A group. F-actin staining with phalloidin slightly diminished in I/R hearts, as compared to the Control hearts; whereas F-actin staining was reduced in the PostC + Lat A group, as compared with both the Control and PostC hearts (Figure 3a); however, when measuring the F-actin/G-actin, no differences were found between the PostC and the PostC + Lat A groups (Figure 3b).



Moreover, the structural analysis revealed characteristic flask-shaped invaginations in the sarcolemma or internalized vesicles near its boundary, identified as caveolae. Such structures diminished in I/R hearts, as compared with both the Control and PostC groups (p < 0.05). The addition of the cytoskeleton disruptor latrunculin A reduced the caveolae number in the PostC hearts, although the structures remained more abundant than in the I/R group (Figure 4). We also observed that an increased caveolae abundance correlates with preserved sarcolemmal mitochondria in both the Control and PostC hearts.




3.2. Cav-1 and Cav-3 Co-Localization with Actin in Post-Conditioned Hearts Treated with Latrunculin A


Co-localization of cav-1 and total actin was first evaluated, as it has been reported to be expressed in cardiac muscle cells as well as in other cell types, such as endothelial cells, fibroblasts and adipocytes. Cav-1 was not detectable in muscle cells, having a major expression in the endothelium and fibroblasts (white arrows). Moreover, total actin staining showed well-organized heart fibers in both the Control and PostC hearts, whereas I/R hearts showed disorganized fibers and edema. We observed that cardiomyocytes from PostC + Lat A hearts had an unusual structure, as even transverse fibers presented a feathery feature (yellow arrows), possibly resulting from the actin filament disruption (Figure 5).



Moreover, the isoform cav-3 was located in the sarcolemma of all groups, although we observed that the signal diminished in the I/R group. Phalloidin staining was similar in the Control, I/R and PostC groups, but diminished notably in the PostC + Lat A hearts. Remarkably, in the PostC cardiac muscle cells, cav-3 and phalloidin were labeled at the same loci that might include T-tubules staining. Such a signal was lost in the PostC + Lat A, along with augmented fluorescence of cav-3 in the sarcolemma (Figure 6).




3.3. Latrunculin A Reduces the Actin Association with Detergent-Insoluble Caveolae in PostC Hearts


Caveolae are specialized sub-types of lipid rafts, formed after the segregation of glycosphingolipids and cholesterol within the exoplasmic leaflet of the plasmatic membrane, characterized as “liquid-ordered” domains resistant to solubilization with nonionic detergents at a low temperature [21]. To determine if caveolae diminution in PostC hearts in the presence of latrunculin A was associated with loss of the association between cav-3 and actin, as observed in Figure 6, we isolated the low-buoyant density fractions from detergent-insoluble membranes from heart tissue. PostC hearts showed a characteristic low-buoyant density band around the 5–35% interphase of the gradient, which was less visible in the other groups (Supplementary Figure S3). The content of cav-3, actin, and LDL-R (a non-lipid raft protein) was determined along the gradient by the western blot analysis using specific antibodies (Figure 7). Cav-3 migrated towards the top of the gradient in the Control, PostC (Figure 7a,c) and to a lesser extent, in the Post +Lat A groups (Figure 7d), demonstrating the presence of caveolae in the low-density membranes, in concordance with the caveolae number, increase, as observed by electronic microscopy. Moreover, the cav-3 content was lower along the gradient in the I/R group (Figure 7b). Although actin was not detected along the sucrose gradient neither in the Control or I/R groups, the actin distribution resembled the mobility of the detergent-insoluble cav-3 in the PostC hearts (Figure 7c), which was clearly diminished in the PostC + Lat A group (Figure 7d), supporting a possible link between caveolae/lipid rafts and the cytoskeleton in post-conditioned hearts. The LDL receptor (LDL-R) was used as a negative control, as it does not form part of the caveolar structure. As expected, LDL-R remained at the bottom of the gradient in all groups.



We also evaluated cavin-1 (PTRF), a major reported caveolae protein, along with other putative components of these structures: EHD-2 and pacsin-3. Cavin-1 (PTRF) was concentrated in the bulk cellular proteins in all groups, although a small fraction was also distributed along the 35% layer in the PostC hearts (Supplementary Figure S4). Neither EHD-2 nor pacsin-3 moved to the low-density layers of the sucrose gradients (Supplementary Figure S5), even though both proteins were detected in the homogenates from all groups (Figure 8a). Actin and cav-3 localization in the lipid raft fraction supports the interaction of caveolae and the cytoskeleton in cardioprotective conditions.




3.4. Changes in Caveolar Proteins in PostC Hearts Treated with Latrunculin A


In Figure 8a, it is also observed that the cav-3 and cavin-1 content were reduced in the I/R group, as compared with the Control; and that the recovery of such proteins along with the increase of EHD2 in the PostC hearts was inhibited by the latrunculin A treatment. We would like to remark that, to our knowledge, this is the first time that EHD2 content increase is associated with cardio-protection and its reduction with the actin cytoskeleton disruption.



Moreover, no changes were detected in pacsin-3 levels among the groups (Figure 8a). It is worth mentioning that the observed molecular weight of this protein was higher than that reported (48–51 kDa). Therefore, we made comparisons on the mobility of the protein with homogenates from the liver and kidney. A band of 51 kDa was only detected in the liver, whereas in the kidney and in heart homogenates, the main band was around 60 kDa (Supplementary Figure S6).



Next, we performed co-immunoprecipitation protocols, to determine whether changes in protein-protein interactions between caveolae forming proteins might result from the actin cytoskeleton disruption. As shown in Figure 8b, cav-3 co-immunoprecipitates with cavin-1 (PTRF), EHD2, and to a much smaller extent with pacsin-3 in all groups, disruption of the cytoskeleton in the PostC + Lat A groups did not lower the interaction between cav-3 and cavin-1 or EHD2. These results suggest that the interactions between the caveolar proteins are maintained independently of the actin cytoskeleton association with the caveolae.




3.5. Actin-Cytoskeleton Disruption Reduces the Cholesterol Delivery towards the Mitochondria and Impacts Their Function


In addition to being critical to caveolae formation, cholesterol is required for the caveolin incorporation into the lipid raft domains. Accordingly, we determined that the changes in mitochondrial cholesterol levels were a complementary parameter to sustain caveolae interaction with such organelles. We obtained preparations of both subsarcolemmal (SSM) and interfibrillar (IFM) mitochondria to determine the effect of actin-cytoskeleton disruption on the function of these organelles at their different distributions. We observed that cholesterol was reduced in both mitochondrial subpopulations obtained from the I/R hearts, as compared with those from the Control group. Post-conditioning augmented the cholesterol levels only in IFM, whereas both populations in the PostC + Lat A groups showed lower cholesterol content than in the PostC mitochondria (Figure 9a). Next, we measured oxygen consumption rates (OCRs) at basal, phosphorylating, and uncoupled states in isolated mitochondria from all groups, to correlate the function of these organelles with the observed cholesterol changes after latrunculin A treatment (Figure 9b). Basal respiration (State 2) and non-ADP-stimulated respiration (State 4o) rates of both SMM and IFM were comparable between all groups. ADP-stimulation respiration (State 3), coupled with ATP synthesis diminished in both SSM and IFM from the I/R hearts, as compared to those obtained from the Control hearts. In PostC, this parameter was recovered in both mitochondrial subpopulations, whereas such an increase was abolished in the presence of latrunculin A, indicating a loss of mitochondrial oxidative phosphorylation capacity. Furthermore, the CCCP-stimulated respiration (State 3u) or maximal respiratory capacity increased in the mitochondria from PostC hearts, in comparison with the I/R group, a condition that was reverted by the latrunculin A action. Taken together, our results demonstrate that mitochondria from hearts treated with the cytoskeleton disruptor, lose their electron transport capacity in association with the cardio-protective effect of post-conditioning driven by caveolae.





4. Discussion


Latrunculins have been used to study the involvement of actin in several cellular processes. It was reported that latrunculin A induces the loss of actin-based stabilizing scaffolds that regulate the formation and maintenance of cardiomyocyte plasma membrane subdomains, such as caveolae [22]. Accordingly, the data presented in this study provide evidence that the actin-depolymerizing agent latrunculin A, abolishes the cardioprotective effect of post-conditioning, modifying the plasma membrane ultrastructure, diminishing the caveolae formation, and impacting the mitochondrial function.



Even though caveolae are considered as relatively immobile structures, they are internalized and establish trafficking routes either by the classic endocytic pathway or toward intracellular organelles [23]. The proposal that the cytoskeleton might facilitate caveolar subcellular signaling, it is sustained by the different observations. For example, caveolin-3 shifts from the cytoskeleton and TX100 insoluble fractions to detergent soluble fractions in ventricular myocytes treated with the cholesterol-removing agent MβCD [24]. Furthermore, the simian virus 40 (SV40) invades host cells through caveolae, after transient changes in the actin cytoskeleton [25] and cytoskeleton disorganization is associated with the reduction of caveolin phosphorylation, along with adenylate cyclase pathway inactivation in cardiomyocytes [15].



Once we determined that the actin-cytoskeleton disruption abolishes the cardioprotective effect of post-conditioning and reduces the caveolae number, we evaluated whether cav-3 associates with actin-cytoskeleton, by measuring the co-localization of both proteins and analyzed their distribution in “lipid rafts” fractions. The immunofluorescence images show a clear co-localization of cav-3 with F-actin in post-conditioned cardiac tissue, but not in the other groups. Accordingly, we observed that cav-3 and total actin co-fractionated in low-density fractions from post-conditioned heart homogenates, and that such an association was decreased in the presence of the actin-depolymerization compound. These findings correlate with reports in which the knockdown of cavin-3 or treatment with latrunculin A changed the distribution of the signaling proteins MEK and ERK into high-sucrose density fractions [26]. In this regard, it has been reported that proteins associated to actin, have binding sites to caveolae conforming proteins [4]. Specifically, cavin-3 with the participation of myosin-1c anchors caveolae to peripheral actin [27], whereas pacsin interacts directly with actin [16]. There is also evidence of a cavin-1 association with the cytoskeleton, as the silencing of this protein promotes the actin diminution in “lipid rafts” obtained from adipocytes [26], such reports reinforce our results, overall supporting the hypothesis of the association between caveolae and cytoskeleton.



We also evaluated the effect of the actin-cytoskeleton disruption on the content of caveolae forming proteins, cav-3, cavin-1, EHD2 and pacsin-3. Cav-3, and cavin-1 are considered the minimal caveolae coat machinery necessary to form invaginated caveolae [28] in a process in which the membrane interacting with cavins and caveolins is inserted into membranes enriched with cholesterol, and phospholipids favor the formation of such structures [29]. Conversely, the ATPase EHD2, is more related to caveolae stabilization [30]. This protein is a member of the dynamin superfamily of GTPases, which oligomerizes into the lipid interphase forming ring-like assemblies at the neck of the caveolae [31]. Accordingly, with the caveolae number decrease, cav-3, cavin-1 and EHD2 content diminishes in the PostC + Lat A hearts, suggesting that the actin-cytoskeleton participates in the caveolae formation. Conversely, pacsin-3 (also called syndapin III) a muscle-enriched isoform of the syndapin family of F-BAR proteins that binds to EHD2 and that has been suggested to contribute to stabilizing the caveolae neck [32], does not change in the PostC + Lat A heart homogenates. The association between cav-3, cavin-1, EHD2 and pacsin-3 was confirmed by immunoprecipitation. Only cav-3 and to some extent cavin-1, resembled the differences observed in homogenates from the different groups (Figure 8) and with caveolae number (Figure 4), in spite that pacsin-3 has been described to contain actin-binding domains [33]. Remarkably, cav-3 co-immunoprecipitated with pacsin-3 to a much more minor extent than with cavin-1 and EHD2, confirming the suggestion that this protein may not represent a general and integral part of cav-3 coats [32]. A possible explanation might be that EDH2 and pacsin have additional functions outside of the caveolae. It has been proposed that pacsin 2 is required only at one step in which caveolin enriched microdomains conform the caveolae, but contrary to the cavin proteins, pacsin does not associate constitutively to the invaginated structure [34].



Caveolae-driven cardioprotective signaling linked to the maintenance of the mitochondrial function, has been established by different groups, [12,35,36]. Such evidence sustains that caveolae from the plasmatic membrane are critical to connecting the extracellular milieu and intracellular signaling to regulate energy and mitochondrial metabolism [37]. To our knowledge, there are no reports that the cardio-protective signaling transmission to mitochondria relies on the association between the caveolae and actin-cytoskeleton. However, there are studies supporting the possible interrelationship between such subcellular structures. Examples are the demonstration that the myosin II-actin interaction induces cardiomyocyte apoptosis and mitochondrial fission in I/R [38]; that mutations in actin are related to intrinsic apoptosis [39], and the proposal that in δ-opioid-induced cardio-protection, caveolin translocation to mitochondria might be related with the cytoskeleton or specific chaperone proteins [36].



As described above, it is tempting to speculate that the cytoskeleton might play a relevant role in the crosstalk between caveolae and mitochondria under the cardio-protective signaling activated by post-conditioning. We are aware that even contractile dysfunction is a reliable measure of ischemic injury and it is not necessarily synonymous of cell death. We do not discard that other levels of regulation besides disruption of actin-skeleton, and reduction of the structural/functional interaction between sarcolemmal caveolae and mitochondria in post-conditioning cardio-protection, might be exerted by latrunculin A.




5. Conclusions


Communication between caveolae containing cardioprotective signaling and mitochondria is related to the actin-cytoskeleton, promoting cardiac resistance to ischemic reperfusion damage.
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Figure 1. Latrunculin A abolishes cardiac function in post-conditioned hearts. (a) Schematic representation of the experimental protocols: hearts perfused for 110 min (Control), hearts subjected to 20 min of stabilization, 30 min of ischemia, and 60 min of reperfusion (I/R), I/R hearts with hypoxic postconditioning (PostC) and PostC hearts treated with 1 μM of latrunculin A before ischemia. (b) Heart rate and (c) left ventricular diastolic pressure (LVDP) evaluated for 110 min. Values are the mean ± SEM, n = 6–8 different preparations. * p < 0.05 vs. PostC; # p < 0.05 vs. Control. 
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Figure 2. Latrunculin A induces changes in the cardiac ultrastructure of post-conditioned hearts. Representative hematoxylin/eosin staining (a) showing cardiac fibers with acidophilic sarcoplasm and oval nuclei in the Control and PostC hearts; disorganized fibers are marked with black short arrows. (b) Representative electron microscopy images show fiber rupture (long yellow arrows) and swollen mitochondria (short yellow arrows). The area evaluated for each slice corresponds to the left ventricle in the middle zone. This analysis was performed in a blinded manner, the pathologist who examined the samples has no knowledge of the treatment group. 






Figure 2. Latrunculin A induces changes in the cardiac ultrastructure of post-conditioned hearts. Representative hematoxylin/eosin staining (a) showing cardiac fibers with acidophilic sarcoplasm and oval nuclei in the Control and PostC hearts; disorganized fibers are marked with black short arrows. (b) Representative electron microscopy images show fiber rupture (long yellow arrows) and swollen mitochondria (short yellow arrows). The area evaluated for each slice corresponds to the left ventricle in the middle zone. This analysis was performed in a blinded manner, the pathologist who examined the samples has no knowledge of the treatment group.



[image: Cells 12 00492 g002]







[image: Cells 12 00492 g003 550] 





Figure 3. Changes in F-actin staining in post-conditioned hearts treated with latrunculin A. (a) Representative fluorescence microscopy images of rat heart sections from the different experimental groups. Cell nuclei were counterstained with DAPI and F-actin with phalloidin-iFluor 647. (b) F-actin and G-actin content in fractions obtained from cardiac tissue. Homogenates of each heart were lysed in F-actin stabilizing buffer and G-actin fractions were collected after high-speed centrifugation. Then, the pellets containing the F-actin fraction were depolymerized and subjected along with G-actin fractions to SDS-PAGE and immunoblotting with anti-β-actin antibody. Densitometric analysis of the blot was carried out using ImageJ software and the statistical significance of the data was assessed by a one-way ANOVA test. p-value for * is <0.05. Bars represent the mean ± SEM, of six independent preparations. 
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Figure 4. Latrunculin A diminishes the caveolae content in post-conditioned hearts. (a) Representative electron microscopy images showing the presence of caveolae in the sarcolemma of the different experimental groups (red arrows). (b) Quantitative analysis of the observed caveolae along the sarcolemma from all groups. The statistical significance of the data was assessed by a one-way ANOVA test. p-value for ** is <0.001. Values are the mean ± SEM, n = 20 micrographs per group. 
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Figure 5. Co-localization of caveolin-1 and actin in post-conditioned hearts treated with latrunculin A. Representative confocal laser microscopy of the sections of frozen heart tissue after double-immunofluorescence staining of caveolin-1 (green) and actin (red). Cell nuclei were counterstained with DAPI. 
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Figure 6. Co-localization of caveolin-3 and F-actin in post-conditioned hearts treated with latrunculin A. Samples were labeled with primary antibodies, as indicated on micrographs: cav-3 (red), phalloidin (green) color. Prior to merging the confocal images, signals for red and green fluorescence were adjusted to comparable levels. The yellow color indicates co-localization of two labeled antigens for cav-3 and F-actin. Confocal laser scanning images were obtained at 63× magnification. 
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Figure 7. Effect of latrunculin A on the cav-3 and actin distribution in lipid rafts microdomains obtained from post-conditioned hearts. Sucrose gradient fractions obtained after TX100 solubilization of homogenates from the Control (a); I/R (b); PostC (c) and PostC + Lat A (d) hearts were analyzed by western blot using anti-cav-3, anti-actin mAb and anti-LDL-R. It is shown that the total protein content in each fraction (dotted line) and the relative abundance of the evaluated proteins (■) LDL-R (110 kDa); (●) cav-3 (17 kDa) and (▼) actin (42 kDa). Results represent the mean ± SEM from three independent experiments. 
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Figure 8. Latrunculin A modifies the content of the caveolar proteins in post-conditioned hearts. (a) Representative western blot images of cav-3, cavin-1, EHD2, and pacsin-3 in cardiac homogenates from the different experimental groups. GAPDH was used as a loading control. Densitometric analysis of cav-3, cavin-1, EHD2 and pacsin-3 content normalized with GADPH. The statistical significance of the data was assessed by a two-way ANOVA test, followed by Tukey’s multiple comparisons test. p-value for * is <0.05. Values presented in the graph are the mean ± SEM, of three independent samples. (b) Immunoprecipitation (IP)-western blotting (IB) analysis shows associations of cav-3, cavin-1, EHD2, and pacsin-3 in homogenates from the experimental groups. n = 2. 
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Figure 9. Cholesterol content and oxygen consumption rate in mitochondrial subpopulations from post-conditioned hearts treated with latrunculin A. (a) Cholesterol content in subsarcolemmal mitochondria (SMM) and interfibrillar mitochondria (IFM). The statistical significance of the data was assessed by a one-way ANOVA test. p-value for ** is <0.001. (b) Oxygen consumption rate in SSM and IFM. Statistical significance of the data was assessed by a two-way ANOVA test. p-value for * is < 0.05. Values are the mean ± SEM of at least three different mitochondrial preparations. 
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