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Introduction: Recent advances have enabled organotypic culture of beating human myocardial slices that are stable for weeks. However, human myocardial samples are rare, exhibit high variability and frequently originate from diseased hearts. Thus, there is a need to adapt long-term slice culture for animal myocardium. When applied to animal cardiac slices, studies in healthy or genetically modified myocardium will be possible. We present the culture of slices from rabbit hearts, which resemble the human heart in microstructure, electrophysiology and excitation-contraction coupling.
Methods: Left ventricular myocardium from New Zealand White rabbits was cut using a vibratome and cultured in biomimetic chambers for up to 7 days (d). Electro-mechanical uncoupling agents 2,3-butanedione monoxime (BDM) and cytochalasin D (CytoD) were added during initiation of culture and effects on myocyte survival were quantified. We investigated pacing rates (0.5 Hz, 1 Hz, and 2 Hz) and hormonal supplements (cortisol, T3, catecholamines) at physiological plasma concentrations. T3 was buffered using BSA. Contractile force was recorded continuously. Glucose consumption and lactate production were measured. Whole-slice Ca2+ transients and action potentials were recorded. Effects of culture on microstructure were investigated with confocal microscopy and image analysis.
Results: Protocols for human myocardial culture resulted in sustained contracture and myocyte death in rabbit slices within 24 h, which could be prevented by transient application of a combination of BDM and CytoD. Cortisol stabilized contraction amplitude and kinetics in culture. T3 and catecholaminergic stimulation did not further improve stability. T3 and higher pacing rates increased metabolic rate and lactate production. T3 stabilized the response to β-adrenergic stimulation over 7 d. Pacing rates above 1 Hz resulted in progredient decline in contraction force. Image analysis revealed no changes in volume fractions of cardiomyocytes or measures of fibrosis over 7 d. Ca2+ transient amplitudes and responsiveness to isoprenaline were comparable after 1 d and 7 d, while Ca2+ transient duration was prolonged after 7 d in culture.
Conclusions: A workflow for rabbit myocardial culture has been established, preserving function for up to 7 d. This research underscores the importance of glucocorticoid signaling in maintaining tissue function and extending culture duration. Furthermore, BDM and CytoD appear to protect from tissue damage during the initiation phase of tissue culture.
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1 INTRODUCTION
Organotypic culture of myocardial slices from humans and animal models has been advanced during the last few years and is getting attention for its potential in basic and translational cardiac research (Fischer et al., 2019; Ou et al., 2019; Qiao et al., 2019; Watson et al., 2019; Perbellini and Thum, 2020). Although the short-term study of slices dates back to the 1960s (Mokler and Mathur, 1968), structure and function in human ventricular (Fischer et al., 2019) and atrial (Klumm et al., 2022; Amesz et al., 2023) tissues can now be preserved for up to several weeks, allowing the investigation of long-term effects of experimental procedures without the dedifferentiation or functional decay commonly present in primary cardiomyocyte culture (Banyasz et al., 2008). Compared to cell culture, native tissue culture has several key advantages: avoidance of potential side effects associated with enzymatic and/or cell isolation, and a native multi-cellular co-culture, akin to that found in vivo. Cardiomyocytes remain in their native environment, where cell-cell and cell-matrix interactions are largely preserved. Furthermore, direct and indirect interactions with and between non-myocytes, for example, fibroblasts, are preserved and can be investigated (de Boer et al., 2009). At the same time, it is possible to analyze the metabolites, cytokines and other substances produced by the tissue because they accumulate in the culture medium. Furthermore, long-term myocardial slice culture can be used in conjunction with stem-cells or stem-cell derived cardiomyocytes and gene editing (Moretti et al., 2020; Poch et al., 2022). In summary, these features allow for many already demonstrated and conceivable applications and may provide new important insights into basic cardiac physiology and pathology.
As it can be difficult to obtain human tissue for research due to its limited availability, and even more so for healthy tissue from human donor hearts, animal models offer a valuable alternative. A recent study used cardiac slices from pigs to demonstrate the feasibility of cardiotoxicity screening (Shi et al., 2023). However, while pig hearts are well comparable to human hearts, there are functional differences, such as a low Ito current, and high maintenance and animal costs (Milani-Nejad and Janssen, 2014). Small rodent hearts, on the other hand, differ significantly from human hearts in several aspects (Milani-Nejad and Janssen, 2014), for example, in action potential duration or contraction kinetics, and, importantly, only few slices can be obtained for slice culture from one animal. In contrast, cardiac models from animals of intermediate size, such as guinea pig or rabbit, appear to have more favorable properties. For instance, the action potential duration and shape as well as Ca2+ cycling and excitation-contraction coupling are much closer to humans in guinea pigs and rabbits than in rats or mice. Generally, hearts are larger and heart rate is lower in rabbits than in guinea pigs. Moreover, rabbit cardiomyocytes express Ito, which can hardly be detected in guinea pigs (Joukar, 2021). Thus, while both rabbit and guinea pig models have been used extensively in cardiac research (Janse et al., 1998; Schram et al., 2002), rabbit hearts provide more material for cardiac slices and resemble human hearts more closely in several functional aspects (Nerbonne, 2000; Hornyik et al., 2022). Furthermore, rabbit models offer advantages for the research of various heart diseases (Pogwizd and Bers, 2008; Hornyik et al., 2022). Therefore, they could represent a useful, cost-effective alternative to pig hearts without compromising the relevance and transferability of the results to human hearts. However, although rabbit myocardial slice culture has been used in research (Watson et al., 2019), we are not aware of systematic studies to extend the useful life span in culture.
In this study, we describe optimization of the culture of rabbit ventricular slices. This was required because protocols designed for human tissue slices gave rise to contracture at the beginning of culture experiments. Additionally, slices often decayed after few days or displayed unstable contraction amplitude. These problems are worsened by the lack of consensus in the field about ideal culture conditions, especially with respect to medium supplements and pacing rate during culture. We present enhanced culture conditions to mitigate initial damage and evaluate the effects of pacing frequency and commonly used hormonal additives on culture stability and viability. Using these protocols, viability of rabbit ventricular slices could be maintained for 1 week. Finally, we demonstrate techniques for advanced functional assessments, such as action potential or Ca2+ transient recordings in intact cardiac slices to assess the stability of essential myocardial functions and show that Ca2+ signals are nearly unaltered after 7d in culture.
2 MATERIALS AND METHODS
2.1 Tissue acquisition
All experiments were approved by the local animal care and use committee. Female New Zealand White rabbits (age 10–16 weeks, weight 2.0–3.5 kg) were premedicated with ketamine (25 mg/kg) and xylazine (5 mg/kg) via intramuscular injection. After 10 min, anesthesia and analgesia were verified by the absence of pain reactions and pentobarbital sodium injected into the dorsal ear vein (200 mg/kg). This caused deep anaesthesia and death from cardiac arrest. Swiftly afterwards, thoracotomy and excision of the heart followed. The heart was transferred to cold storage solution and then transported to the lab within 15–30 min. Storage solution contained in mmol/L: 80 potassium glutamate, 10 NaCl, 30 butanedione monoxime, 50 sucrose, 25 KH2PO4, 5 MgSO4, 1 CaCl2, 1 allopurinol, 5 adenosine, 5 glutathione, pH = 7.4.
2.2 Preparation of ventricular tissue slices
After arrival of the rabbit heart in the laboratory it was transferred into a culture dish (⌀10 cm) filled with cold (4 °C) storage solution (the same solution as used for transport and storage). All preparation steps were carried out on a laminar flow workbench on a cooled surface at 4°C–8°C. The free wall of the left ventricle was prepared and divided into four quadrants (surface approx. 8 mm × 8 mm). Two tissue blocks at a time were embedded in low-melting point agarose and mounted with the epicardium facing down on the vibratome as described in detail previously for human tissue (Fischer et al., 2019; Hamers et al., 2022). Myocardial slices of 300 µm thickness were cut with the vibratome (Leica VT1200, Germany) with a forward movement speed of 0.05 mm/s, 80 Hz blade oscillation frequency and 1.5 mm horizontal razor blade amplitude in parallel to the epicardial plane. As soon as the first two tissue blocks were processed, the remaining blocks were embedded in agarose and sliced accordingly. Subendocardial tissue slices lacking a continuous myocyte alignment (typically the first three to four slices) were discarded. Slices with a uniform cardiomyocyte orientation were trimmed with a scalpel to approx. 6 mm × 6 mm length and width. Cardiomyocyte orientation was determined macroscopically or, if not readily visible, by transmitted light microscopy. Trapezoid polyether holders (InVitroSys, Germany) were then attached by surgical tissue adhesive (Surgibond, SMI, Belgium) to two opposing sides of the slice, such that they were connected by the longitudinal myocyte axes (Fischer et al., 2019; Hamers et al., 2022). The slices were stored in cold (4°C) storage solution for max. 60 min until they were mounted in the culture chambers. One rabbit heart yielded up to 30 tissue slices.
2.3 Culture of ventricular tissue slices
Using MyoDish culture systems (MD-1.0, InVitroSys, Germany), the tissue slices were mounted into chambers with culture medium (M199, Sigma, M4530), supplemented with insulin (10 ng/mL), transferrin (5.5 μg/mL), selenium (6.7 ng/μL), β-mercaptoethanol (50 µM), penicillin (100 units/mL)/streptomycin (0.1 mg/mL), as used for human myocardial long-term culture (Fischer et al., 2019). Electromechanical uncoupling agents were added in different combinations: 30 mM 2,3-butanedione monoxime (BDM), 5 µM cytochalasin D (CytoD), 10 µM blebbistatin, 50 μM N-benzyl-p-toluene sulphonamide (BTS). The culture system including the chambers was kept in a laboratory incubator providing 5% CO2, 37°C temperature and 80% humidity. A diastolic load of 1,500 µN was applied to each slice immediately after starting culture. If the initial medium contained uncouplers, the medium was removed after 15–20 min, the slice washed in 800 µL agent-free medium for a few seconds, and then 2.4 mL final culture medium were added. During the first 48 h of culture, all slices were paced at 0.5 Hz. The applied current was 50 mA, pulse width 3 ms, followed by a 1 ms pause and a 3 ms pulse of opposite polarity. The applied voltage necessary to reach the specified current ranged from 7–9 V. If not otherwise stated, medium was exchanged every 48 h. Assuming an evaporation of 100 µL per 24 h, 1.6 mL of the medium in the chamber were removed and 1.8 mL fresh medium added. The slices were assigned to experimental groups after 48 h in culture, i.e., during the first medium exchange. Slices were cultured for up to 7 days.
2.4 Medium additives
Different hormonal additives were added alone or in combination to the culture medium described above to obtain free concentrations of 20 nM cortisol and 10 pM T3, which are close to normal free plasma levels in rabbits (Raekallio et al., 2002; Mustafa et al., 2008; Habeeb et al., 2018) and humans (Marwaha et al., 2013; Dichtel et al., 2019). Another goal was to test the effects of baseline adrenoceptor stimulation. However, we refrained from using adrenaline, noradrenaline or isoprenaline due to their short plasma half time in vivo and presumed instability in culture medium due to spontaneous and enzymatic degradation (Jones and Robinson, 1975; Hjemdahl, 1993; Palombo et al., 2022). We therefore used drugs with longer half-times: denopamine (β1 receptor) (Kino et al., 1983), salbutamol (β2 receptor) (Goldstein et al., 2003) and phenylephrine (α1 receptor) (Hengstmann and Goronzy, 1982). Concentrations were chosen to result in the stimulation of the respective receptors one would assume from resting plasma levels of 1–2 nM adrenaline and 5–10 nM noradrenaline (Hamelberg et al., 1960; Abd-Allah et al., 2004). Denopamine has approx. 1/2 the potency of adrenaline and noradrenaline (Naito et al., 1985), phenylephrine approx. 1/10 the potency of noradrenaline (Mohta et al., 2019) and salbutamol a similar potency as adrenaline (Anakwe and Moger, 1984). Considering albumin binding (Nagao and Nakajima, 1989; Rich et al., 2001; Volpp and Holzgrabe, 2019) and degradation of these substances over 24–48 h, we chose concentrations of 50 nM for each.
To achieve stable concentrations of free T3, 0.5% BSA was added as a buffer with a published affinity constant of T3 to albumin of 6.2×105 M−1 (Yabu et al., 1987), translating into a dissociation constant KD = 1.62 µM. From this, we calculated the concentration of total T3 for a given concentration of albumin and free T3 as follows:
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The calculation yields a necessary total T3 concentration of ≈460 pM to obtain a free T3 concentration of 10 pM in the presence of 0.5% BSA. Because cortisol is also bound to BSA (Mueller and Potter, 1981), the total concentration of cortisol was increased to 35 nM in media containing 0.5% BSA. We verified the free concentrations of free T3 and cortisol in culture medium 24 h after medium exchange with LIAISON® FT3 (DiaSorin, 311,531) and LIAISON® Cortisol (DiaSorin, 311,861) test kits.
2.5 Contraction analysis
Contraction analyses were performed 24 h after mounting into chambers and then every 24 h until the end of the experiment as described previously (Abu-Khousa et al., 2020; Klumm et al., 2022). The duration from the onset of contraction, defined as the point where the contraction force reaches 10% of its peak value, to the peak itself was defined as time to peak force (TTP). The duration required to decrease from the peak force to 10% of the peak value was defined as time to relaxation (TTR).
2.6 Ca2+ imaging and signal processing
Following a protocol described previously (Klumm et al., 2022), Ca2+ imaging was performed by placing a slice into a culture chamber with a glass bottom and loading the slice with Calbryte 520-AM Ca2+ indicator (AAT Bioquest, Sunnyvale, CA) at 10 μmol/L and 0.1% Pluronic Acid F127 (Biotium, United States) and incubated for 20 min at 37°C in a pH-buffered solution containing in mM: 138 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 10 HEPES, 10 glucose, pH = 7.4. During imaging, slices were superfused with the same solution at 37°C at 250 mL/h. The excitation wavelength spectrum was 460–500 nm. The emitted light was filtered with a band pass 510–585 nm and detected with a photomultiplier (IonOptix) at a sampling rate of 1 kHz. The recorded contraction and Ca2+ signals were synchronized using the electrical stimulation signal. Electrical stimulation was applied via the same graphite electrodes used during culture (field stimulation).
For display, the raw Ca2+ signal was filtered with a moving median filter (window size 3), followed by a moving mean filter (window size 3) and a moving geometric mean filter (window size 3). For calculation of Ca2+ transient (CAT) parameters (amplitude and 90% duration, CATD90), the raw signal was filtered with a moving median filter (window size 9), followed by a moving mean filter (window size 9). After filtering, local peaks were detected and the minimum signal (Smin) in the interval between each peak and its preceding peak was defined as baseline signal. The value of the signal at the peak position was defined as the maximum (Smax). The amplitude (A) of each CAT was calculated by subtracting the maximum from the respective minimum (A = Smax − Smin). CATD90 was calculated as the duration from the first time point after the electrical stimulation where signal intensity was ≥0.1 A to the first time point after the peak where signal intensity was ≤0.1 A.
2.7 Action potential recordings
Transmembrane potentials were recorded using sharp microelectrodes filled with 3 M KCl and with a tip resistance between 4 and 15 MΩ KCl. Borosilicate capillaries with filament (GC100F-15, Harvard Apparatus, Holliston, MA, United States) were pulled using a P-97 puller (Sutter, Novato, CA, United States). Electrodes were connected to a bridge amplifier BA-01X (NPI Electronic, Tamm, Germany) and positioned using a SensApex micromanipulator (Sensapex, Oulu, Finland). Recorded potentials were digitized at 50 kHz and low-pass filtered at 10 kHz using a Labview interface (National Instruments, Austin, TX, United States). Slices were paced by a stainless steel concentric bipolar electrode (core electrode diameter 100 μm, Science products, Hofheim am Taunus, Germany) driven by a MyoPacer stimulator (IonOptix, Westwood, MA, United States). Bipolar stimulation pulses were applied with a duration of 1–4 ms and a voltage that was twice the threshold. A point stimulator was used to be able to distinguish clearly the stimulation artefact from the beginning of the action potential. Membrane potentials recorded in the culture chambers during constant superfusion with a modified Tyrode’s solution containing (in mM): 140 NaCl, 5.4 KCl, 1 MgCl2, 10 HEPES, 10 glucose, 1.8 CaCl2, pH 7.4 at 37°C and bubbled with O2.
2.8 β-adrenergic response
The β-adrenergic response was assessed using 100 nM isoprenaline on days 2 and 6 of the culture. As the opening of the incubator disturbed the CO2 and temperature equilibrium, we waited a minimum of 5 min and until incubator CO2 level reached 5% again. Contraction amplitude was measured after equilibration and when a steady state level had been reached, which was the case after the 5-min waiting time. Afterwards the medium was completely exchanged with fresh medium.
2.9 Viability assays
2.9.1 MTT assay
Cellular viability in tissue slices were measured using a (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, M2128) assay (Brandenburger et al., 2012). We used 15 slices with differing contraction amplitudes collected after different culture durations. The slices were washed twice with 1 mL MTT buffer (in mM: 130 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 0.33 NaH2PO4, 10 glucose, 23 NaHCO3, 30 BDM). Afterwards 2 mL MTT buffer containing 0.5 mg/mL MTT were added into the culture chamber. The slices were stained in an incubator (37°C, 5% CO2 and >80% relative humidity) with permanent agitation for 20 min on the MyoDish system. Afterwards the stained slices were washed once with 2 mL MTT buffer. The stained slices were frozen in liquid nitrogen and stored at −80°C. Quantification was achieved by absorbance measurement of MTT stain in DMSO and normalized to protein mass which was assessed using Bradford assays (Bio-Rad) (Klumm et al., 2022).
2.9.2 Dextran uptake assay
A Dextran uptake assay in combination with ryanodine receptor (RyR) immunofluorescence was performed to assess viability of the tissue slices according to a published method (Pfeuffer et al., 2023). Briefly, dextran (3 kDa) conjugated to FITC (Thermo Fisher, D3306) at a concentration of 2 mg/mL was incubated for 10 min at 37°C and 5% CO2 under continuous rocking on the MyoDish culture system platform. The slices were immediately fixed with 2% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 min and then washed three times with PBS for 5 min each. Subsequently, slices were incubated with primary antibody against cardiac RyR (IgG1, mouse, C3-33, Thermo Fisher, Braunschweig, Germany) 1:200 in blocking solution (BS: 5% NGS, 5% BSA, 0.25% Triton-X in PBS) for 4 h at RT or overnight at 4°C, washed three times with PBS for 5 min and incubated with the secondary antibody goat anti-mouse IgG1 AF-555 (Thermo Fisher A-21127) 1:400 in BS for 3 h at RT. After washing, the slices were incubated with wheat germ agglutinin (WGA-AF-647 Thermo Fisher W32466) 40 μg/mL and DAPI (3665, Roth, Karlsruhe, Germany) 1.67 μg/mL in PBS for 3 h. The slices were mounted with Fluoromount G (00-4958–02, Thermo Fisher; F4680 Sigma-Aldrich, Darmstadt, Germany) on a glass microscope slide, covered with a coverslip and equilibrated for 3–7 days at 40%–45% humidity.
2.10 Immunofluorescent staining and confocal microscopy
From dextran-/RyR-stained slices we acquired two-dimensional confocal tile scans of 12 × 12 tiles with a pixel size of 0.1 × 0.1 µm2 and 10% tile overlap with a Zeiss LSM780, using a 63× oil immersion lens. Stitching of the tiles was performed with the microscope software package (ZEN). All slices were imaged at the same depth of approximately 25–30 µm below the coverslip. A two-track imaging protocol was used for slices with 4 channels, with parallel excitation of DAPI and AF-555, using laser wavelengths of 405 nm and 561 nm, respectively, and a second track with laser wavelengths of 488 nm and 633 nm to excite FITC and AF-647.
For microstructural analyses of myocytes and the quantification of the extracellular matrix, freshly cut and cultured slices were fixed in 2 mL 2% PFA in PBS was added for 10 min. Afterwards the slices were washed 3 times for 3 min with PBS. WGA conjugated to AF647 and DAPI were used to stain the glycocalyx and extracellular matrix proteins, including the transverse-axial tubular system (TATS), and the nuclei, respectively, as described (Abu-Khousa et al., 2020; Shi et al., 2023). Afterwards, the slices were mounted onto a microscope slide with Fluoromount G. After 3–7 d of drying the slices were imaged with Zeiss LSM780 with laser wave lengths of 405 nm and 633 nm. Three 3D stacks of dimensions 100 × 100 × 25 μm3 and one 2D tile scan (≈1 × 1 mm2) were acquired from each slice.
2.11 Image processing and analysis
The 3D confocal volumes were processed based on a modified pipeline developed previously (Greiner et al., 2022). Initially, WGA signals were examined and cropped to ensure complete XY planes of cardiomyocytes at the beginning of the image volume and to exclude areas at the end of the stack where image quality was compromised by scattering. After cropping, the average depth of each volume was 19.6 μm. Instead of the custom 3D Unet in the original pipeline, we used the nnU-Net framework (Isensee et al., 2021) to predict cardiomyocyte boundary probabilities given the cropped WGA volume. The predicted boundary probabilities were thresholded at 0.5, and a distance-based watershed was calculated on the resulting binary mask. A multicut formulation (Pape et al., 2017) was used to generate an initial agglomeration of the watershed’s supervoxels. The final semi-automatic agglomeration was done using a custom-developed graphical user interface, allowing for merging, unmerging, new supervoxel generation, and manual painting. All segmentations were proofread by a researcher. The initial neural network was trained on the data of (Greiner et al., 2022), then continually retrained on newly proofread segmentations.
Cardiomyocyte width and depth were calculated using the second and third largest dimensions of the oriented bounding box of each segmented cardiomyocyte. The determination of cardiomyocyte length was omitted, as they were frequently cut at the volume boundaries, rendering this measure influenced by the imaging plane relative to cardiomyocyte orientation. Furthermore, we calculated volume fractions based of cardiomyocytes and the inter-cardiomyocyte space. The inter-myocyte space was further refined into a WGA-positive and WGA-negative fraction using a histogram-based threshold of the WGA signal (Seidel et al., 2016) (mode +1 standard deviation). The WGA-positive intermyocyte volume correlates with the amount of extracellular matrix and, thus, with fibrotic remodeling as it labels fibrotic tissue constituents, while the WGA-negative intermyocyte volume correlates with extracellular clefts and interstitial fluids. Volume measures were averaged over all volumes originating from the same slice.
The TATS was segmented using the same histogram-based threshold of the WGA signal (mode +1 standard deviation) and the cardiomyocyte reconstruction. The distance of the cardiomyocytes’ cytoplasm to the TATS was calculated by the 3D exact Euclidean distance (van der Walt et al., 2014). For the calculation of average TATS distances and cardiomyocyte dimensions, cell fragments smaller than 3,000 μm2 were excluded. All cell-based measures are calculated per cardiomyocyte, averaged within each volume, and then further averaged across all samples from the same tissue slice.
Image processing and analysis of the dextran uptake assay was performed according to a recently published method (Pfeuffer et al., 2023).
2.12 Glucose and lactate measurements, metabolic rate estimation
Glucose and lactate concentrations in the medium were determined using a blood gas analysis device (epoc®, Siemens) at three timepoints: immediately after medium exchange at day 4, and then 24 h and 48 h after the initial measurements. For the analysis 200 µL culture medium was drawn from culture chambers and either directly analyzed or stored for up to 1 week at −80°C before analysis. From the obtained concentrations of glucose and lactate in the medium, we calculated the amounts of metabolized glucose and produced lactate during 24 h and 48 h, taking into account the volume of medium in the culture chambers after the medium exchange (2.6 mL), the volume removed for analysis (200 µL for each measurement) and the evaporation. Evaporation was estimated from the increase in Na+ and Cl− concentrations. Metabolic rate in mW/g and percentage of aerobic metabolism were calculated from the molar ratio of lactate produced and glucose metabolized, assuming slice dimensions of 5 × 5 × 0.25 mm3. These dimensions were assumed slighty smaller than the nominal size of the slices, assuming that myocytes at the borders were damaged due to cutting and trimming. We assumed 6 mol ATP per mol glucose during anaerobic glycolysis, producing 2 mol lactate, and additional 25 mol ATP per mol glucose if subjected to oxidative phosphorylation, indicated by the removal of 2 mol lactate. We presumed an energy turnover of 57 kJ per mol ATP.
2.13 Statistics
If not otherwise indicated, data are presented as mean ± standard error. Where applicable (multiple measurements within the same slice), a paired t-test was used. Otherwise, an unpaired two-tailed t-test was applied. Assumptions about (un)equal variance are stated in the respective figure legends. If equal variances were assumed, this assumption was checked with Levene’s test for equal variances. When showing multiple comparisons within one chart or figure, the multiple comparison correction of p values according to Holm-Bonferroni was applied. The level of significance was set to α = 0.05.
We employed linear regression to model MTT absorbance as a function of contraction amplitude (Figure 3) using the ‘fitlm’ function within MATLAB (Mathworks, version 2023a). The model was assessed using an F-test vs. a degenerate model with only a constant term. Further, we used linear regression to model glucose and lactate concentrations as a function of time (Figure 8) with interaction terms for T3 supplementation and pacing frequencies (concentration ∼1 + time + time:pacing frequency + time:T3). In this model, ‘time’ and ‘pacing frequency’ are continuous variables, ‘T3’ indicates the presence of supplementation as a binary variable. We used the function ‘OLS’ from the Python package ‘statsmodels’ (Seabold and Statsmodels, 2010), version 0.13.0. The model was assessed using an F-test vs. a degenerate model with only a constant term. The significance of parameters was assessed using a two-tailed t-test with the assumption of equal variance.
3 RESULTS
3.1 Rabbit ventricular slice culture
In our initial experiments, we used protocols published for human slices (Fischer et al., 2019; Abu-Khousa et al., 2020; Hamers et al., 2022) and mounted rabbit myocardial slices in culture chambers containing M199-based culture medium prewarmed to 37°C. However, this repeatedly resulted in immediate and sustained contracture of the slices and no detectable response to electrical stimulation. This led us to introduce electromechanical uncoupling agents for protection during the first 15–20 min in culture (Figure 1). We examined a total of 103 tissue slices and monitored their force development for the first 24 h. We investigated the uncoupler BDM (n = 40 slices/N = 6 hearts) and the combination of uncouplers BDM + CytoD (n = 36 slices/N = 4 hearts). Representative long-term force recordings of the first 24 h and 2 h are shown in Figures 1A,B, respectively. In the absence of uncoupling agents all slices exhibited contracture within only a few minutes after the onset of culture, which persisted until the following day. Slices treated with BDM for 15 min exhibited significantly less contracture and many of these slices showed contractions after the washout and 24 h later (Figure 1C). However, also with BDM there were still many slices showing contracture of up to 20 mN (Figure 1D) and no detectable responses to electrical stimulation (Figure 1E), indicated by a missing contraction amplitude. Therefore, we tried other uncouplers, including BTS, blebbistatin and CytoD (Supplementary Figure S1) and several combinations. Although not each possible combination was tested, we found that BDM + CytoD appeared most protective. This was reflected in significantly reduced contracture, which, if present at all, mostly disappeared during the first few hours of culture (Figure 1D), and significantly higher contraction amplitudes after 24 h in culture (Figure 1E).
[image: Figure 1]FIGURE 1 | Effect of short-term treatment with electromechanical uncouplers on the contractile function of cultured rabbit ventricular slices. Behavior of rabbit ventricular slices immediately after initiation of culture, either without additives or with supplementation for 15 min of butanedione monoxime (BDM) or BDM + Cytochalasin D (CytoD). All slices were constantly paced at 0.5 Hz. (A) Example force recordings of the first 24 h obtained from slices of the same heart, brought into culture without supplement (N, red), with 30 mM BDM (B, green), or with 30 mM BDM +5 µM CytoD (B + C, blue). After 15–20 min, BDM and BDM + CytoD were washed out. (B) Magnified views of the first 2 hours. A preload of 1.5 mN was applied immediately after placing the slices into the cultivation chambers, indicated by solid arrows. Note that culture was started at slightly different times. The force traces before the solid arrows resulted from agitation of the culture medium. Washout of BDM or BDM + CytoD is indicated by open arrows. Also note the different scaling of the y-axis. Passive diastolic force (D) is indicated as well as active systolic force (A). (C) Force recordings (6 s displayed) after 1 h and after 24 h in culture of contractions elicited by field stimulation (red dots). Here, we optimized the culture conditions of rabbit ventricular slices with the aim of improving initial survival immediately after placement in culture and long-term stability, using physiological pharmacological or hormonal stimulations that do not interfere with experiments performed in addition to these supplements or cause non-physiological activation of specific signaling pathways. (D) Diastolic contracture, measured as maximum diastolic force in addition to the applied preload of 2 mN during the first 2 h after and at 24 h after the onset of tissue culture. (E) Contraction amplitudes at 2 h and 24 h after onset of tissue culture. Statistics: n = 13/4 (N), 40/6 (B), 36/4 (B + C) slices/hearts, respectively. *p < 0.05, ***p < 0.001, unequal variance, two-tailed t-test.
3.2 Survival rates after 24 h and 120 h
In a larger set of 214 slices, we investigated the survival of slices, defined as the presence of a detectable contraction amplitude at 0.5 Hz pacing, after 24 h and 120 h (Table 1). When no uncoupler was used during the initiation phase of the culture, all slices were dead after 24 h (n = 24 slices, N = 3 hearts). When using only BDM as an uncoupler, 72% had measurable amplitudes after day 1, and 59% after day 5. The use of BDM + CytoD during the initiation phase resulted in a survival rate of 90% after day 1% and 76% after day 5. Thus, the relative survival after day 1 in culture until day 5 was 59/72 = 82% in the BDM group and 76/90 = 84% in the BDM + CytoD group, indicating that the addition of CytoD mainly improved the initial survival rate and had no negative effects on long-term survival rate.
TABLE 1 | Survival rate of slices after 1 day and 5 d in culture when mounted with no (N) uncoupling agent or with 30 mM BDM (B) or with 30 mM BDM +5 µM CytoD (B + C). Survival was defined as the presence of detectable contraction amplitudes in response to 0.5 Hz stimulation.
[image: Table 1]3.3 Immunofluorescent assessment of cardiomyocyte viability after 24 h
Based on the functional data shown in Figure 1, where we observed pronounced contracture and absence of stimulated contractions in slices installed in culture without an uncoupling agent or with BDM only, we suspected myocyte injury and necrosis as the cause. Therefore, we assessed the amounts of necrotic cardiomyocytes after 24 h in culture using a live/dead staining assay described recently (Pfeuffer et al., 2023). Figure 2 shows that BDM + CytoD resulted in a significantly higher proportion of living myocytes (82.3% ± 5.3%) and a reduced proportion of myocytes classified as dead (27.2% ± 8.8%) compared to the addition of BDM alone (21.4% ± 6.1% surviving and 81.8% ± 6.5% dead) or no uncouplers at all (4.5% ± 2.7% surviving and 99.6% ± 0.2% dead). Note that the percentages do not exactly add up to 100% because some myocytes are positive for both stainings (Pfeuffer et al., 2023). These results provide evidence of a correlation of contracture with myocyte death on the one hand and contraction amplitude with myocyte survival on the other.
[image: Figure 2]FIGURE 2 | Cardiomyocyte death after initiation of culture. Comparison of slices mounted in culture without electromechanical uncoupling agent, with BDM and BDM + CytoD. Dextran conjugated to FITC as a marker of dead myocytes and immunofluorescence of ryanodine receptor (RyR) as a marker of viable myocytes were applied and visualized with 2D confocal microscopy and quantified. (A) Example confocal tile scans (area = 1.6 mm2 each) of slices brought into culture without supplement (left panel), with 30 mM BDM (center panel), or with 30 mM BDM +5 µM CytoD (right panel). Slices were stained after 1d of culture with dextran (green), for RyR (red) and extracellular matrix with wheat germ agglutinin (WGA, white). (B) Respective segmented and classified images: myocytes stained positive for dextran (D+, green), for RyR (RyR+, red) and positive for both (D+ and R+, white). Scale bar length is 200 µm and applies to all images. (C) Quantification of the fraction of RyR-positive (living) and dextran-positive (dead) myocytes in relation to all myocytes in slices mounted without uncoupler (N), with BDM (B) or BDM + CytoD (B + C); n = 4/2 slices/hearts. **p < 0.01, ***p < 0.001, unequal variance, two-tailed t-test with multiple comparison correction.
3.4 Correlation of contraction amplitude with slice viability
The results of Figures 1, 2 and a previous study (Pfeuffer et al., 2023) suggest a correlation of contraction amplitude with myocyte viability in the cultured slices. To further investigate this correlation in cultured slices with a different viability test, we conducted an MTT assay on 15 slices that were kept in culture between 2 and 7 days (Figure 3). A linear regression analysis revealed a strong positive correlation of contraction amplitude with MTT absorbance (p < 0.001; R2 = 0.75; Figure 3A). We further elaborated this relationship by categorizing the slices into two groups using the median amplitude of 2.75 mN as a threshold (Figure 3B). Slices with a high contraction amplitude of >2.75 mN had a significantly higher MTT absorbance than slices with a low contraction amplitude of <2.75 mN. This suggests a reliable correlation between contraction amplitude and tissue slice viability.
[image: Figure 3]FIGURE 3 | Correlation of contraction amplitude with slice viability. (A) Viability was quantified via an MTT viability assay in slices kept in culture between 2 and 7 d. All slices were treated with BDM + CytoD during the initial 15–20 min of culture. Absorbance was normalized to total protein content and plotted against contraction amplitude. Linear regression yielded a positive correlation with p < 0.001 vs. a constant model and R2 = 0.75 (n = 15). (B) Using the amplitude median as threshold, slices were divided into a group with low (≤2.75 mN, n = 8) and high (>2.75 mN, n = 7) contracting amplitude. Slices with high amplitude showed significantly higher viability measures.
Given the results from these sets of experiments, we concluded that the combination of BDM and CytoD effectively reduces initial contracture, improves viability and results in slices with an active contraction amplitude in the range of 1–10 mN. Therefore, in all subsequently described experiments we used BDM + CytoD during the first 15–20 min of culture, followed by a thorough washout. In the next set of experiments, we investigated whether medium additives or different pacing conditions could improve slice function or stability, using contraction parameters as the main indicator. Medium additives or different pacing protocols were not tested in slices mounted without BDM + CytoD.
3.5 Improving long-term stability of rabbit ventricular slice culture
3.5.1 Effects of cortisol
Because glucocorticoids are important for stress responses, metabolism and cardiac function (Oakley and Cidlowski, 2015) and have been reported to exert positive effects in cardiomyocyte culture (Seidel et al., 2019), we investigated effects of a physiological concentration of 20 nM cortisol in the culture medium (Figure 4). Figure 4B shows example contraction force recordings of two slices kept in culture for 6 days, one with and one without cortisol in the medium. While at 2 h and 2 d in culture there were no visible changes in contraction amplitude, the cortisol slice appeared stronger than the control after 6 d. Statistical analysis of the contraction force in 11 cortisol-treated slices and 33 control slices confirmed the results of this example (Figure 4C). No differences in amplitudes were detected during the first three days of culture, but after day 4 and onwards, slices not treated with cortisol (control) produced smaller contraction amplitudes, while cortisol-supplemented slices remained almost stable, resulting in significantly larger contraction in the cortisol group when compared with control. Additionally, control slices showed prolongation of time to peak force (TTP) between days 2 and 6, whereas this change in TTP was not detected in cortisol-treated slices (Figure 4E). Given that no significant differences could be detected between cortisol-treated and control slices at day 2 in culture, and that there was no detectable difference between day 2 and day 6 in cortisol-treated slices, we conclude that the addition of cortisol stabilizes the TTP during the 6-day culture. Similarly, time to relaxation (TTR) was increased in control slices after 6 days when compared with day 2 in culture. In cortisol-treated slices, we even observed a decrease in TTR during the same period, albeit with a small effect size (Figure 4F). Taken together, we conclude that the addition of 20 nM cortisol significantly enhances stability and viability, as evidenced by the sustained contraction amplitude. Furthermore, cortisol stabilizes contraction kinetics by preventing the increase in TTP and TTR observed in control cultures. Therefore, we added 20 nM of free cortisol to the culture medium in all subsequent experiments.
[image: Figure 4]FIGURE 4 | Effect of cortisol on functional stability of rabbit ventricular slices in organotypic culture. (A) Timeline (schematic) indicating the times of the experimental interventions. (B) example recordings of contractions elicited by field stimulation (red dots) at different time points of a slice cultured under control conditions (CTRL) and with the addition of 20 nM cortisol to the culture medium. (C) Summary data of contraction force at 0.5 Hz pacing of CTRL slices (n = 33/10 slices/hearts) and slices treated with cortisol (n = 11/7). **p < 0.01 vs. control, *p < 0.05 vs. control (D) Schematic showing how time to peak (TTP) and time to relaxation (TTR) were calculated. (E, F) TTP and TTR of CTRL (n = 15/7) and cortisol slices (n = 10/7) at 2d and 6d in culture. Data from matched hearts. *p < 0.05 CTRL vs. cortisol, #p < 0.05 2d vs. 6d, ##p < 0.01 2d vs. 6d. CTRL vs. cortisol: unequal variance, two-tailed t-test; 2d vs 6d: paired t-test.
3.5.2 Effects of T3 and catecholamines
Following a similar rationale as for the addition of a physiological concentration of cortisol, we expanded our study to investigate whether baseline stimulation with physiological concentrations of T3 (nominal concentration: 10 pM) and baseline catecholamine stimulation (denopamine 50 nM, salbutamol 50 nM, phenylephrine 50 nM, DSP) in addition to cortisol would be beneficial (Figure 5). Therefore, we cultured ventricular slices with our revised culture conditions as baseline control (20 nM free cortisol, initially with BDM + CytoD) and added T3 or DSP at day 2 in culture. Note that for T3 buffering BSA was added at a concentration of 0.5 mg/mL to the culture medium of all groups. The concentrations of free T3 and free cortisol measured after 24 h of culture were 2.8 ± 0.6 pM (n = 4) and 23.4 ± 0.65 nM (n = 4), respectively. To account for inter-slice heterogeneity, the contraction amplitudes were normalized to their respective amplitudes at day 2.
[image: Figure 5]FIGURE 5 | Effect of adrenoceptor stimulation and T3 on functional stability of rabbit ventricular slices in organotypic culture. (A) Timeline (schematic) indicating the times of the experimental interventions. (B) Summary data of contraction force at 0.5 Hz pacing of slices cultured with 20 nM free cortisol (C, n = 21/7 slices/hearts), cortisol +10 pM fT3 (C + T3, n = 21/7), or 50 nM denopamine, salbutamol and phenylephrine (C + DSP, n = 19/7). **p < 0.01 vs. control, *p < 0.05 vs. control. Note that T3 and DSP were added at day 2. (C) Same data as in (B), with the contraction force of each slice normalized to its value at 2 days in culture. (D, E) TTP and TTR at 2d and 6d in culture (obtained during 0.5 Hz pacing). Data was retrieved from matched animals, i.e., from each heart, slices were assigned to all groups). *p < 0.05 (unequal variance t-test), #p < 0.05 (paired t-test).
Over the 6-day period, neither T3 nor the catecholamine cocktail DSP led to significant changes in contraction amplitudes when compared with cortisol alone (Figures 5B,C). Similarly, TTP was not significantly changed by the addition of T3 or DSP. TTR was higher for cortisol-treated (control) and T3-treated slices after 6 days of culture but remained stable when supplemented with DSP. The changes in TTR during culture in the group containing only cortisol are different from those reported in Figure 4. This might be explained by the addition of BSA to the culture medium, which amongst other effects, can bind small amounts of catecholamines (Danon and Sapira, 1972) that can be produced intrinsically in cardiac tissue (Natarajan et al., 2004). A limitation of our experimental design is that we added our mix of adrenoreceptor agonists and T3 only after 2 days in culture. Earlier addition of these substances may still lead to a more successful culture. However, this was done to rule out inter-slice heterogeneities, and provide a basis for the normalization of slices as contraction amplitudes consistently increased during the first 24–48 h in culture. Taken together, stimulation with physiological levels of free T3 or baseline adrenoceptor stimulation with denopamine, salbutamol, and phenylephrine did not detectably increase or further stabilize the contraction amplitude during culture. Denopamine, salbutamol, and phenylephrine, however, might play a role in preserving contraction kinetics.
3.5.3 β-Adrenergic response
Because thyroid hormones have been reported to exert stimulating effects on the expression of β-adrenoceptors (Klein, 1988; Bahouth, 1991), we next tested the effect of baseline T3 stimulation on the β-adrenergic response in cultured slices. For this purpose, we added 100 nM isoprenaline and measured the contraction force before and 5 min after the addition (Figure 6). On day 2, before T3 was added, the force increase after isoprenaline stimulation showed no significant difference between the groups. However, on day 6, after 4d of T3 stimulation, slices without T3 supplementation showed a significantly smaller force response post-isoprenaline stimulation. These findings suggest that adding T3 in low physiological concentrations may preserve the β-adrenergic stimulability in long-term culture.
[image: Figure 6]FIGURE 6 | Effect of T3 on beta-adrenergic response of rabbit ventricular slices in organotypic culture. (A) Example traces showing contractions of slices cultured for 6d with control medium (20 nM free cortisol, C, green) or with 20 nM free cortisol +10 pM T3 (C + T3, blue) before (baseline) and 5 min after addition of 100 nM isoprenaline. (B) Change of active contraction force after addition of 100 nM isoprenaline, normalized to baseline (before addition of isoprenaline) of slices cultured for 2d (before addition of T3) and for 6d (4d after addition of T3). *p < 0.05 vs. C (unequal variance, two-tailed t-test), #p < 0.05 6days vs. 2d (paired t-test). N = 16/8 slices/hearts (C) and 15/8 (C + T3). Values obtained from slices of the same animal and group were averaged and presented as one data point. Data was retrieved from matched animals, i.e., from each heart, slices were assigned to all groups).
3.5.4 Effects of pacing frequency
In the next experimental series, we investigated the impact of pacing frequencies (0.5 Hz, 1 Hz, 2 Hz) during culture on the stability of contraction amplitude and kinetics in rabbit ventricular slices (Figure 7). Notably, our standard pacing rate of 0.5 Hz is lower than the physiological heart rates of adult rabbits of around 2–3 Hz (Fontes-Sousa et al., 2006). As rabbits are reported to exhibit positive force-frequency relationship, adhering to physiological pacing rates may be beneficial. While we permanently stimulated the slices with the modified pacing rates, the reported amplitudes were measured at 0.5 Hz after a short equilibration phase to render the groups comparable by avoiding frequency-dependent short-term effects. During the first 2 d, all slices were subjected to control conditions (0.5 Hz pacing rate, 20 nM free cortisol). On day 2, the slices were randomly assigned to the three different pacing frequencies.
[image: Figure 7]FIGURE 7 | Effect of stimulation frequency on functional stability of rabbit ventricular slices in organotypic culture. (A) Timeline (schematic) indicating the times of the experimental interventions. (B) Summary data of active contraction force recorded at 0.5 Hz pacing of slices cultured with baseline pacing rates of 0.5Hz, 1 Hz or 2 Hz (n = 21/6, 12/6, 14/6 slices/hearts, respectively). Note that 1 Hz and 2 Hz pacing were started at day 2. During the first 48 h, all slices were paced with 0.5 Hz. Culture medium contained 20 nM free coritsol. *p < 0.05 vs. 0.5 Hz (C) Same data as in (B), with the contraction force of each slice normalized to its value at 2 days in culture. (D, E) TTP and TTR at 2 d and 6 d in culture (assessed at 0.5 Hz pacing). Data was retrieved from matched animals, i.e., from each heart, slices were assigned to all groups). #p < 0.05 (paired t-test 2 d vs 6 d).
Significantly lower amplitudes were observed for slices paced at 2 Hz, beginning from day 3 in culture, that is, already 1 day after switching to 2 Hz pacing. TTP increased along all three pacing conditions when comparing measurements from day 2 to day 6. Similarly, TTR increased in all conditions over the same time. Although not tested systematically, we also paced some slices with only 0.2 Hz, which, however, did not improve the stability (data not shown). Based on these findings, pacing rates of 0.5–1 Hz seem to provide the most stable conditions for rabbit ventricular slices with the culture system used here.
3.6 Metabolic effects of pacing frequency and T3
Because culturing slices at pacing rates of 2 Hz had a significantly negative effect on slice contraction amplitudes, we suspected increased metabolism or insufficient oxygen supply as possible causes. We therefore explored the effect of pacing rates and T3 supplementation on glucose consumption and lactate production during culture in a total of 31 slices from 7 rabbit hearts (Figure 8). Absolute glucose levels in the media were quantified at the following time points: immediately after partial medium exchange (0 h), 24 h post-medium change, and 48 h post-medium change. Our analysis revealed that a pacing rate of 2 Hz as well as T3 supplementation increased glucose consumption by approx. 50% and 20%, respectively (Figure 8A), which was accompanied by a 80% and 30% higher lactate production compared to the control group (Figure 8B). This indicates that large part of the additionally metabolized glucose was used for anaerobic glycolysis. In fact, when estimating the amount of ATP produced by aerobic metabolism, we found a significant reduction versus control with higher pacing rates or T3 supplementation (Figure 8C). Although there was a tendency towards higher metabolic rates with T3 or high pacing rate (Figure 8D), we did not find significant differences, which can be explained by the lower ATP yield per glucose molecule in anaerobic glycolysis.
[image: Figure 8]FIGURE 8 | Metabolic effects of stimulation frequency and T3 supplementation. All groups contained 20 nM cortisol. Control and T3 were paced with 0.5 Hz. Glucose (A) and lactate concentration (B) were measured in the medium immediately after the first medium exchange at 48 h in culture, at 72h and 96h. A linear regression analysis of glucose and lactate concentration was performed across all data points (n = 92 measurements; N = 31 slices; M = 7 rabbits), modelled as a function of time with interaction terms for T3 supplementation and pacing frequencies. †: Regression lines for 0 Hz and 1.5 Hz are model predictions for visualization purposes, no datapoints were collected at 0 and 1.5 Hz. (C) Estimated contribution of aerobic metabolism to ATP production. (D) Estimated metabolic rate during the first 48h after medium exchange. Data obtained from matched animals. *p < 0.05, **p < 0.01, ***p < 0.001 (A, B) equal variance, two-tailed t-test; (C, D): unequal variance, two-tailed t-test.
3.7 Microstructural volume fractions and TATS density
We assessed changes in microstructure during 7 days of culture using fluorescent staining and 3D confocal microscopy. We selected the combination of BDM + CytoD during mounting in culture and 20 nM of free cortisol as a medium supplement. Examples of the fluorescent signals of a fresh and cultured slice are shown in Figure 9A. Furthermore, we reconstructed individual cardiomyocytes in the tissue stacks based on the structural information provided by the WGA signal (Figure 9B). Cardiomyocytes were mostly oriented in-plane or diagonally to the optical section plane of the confocal microscope, and, thus, the cutting direction. We calculated the volume fractions of cardiomyocytes, WGA-negative and WGA-positive intermyocyte space (often referred to as ‘extracellular space’ from a myocyte-centric view; Figure 9C). There were no significant differences in the calculated volume constituents in freshly cultured tissue slices compared to 7-day-cultured tissue slices. Also, we did not observe any changes in the width or height of reconstructed cardiomyocytes.
[image: Figure 9]FIGURE 9 | Microstructural assessment of freshly cut and 7-day cultured tissue. Culture conditions included initiation with BDM and cytochalasin D, and medium with 20 nM free cortisol. (A) Example XY (top) and XZ (bottom) images of the WGA signal in a 3D confocal image stack in freshly cut and 7-day cultured tissue slices. (B) Exemplary 3D reconstructions of individual cardiomyocytes from fresh slices (day 0, slices 1-4) and cultured slices (day 7, slices 5-8). The scale bar in slice one applies also to slices 2-8. (C) Quantifications of myocyte space, WGA-positive non-myocyte space (excludes the TATS), extracellular space (includes the TATS) and cardiomyocyte width and height. WGA-positive non-myocyte space is a measure correlating with fibrotic remodelling. Up to three 3D volumes were investigated per tissue slice; the scatter points represent the average value per slice (analyzed 3D volumes: n = 22, analyzed slices: N = 9). One slice was excluded from the width and height analysis due to cardiomyocytes being oriented orthogonally to the imaging plane (stack shown in B, day 0, top left). No significant difference was detected between groups (equal variance, two-tailed t-test).
The transverse (-axial) tubular system, TATS, is known to be remodeled during the culture of cardiomyocytes (Hammer et al., 2010). We investigated the TATS in the acquired 3D image volumes in freshly cut and 7-day cultured tissue slices (Figure 10). The glycocalyx, labelled by WGA, reveals dense TATS in freshly and 7-day-long cultured tissue slices (Figure 10A). Occasionally, we observed irregular TATS and cardiomyocytes in contracture in both fresh and 7-day-long cultured slices. Measurements of the 3D distance from the cardiomyocyte cytoplasm to the TATS showed no significant differences over the culture period (Figure 10B). In summary we conclude that the microstructure of tissues and myocytes did not change significantly during 7 d of culture.
[image: Figure 10]FIGURE 10 | Image-based assessment of the transverse-axial tubular system’s (TATS) density after 7 days of culture. Culture conditions included BDM + CytoD during initiation, and 20 nM cortisol during maintenance. (A) XY views and respective zoom-ins of the transverse-axial tubular system at day 0 and day 7. Here, we picked regions with well-preserved TATS, showing that TATS can be preserved for 7 days of culture. Additional image data is shown in Supplementary Data S1. (B) To quantify the TATS density, the WGA signal (B1), was masked with each cardiomyocyte mask (B2), thresholded (B3), and then used to calculate the Euclidean 3D distance from the cytoplasm to the TATS (B4). Up to three 3D volumes were investigated per tissue slice; the scatter points represent the average value per slice (analyzed 3D volumes: n = 22, analyzed slices: N = 9). No significant difference was detected between groups (equal variance, two-tailed t-test).
3.8 Calcium imaging
Simultaneous Ca2+ imaging and contraction force recording provides valuable insight into excitation-contraction coupling and Ca2+ cycling. We demonstrate our approach in Figure 11, showing example Ca2+ signals of a slice that was kept in culture for 1 day or 7 days. The overlay of the signals, which were recorded in the absence and presence of the β-adrenergic agonist isoprenaline (100 nM), show the expected increasing effect on the amplitude and kinetics of the Ca2+ transient and contraction (Figures 11C,D). To test whether the Ca2+ signal changed during culture, we compared 4 slices kept in culture for 1d with 5 slices kept in culture for 7d at a pacing rate of 0.5 Hz and 37°C during the recordings. Ca2+ transient duration was increased after 7d of culture (Figure 11E), but still showed a significant response to isoprenaline, which fits to a prolonged contraction observed in cultured slices in the absence of catecholamines (Figure 5). The relatively long Ca2+ transient amplitude shortened significantly at higher pacing rates (not shown). The Ca2+ transient amplitude, however, was not significantly different in day 1 and day 7, but in both cases increased significantly with isoprenaline stimulation (Figure 11F). In summary, these results illustrate responsiveness to catecholaminergic stimulation of cardiac slices after 1 week in culture and provide evidence for conserved cardiomyocyte Ca2+ cycling and demonstrate a methodology for comprehensive correlation of Ca2+ dynamics with force developments in cardiac slice cultures.
[image: Figure 11]FIGURE 11 | Simultaneous Ca2+ imaging and force recordings. (A) Photograph showing a culture chamber with mounted tissue slice (S), temperature probe (T), perfusion with inflow (Pin) and outflow (Pout) and electrodes for stimulation (E). (B) Examples of Ca2+ signals recorded in a slice after 1d and a slice after 7d in culture before (baseline) and after addition of 100 nM isoprenaline. (C) Overlay of recorded contraction force (red) and Ca2+ signal (green) before (dark red, dark green) and after addition of 100 nM isoprenaline (light red, light green) in a slice after 1d in culture. Ca2+ signal and force were normalized to the respective maximum at baseline. (D) Same as (C) in a slice after 7d in culture. (E) Ca2+ transient duration at 0.5 Hz pacing in slices after 1d and 7d in culture before (baseline) and after addition of 100 nM isoprenaline. (F) Ca2+ amplitudes measured at 0.5 Hz pacing. *p < 0.05 1d vs. 7d (unequal variance, two-tailed t-test), #p < 0.05, ##p < 0.01 baseline vs. isoprenaline (paired t-test).
3.9 Sharp electrode measurements
In Figure 12 we demonstrate sharp electrode measurements in contracting slices kept within the culture chambers. Action potentials were recorded in four cultured slices, one slice per culture time points (day 0, day 1, day 7, and day 9; Figure 12B). All recordings showed a stable resting membrane potential and an action potential typical for rabbit ventricular myocytes paced at 0.5 Hz (Harada et al., 2011). Calculated parameters of the shown action potentials at days 0, 2, 7 and 9 were as follows: RMP −82 mV, −85 mV, −72 mV, −84 mV, APD90 278 ms, 310 ms, 183 ms, 272 ms, respectively. Further parameters are provided in Supplementary Table S1. Please note that action potential measurements were performed as a proof-of-concept study with n = 1 for each time in culture.
[image: Figure 12]FIGURE 12 | Action potential recordings from left ventricular slices cultured for up to 9 days. (A) The slice (S) mounted in a biomimetic chamber was electrically stimulated by a point stimulator (Stim) while a sharp microelectrode (E) was used to record the membrane potential. (B) Action potential recordings obtained at 37°C at different times in culture. Day 0 corresponds to the day of heart excision. Dashed lines show 0 mV, the mark on the bottom left of each recording indicates −80 mV. Pacing frequency was 0.5 Hz. The stimulation artefact was removed by filtering.
4 DISCUSSION
Organotypic culture of cardiac slices is a novel technique, which introduces new challenges regarding the culture conditions required by native cardiac tissue. However, because the throughput with this technique is commonly lower than with cell culture, it is especially challenging to vary culture conditions, such as pacing rates or medium supplements, systematically and conduct enough experiments to allow a solid statistical analysis. Here, we optimized the culture conditions of rabbit ventricular slices with the aim of improving initial survival immediately after placement in culture and long-term stability, using pharmacological or hormonal stimulations that do not cause over-activation of specific signaling pathways. Our main findings include a high susceptibility of rabbit myocardium to sustained contracture and myocyte death when placed in culture, possibly due to rapid temperature changes and reperfusion-like injury. Intriguingly, this problem can be overcome through the use of the electromechanical uncoupling agent and inhibitor of actin polymerization cytochalasin D, making this drug an interesting subject for future studies regarding cardiac ischemia-reperfusion injury. We found that of all stimulants tested, the supplementation of physiological cortisol concentrations had the most pronounced effect on the stability of contraction amplitude and kinetics in long-term culture. Additionally, pacing rate had a profound impact on stability, as well as on metabolic activity. Our results show that rabbit slice culture can be achieved for approximately 7 days with high survival rates, which is sufficient for studies involving gene delivery or long-term pharmacological effects.
4.1 Initial damage and electromechanical uncoupling agents
We were surprised that rabbit tissue slices exhibited sustained contracture rapidly and consistently when following protocols published for human cardiac slices and animal slices of different species. The initiation phase of tissue culture comprises re-warming, re-oxygenation, re-initiation of convection, of electrical stimulation and of contraction. Except for the temperature change, all of these events also occur during the reperfusion phase after coronary occlusion. Following this analogy, the cold “ischemic” period when creating tissue slices is at least 2–3 h or, if transport or storage is required, even more than 24 h (Fischer et al., 2019). Considering these similarities, we suggest that the damage observed here or in other studies (Fischer et al., 2019) during the first hours of culture is comparable in many aspects to ischemia-reperfusion injury after coronary occlusion. This initial damage, indicated by sustained contracture, was reduced by the addition of electromechanical uncouplers, with the combination of BDM and CytoD proving particularly effective. The combination of BDM with other uncouplers, however, did not show promising results in an explorative experiment (Supplementary Figure S1). Blocking the actin-myosin interaction by myosin II inhibitors has been shown earlier to protect from cutting injury (Mulieri et al., 1989; Wang et al., 2015). It is possible that BDM and CytoD act synergistically in blocking actin-myosin interactions and therefore prevented contracture and subsequent cell death (Calaghan et al., 2000; Kettlewell et al., 2004). While BDM inhibits myosin II and is also a dephosphorylation agent (Stapleton et al., 1998), CytoD interacts with actin. Thus, combinations of a myosin inhibitor with an actin inhibitor may result in synergistic effects. However, because the concentration of BDM was in the range reported to cause nearly complete electromechanical uncoupling (Biermann et al., 1998), the additional protective effects of CytoD may result from effects on the actin cytoskeleton rather than the sarcomeric actin. In fact, it has been demonstrated that CytoD in the low micromolar range can prevent ischemia-reperfusion injury in liver cells (Shi et al., 2009).
Even though we applied CytoD for only a brief period of 15–20 min and did not observe negative effects on contraction force after successful mounting in culture when compared to BDM alone (Table 1) we cannot fully exclude that the transient myosin inhibition via BDM or actin disruption via CytoD may have any permanent effects on Ca2+ handling or electrophysiology in long-term culture. One study reported that the effects on contraction and action potential parameters of BDM were completely reversible after washout, while CytoD effects on contraction partially remained 15 min after the washout. However, the concentration of CytoD was 16 times higher than here (Biermann et al., 1998). In a study using Langendorff-perfused rabbit hearts, action potential duration was still increased by approx. 10% at 1 h after washout of CytoD, while conduction delay, however, was completely reversible (Kettlewell et al., 2004). Yet another study found that 0.5 µM CytoD preserves function and morphology of cultured adult ventricular myocytes (Tian et al., 2012).
One should note that others did not report initial contracture in rabbit slice culture, which could result from a different mode of anesthesia or initial cardioplegic perfusion. However, before rewarming to 37°C, an equilibration period at room temperature in the presence of 30 mM BDM was used, which may have had a similar effect as the equilibration period used here at 37°C (Watson et al., 2019). An earlier study conducting acute experiments in rabbit and guinea pig cardiac slices at 37°C also described rewarming of the slices in BDM- or blebbistatin-containing medium (Wang et al., 2015). Overall, this suggests a particularly high susceptibility to temperature- or ischemia-reperfusion-related injury in rabbit slices. Furthermore, we suggest to investigate the potentially protective effects of cytochalasin D and other drugs acting on the actin cytoskeleton in ischemia-reperfusion injury. In summary, we achieved a survival rate at culture day 6 of 76%, compared to 59% with BDM only, and 0% with no added uncoupler. Our optimized survival rates are similar to other tissue culture studies for human atrial trabecular (Klumm et al., 2022) and human ventricular myocardium (Fischer et al., 2019).
4.2 Cortisol
Cortisol at physiological levels was very effective in stabilizing slice function, especially after 2–3 days in culture. This suggests that cortisol-induced changes in gene expression are responsible for the improved stability and fits to studies by us and others that show glucocorticoid signaling is important for cardiac function (Oakley et al., 2013; Rog-Zielinska et al., 2013; Oakley and Cidlowski, 2015). It would be interesting to investigate if higher concentrations exert additional beneficial effects on slice stability and function and if the effect also applied to myocardial slices from other species. However, our goal was to test physiological concentrations, providing conditions that resemble those found in vivo. In fact, the lack of cortisol in the medium can be considered non-physiological. We therefore recommend the addition of cortisol in free concentrations of 20–50 nM.
4.3 T3, catecholamines
Another important hormone that has been described to be important for heart function and development as well as myocyte structure and function is the thyroid hormone T3 (Grais and Sowers, 2014; Parikh et al., 2017; Jessica et al., 2022). We found that low concentrations of fT3 (nominal: 10 pM, measured: 3–5 pM) had no significant effects on contraction amplitudes, but improved β-adrenergic response and increased the metabolism as indicated by elevated glucose consumption. This fits to the known effects of T3 on the expression of the β1 receptor in the heart. Thyroid hormones have been reported to exert stimulating effects on the expression of β-adrenoceptors (Klein, 1988; Bahouth, 1991) and on metabolism in general. Our findings also show that the albumin buffering and respective calculations we applied were reasonable estimations of the actual free T3 concentration. Other studies using T3 usually did not consider or apply buffering by albumin or other proteins and used concentrations of T3 up 100,00× higher than the physiological levels of free T3 (Parikh et al., 2017; Jessica et al., 2022; Pitoulis et al., 2022). Here we demonstrated that concentrations of free T3 in the low picomolar range exert positive effects on the slices and increase metabolism, which we would therefore recommend. Monitoring of free T3 24 h after medium change showed a lower concentration than calculated. This could be due to degradation during culture or to a higher actual affinity constant of BSA than that reported for human albumin, which was used for the calculation (Yabu et al., 1987). However, free T3 plasma levels in the rabbit were reported to be 3–7 pM (Herrmann et al., 1975; Mustafa et al., 2008), which is still close to the measured concentrations (2.8 pM). It is possible that higher concentrations might further improve slice function but could also accelerate metabolism to a point where oxygen supply becomes insufficient or frequent medium exchange will be required to account for rapid glucose depletion and lactate accumulation.
The addition of a low-concentration catecholamine mixture (DSP) had marginal effects. We found a faster relaxation speed when compared with slices cultured without catecholamines, suggesting an effect on SERCA activity, as expected from β1-receptor stimulation. However, otherwise our results do not support the addition of low catecholamine concentrations. Future studies might investigate the combination of baseline catecholamine receptor stimulation in conjunction with T3, considering possible synergistic effects.
4.4 Pacing frequency
The physiological resting heart rate of New White Zealand rabbits is 2–3 Hz or 120–180 bpm (Fontes-Sousa et al., 2006). Our initial protocol, adapted from human ventricular slice culture, uses a ∼5x lower pacing rate of 0.5 Hz, which might yield unphysiological effects in rabbit tissues. Therefore, we explored pacing rates of 0.5, 1, and 2 Hz in our study. However, we did not find evidence for improved function in the measured contraction amplitude, TTP or TTR. In contrast, 2 Hz pacing was associated with a significant reduction in slice contraction amplitude and viability. While other parameters, such as electrophysiological properties, might benefit from higher pacing rates, we do not recommend pacing rates above 1 Hz unless changing other parameters of culture conditions. The elevated metabolic activity under these conditions (Figure 8) may necessitate more frequent medium changes and/or higher oxygen pressures in the incubator’s atmosphere. In our experimental setting, the medium was changed every 48 h. After this time, some slices paced with 2 Hz exhibited glucose concentrations less than 2 mmol/L, which may have been responsible for decreased contractility.
4.5 Metabolism
We demonstrate an easy method for the estimation of metabolic rate and aerobic vs. anaerobic metabolism, which is possible because glucose is the only nutrient present in M199 medium. The estimated metabolic rates of 3–9 mW/g (Figure 8D) showed a relatively high variance, but were well in the range reported in studies using more sophisticated methods in vivo or in perfused hearts (Gibbs and Loiselle, 2001). It was surprising to see no significant differences in metabolic rate between the groups with different pacing rates, considering that at a pacing rate of 1–2 Hz approx. 75% of total cardiac energy consumption should result from its contractile activity (Gibbs and Loiselle, 2001). However, with higher pacing rates we observed a significant reduction in contractile force, almost canceling out the workload expected to be added by higher pacing rates (Figure 7B). Higher pacing rates increased glucose consumption and lactate production rates, suggesting that a lack of oxygen may be responsible for the reduced contraction forces and decreased stability observed with 2 Hz pacing. Therefore, the maximum metabolic rate could be a limiting factor under the culture conditions and media exchange regime used. However, it is unlikely that an increased glucose consumption and higher lactate production are generally detrimental, because although T3 increased these parameters as well, slices supplemented with T3 appeared very stable (Figure 5). Conclusively, the results imply that both high pacing rates as well as T3 supplementation lead to a faster depletion of glucose in the medium, which may require more frequent medium exchanges and/or higher oxygen levels as done by other groups who added high concentrations of T3 (Pitoulis et al., 2022).
It is worth noting that normal myocardium consumes not only glucose, but also lactate, fatty acids and ketone bodies, which were not present in the used culture medium. Lactate accumulated over time, yielding concentrations of 1–6 mM, which is higher than those found in the plasma. Yet, from the ratio of glucose consumed and lactate produced we estimated that up to 50% of ATP production was achieved by using oxidative phosphorylation. This shows that cultured ventricular rabbit slices use aerobic metabolic pathways, but also indicates that there might be either a lack of oxygen supply or mitochondrial dysfunction, because in the normal heart, metabolism is almost exclusively aerobic (Bertero and Maack, 2018). A limitation of providing glucose as the only nutrient in the culture medium is that this could cause non-physiological effects. Adding fatty acids and ketone bodies could provide conditions better resembling those found in vivo and might even lead to more pronounced or different effects of supplements such as cortisol or T3, considering their known effects on fatty acid metabolism (Pucci et al., 2000; Macfarlane et al., 2008). However, adding additional nutrients would render it more difficult to assess the metabolic rate.
4.6 Microstructure
Maintaining the structural integrity of cultured tissue is key for maximizing the translational value of the culture. Within several days of culture, isolated cardiomyocytes undergo remodeling processes, including their morphology (Mitcheson et al., 1996; Hammer et al., 2010) and TATS (Lipp et al., 1996; Louch et al., 2004). Therefore, changes in myocyte volume fractions, morphological measures, and TATS density were investigated. Our findings revealed no significant differences in these parameters after 7 days of culture. Additionally, the observed volume fractions are consistent with our previous study on perfusion-fixed ventricular rabbit tissue (Greiner et al., 2018). Concerning structural integrity, we also considered potential fibroblast activation and fibrosis. To this end, we used WGA labeling, a suitable marker for quantifying fibrotic tissue constituents (Emde et al., 2014). Our results showed no increase in WGA-labeled intermyocyte space, which would be expected after fibroblast activation or fibrosis. These preserved structural features are key advantages of biomimetic cultures with mechanical preload compared to the culture of singular cells and show that rabbit myocardial slice culture can be used for both functional and structural long-term studies in vitro.
4.7 Conclusions
This study shows that rabbit hearts, which have been used for many decades in cardiovascular research due to similarities with human cardiac electrophysiology, excitation-contraction coupling and microstructure, can be used for myocardial slice culture lasting up to 7 days. We suggest that this will enable cost-effective in-vitro experiments to obtain new insights into cardiac physiology and pathophysiology. For example, one could investigate mechanisms of fibrosis and other types of tissue remodeling, screen for cardiotoxicity of newly developed pharmacological agents or edit genes in highly preserved functional myocardium. These and other conceivable studies can be carried out without additional suffering for the animals and without the need for authorization, as they are performed in vitro. However, our study also shows that the behavior of rabbit heart slices during the initiation of culture differs from that of human cardiac slices or slices from hearts obtained from other species, suggesting differences in metabolism, the response to temperature changes or to ischemia-reperfusion in general. In this respect, rabbit myocardium may be a less suitable model. Furthermore, while our study demonstrates stability over the course of 1 week, we propose to address in future studies if and how long-term stability over several months in culture as demonstrated in human cardiac slices can be achieved in animal slices.
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