TITLE: 
Isolation, Transfection, and Long-Term Culture of Adult Mouse and Rat Cardiomyocytes

AUTHORS: 
Perwez Alam, Bryan D. Maliken, Malina J. Ivey, Shannon M. Jones, Onur Kanisicak

Department of Pathology and Laboratory Medicine, College of Medicine, University of Cincinnati, Cincinnati, OH, USA

alampz@ucmail.uc.edu
malikebd@mail.uc.edu
iveymj@ucmail.uc.edu
jones2so@mail.uc.edu
kanisior@ucmail.uc.edu

CORRESPONDING AUTHOR
Onur Kanisicak
onur.kanisicak@uc.edu

KEYWORDS: 
Cardiomyocyte, Rat, Mouse, Ex-vivo, Long-term culture, Transfection, Proliferation.

SUMMARY: 
Here, we present a protocol for the isolation, transfection, and long-term culture of adult mouse and rat cardiomyocytes.

ABSTRACT:
Ex vivo culture of the adult mammalian cardiomyocytes (CMs) presents the most relevant experimental system for the in vitro study of cardiac biology. Adult mammalian CMs are terminally differentiated cells with minimal proliferative capacity. The post-mitotic state of adult CMs not only restricts cardiomyocyte cell cycle progression but also limits the efficient culture of CMs. Moreover, the long-term culture of adult CMs is necessary for many studies, such as CM proliferation and analysis of gene expression.

The mouse and the rat are the two most preferred laboratory animals to be used for cardiomyocyte isolation. While the long-term culture of rat CMs is possible, adult mouse CMs are susceptible to death and cannot be cultured more than five days under normal conditions. Therefore, there is a critical need to optimize the cell isolation and long-term culture protocol for adult murine CMs. With this modified protocol, it is possible to successfully isolate and culture both adult mouse and rat CMs for more than 20 days. Moreover, the siRNA transfection efficiency of isolated CM is significantly increased compared to previous reports. For adult mouse CM isolation, the Langendorff perfusion method is utilized with an optimal enzyme solution and sufficient time for complete extracellular matrix dissociation. In order to obtain pure ventricular CMs, both atria were dissected and discarded before proceeding with the disassociation and plating. Cells were dispersed on a laminin coated plate, which allowed for efficient and rapid attachment. CMs were allowed to settle for 4-6 h before siRNA transfection. Culture media was refreshed every 24 h for 20 days, and subsequently, CMs were fixed and stained for cardiac-specific markers such as Troponin and markers of cell cycle such as Ki67. 

INTRODUCTION
Cardiac diseases are one of the leading causes of death worldwide. Almost all types of cardiac injury result in a significant loss of adult cardiomyocytes (CMs). Adult mammalian hearts are unable to repair their cardiac injury due to the senescent nature of the adult CM1. Thus, any insult to the adult mammalian heart results in a permanent loss of CMs, leading to reduced cardiac function and heart failure. Unlike adult mammals, small animals like zebrafish and newt hearts can regenerate their cardiac injury through existing CM proliferation2-4. A worldwide effort is ongoing to find a novel therapeutic intervention for cardiac injury via both proliferative and non-proliferative approaches. In past decades, various types of genetic mouse models have been developed to study cardiac injury and repair. However, using in vivo animal models continues to be an expensive approach with the additional complexity to decipher a cell-autonomous mechanism from secondary effects. Besides, in vivo systems are challenging to analyze CM specific effects of a pharmacological intervention that induces cardioprotective signaling from the CM.

Moreover, the long-term culture of adult CMs is necessary to perform CM proliferation analyses. CM proliferation assays require a minimum of 4-5 days for cells to be induced into the cell cycle and to obtain accurate data after that. Additionally, studies that utilize isolated CMs for electrophysiological studies, drug screening, toxicity studies, and Ca++ homeostasis studies are all in need of an improved culture system5-7. Furthermore, recent studies show the cardioprotective significance of cytokines secreted from CMs (cardiokines)8,9. In order to investigate the therapeutic role and molecular mechanism of these cardiokines during heart repair and regeneration, a prolonged culture is required.

Adult rat CMs are robust enough for single-cell isolation and long-term culture in an in vitro system10-12. However, adult mouse CMs are of great interest for in vitro assays, due to the availability of a variety of genetically modified mouse models, which allows for the design and execution of various innovative analyses that are not possible with rat CM13. In contrast to adult rat CM isolation, it is quite challenging to obtain a single-cell suspension from adult mouse hearts, and the long-term culture of adult mouse CMs in culture is even more challenging.

Adult CM isolation from mouse and rat hearts using a Langendorff system has previously been established to study CM function5,14,15. Here, we have described in detail the protocols for adult CM isolation from both rats and mice, as well as a modified long-term culture, transfection, and CM proliferation of isolated cells.

PROTOCOL

All experiments should be performed in accordance with the guidelines of the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institute of Health (NIH). All protocols displayed in the video were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Cincinnati, College of Medicine.

1. Preparation before heart extraction from adult mice (and rats)

1.1. Prepare the corresponding perfusion, enzyme, and stop solutions, according to the recipes given in Table 1 and Table 2, for rat and mouse isolation, respectively. Filter the solutions through a 22 µm filter to remove any contamination or undissolved particles. 

1.2. Clean and sterilize the surgical instruments by soaking them in 70% alcohol for 15 min, and subsequently wash with double distilled water. Leave the tools to air dry on a clean paper towel.

1.3. Pre-heat the water bath to 37 ºC. Check the water level in the water bath to ensure an interrupted circulation of warm water through the perfusion apparatus during the procedure.

1.4. Clean the perfusion apparatus by running with 70% alcohol for 5 min. Repeat. 

NOTE: Increase the flow rate, which helps to clean the tubing.

1.5. After the alcohol flowthrough, clean the remnants of alcohol by running double distilled water for 10 min.

1.6. Set up 3 medium-size disposable polystyrene weighing dishes to clean the heart after excision. Fill the dishes with 20 mL of myocyte buffer.

1.7. Add 2-3 drops of heparin to each dish with the help of Pasteur pipette and mix well by pipetting multiple times.

1.8. Take a 10 mL syringe with a blunt needle cannula. 

NOTE: A blunt needle cannula can be prepared by cutting the tip of a clean, sterile needle. A 21 G needle and 14 G needle were used to make the cannula for the mouse and rat, respectively. 

1.9. Fill the syringe with perfusion buffer (Table 1). Remove any air bubbles from the syringe and place it in the third dish at an angled position. Secure it with tape.

NOTE: For rats, Solution A (Table 2) was used instead of myocyte perfusion buffer. 

1.10. Prepare a loose knot with a surgical suture and place it around the needle.

1.11. Inject the mouse with heparin (100 USP units/mouse) by intraperitoneal injection, 20 min before the anesthesia injection.

1.12. Circulate the myocyte perfusion buffer (Table 1) through the perfusion apparatus. Decrease the flow rate to 3 mL/min. 

NOTE: For rats, Solution A (Table 2) was used instead of myocyte perfusion buffer. 

1.13. After 5 min, replace the perfusion buffer with the enzyme solution (Table 1). Saturate the enzyme solution with oxygen during the process. Use a flow rate of 3 mL/min. 

NOTE: For rat CM isolation, use solution E (Table 2) instead. 

1.14. Anesthetize the mouse by intraperitoneal injection of anesthesia. Use the appropriate dose of anesthesia, recommended by IACUC, for the terminal surgery.

1.15. Confirm sufficient depth of anesthesia by the lack of a response to a toe pinch. Then, put the mouse on the surgical platform.

2. Extraction of heart from adult mice (and rats)

2.1. Sterilize the skin by wiping with 70% alcohol.

2.2. Carefully open the chest.

2.3. Excise the heart. Avoid non-heart tissues during excision.

2.4. Put the heart on the first dish, filled with perfusion buffer (Table 1). 

NOTE: Use solution A for the rat (Table 2).

2.5. Clear the blood from the heart by gently squeezing. 

2.6. Transfer the heart to the second dish. 

2.7. Clean the blood from the heart and remove non-cardiac tissues. Subsequently, transfer the heart to the third dish.

2.8. Trim off lungs and other surrounding tissue and cannulate via the ascending aorta. This procedure should be performed as rapidly as possible (<5 min) to improve CM quality and quantity.

3. Digestion of the heart

3.1. Digestion of the mouse heart

3.1.1. Carefully remove the cannulating needle from the syringe and connect it to the Langendorff perfusion apparatus.

3.1.2. [bookmark: _Hlk45759879]Avoid any air bubbles going into the heart, which may affect the flow-through of the enzyme solution and digestion.

3.1.3. Move the water jacket up to provide a homogenous environment to the heart. Allow the enzyme solution to flow through the heart at a speed of 2-3 mL/min. 

NOTE: The speed of the passing solution is critical and has a significant impact on the outcome of CM quantity and quality. 

3.1.4. Let the enzyme solution flow through the heart for 2 min.

3.1.5. At 2 min, add 40 µL of 100 µM CaCl2 solution to the enzyme solution and mix. Let the enzyme solution pass through the heart for another 10-15 min.

NOTE: Once the flow becomes smooth, the heart becomes brownish and soft, indicating the even distribution of the collagenase enzyme and proper digestion of heart. 

3.2. Digestion of the rat heart

NOTE: All the solutions/buffers which circulate through the heart should be oxygenated throughout the procedure.

3.2.1. Carefully remove the cannulating needle from the syringe and connect it to the Langendorff perfusion apparatus.

3.2.2. Avoid any air bubbles going into the heart, which may affect the flow-through of the enzyme solution and digestion.

3.2.3. Move the water jacket up to provide a homogenous environment to the heart.

3.2.4. Start the flow of solution A at a speed of 2-3 mL/min for 3-5 min to remove any blood from the heart.

NOTE: The speed of the passing solution is critical and has a significant impact on the outcome of CM quality. 

3.2.5. Once the blood is cleared from the heart, switch from solution A to solution E (Table 2). Titrate solution E with CaCl2 as indicated below for a final concentration of 0.1 mM in solution:

3.2.5.1. After 10 min of perfusion, add 12.5 µL of 0.1 M CaCl2.

3.2.5.2. After 15 min of perfusion, add 25 µL of 0.1 M CaCl2.

3.2.6. Let the enzyme solution pass through the heart for another 30-40 min, until the flow becomes rapid and the heart is pliable. 

4. Preparation of CM single-cell suspension

4.1. Preparation of the CM single-cell suspension (mouse)

4.1.1. Remove the heart from the Langendorff perfusion system. Move it to a 60 mm Petri dish filled with 5 mL of enzyme solution and transfer the dish to a biosafety hood.

NOTE: Ensure sufficient heart digestion before removing the heart from the Langendorff perfusion system. The digestion time depends on the enzyme activity, the flow of solution, and the size of the heart.

4.1.2. Perform any further mechanical disaggregation in a biosafety hood to ensure sterility and avoid contamination.

4.1.3. Carefully remove the atria (1/4th of the basal heart portion) and extra fat tissues. 

4.1.4. Mince the heart with forceps into fine pieces.

4.1.5. Take a sterile Pasteur pipette and cut its tip at a 45º angle.

4.1.6. Use this Pasteur pipette to dispense the heart tissue in a single-cell suspension by gentle pipetting. Optimal digestion provides a suspension of single-cell cardiomyocytes.

NOTE: Remove the narrow, bottom portion of the transfer pipet to reduce CM damage due to mechanical searing. 

4.1.7. Then, add 5 mL of stop solution to stop the enzyme activity, which avoids the possibility of overdigestion. 

4.1.8. Take a fresh 50 mL conical and place a sterile 100 µm cell strainer on it.

4.1.9. Pass the cardiomyocyte suspension through the cell strainer to remove the tissue chunk. Wash the Petri dish and strainer with another 5 mL of stop solution (Table 1) to collect any cardiomyocytes that remain attached to the strainer.

4.2. Preparation of the CM single-cell suspension (rat)

4.2.1. Remove the heart from the Langendorff perfusion system. Move the heart to a 100 mm Petri dish filled with 5 mL of solution A and move the dish to a biosafety hood.

NOTE: Ensure sufficient heart digestion before removing the heart from the Langendorff perfusion system. The digestion time depends on the enzyme activity, the flow of solution, and the size of heart.

4.2.2. Perform any further mechanical disaggregation in a biosafety hood to ensure sterility and avoid contamination.

4.2.3. Carefully remove the atria (1/4th of the basal heart portion) and extra fat tissues. 

4.2.4. Mince the heart with forceps into fine pieces.

4.2.5. Take a sterile Pasteur pipette and cut its tip at a 45º angle.

4.2.6. Use this Pasteur pipette to dispense the heart tissue in single-cell suspension by gentle pipetting. Optimal digestion provides a suspension of single-cell cardiomyocytes.

NOTE: Remove the narrow, bottom portion of the transfer pipet to reduce CM damage due to mechanical searing.

4.2.7. Add 5 mL of solution B (Table 2) to the CM suspension and pass the solution through a 100 µm cell strainer to remove any remaining pieces of fat or other non-digested tissue.

4.2.8. Collect filtrate in a fresh 50 mL conical vial.

4.2.9. Use another 5 mL of solution B to wash the Petri dish and any remaining CM through the cell strainer. 

5. Removal of non-CMs

5.1. Removal of non-CMs from the adult single-cell suspension (mouse)

5.1.1. Centrifuge the cell suspension at 20 x g for 3 min.

5.1.2. Discard the supernatant and resuspend the cells in 10 mL of stop solution (Table 1). 

NOTE: Increasing the concentration of BSA in the stop solution will increase its viscosity and reduce the sedimentation rate of non-CMs.

5.1.3. Resuspend the CMs by gentle inversion of the tube 3-5 times.

5.1.4. At 3 min intervals, add 10 µL of 100 µM CaCl2 solution and mix. Repeat thrice. 

5.1.5. After the fourth addition, centrifuge the cardiomyocyte suspension at 20 x g for 3 min.

5.1.6. Discard the supernatant.

5.1.7. Resuspend CMs in pre-warmed (37 ºC), adult mouse CM plating media (Table 3). 

5.2. Removal of non-CMs from the adult single-cell suspensions (rat)

5.2.1. Pellet cells at 20 x g for 3 min at 25 ºC.
 
5.2.2. Discard the supernatant and resuspend the cells into 25 mL of solution B (Table 2).
 
5.2.3. Mix the cells by gentle inversion and place it in a tube stand to allow the CM to settle under gravity.

5.2.4. Carefully discard the supernatant.

5.2.5. Resuspend the cells in fresh 25 mL of solution B and titrate it to 1.0 mM CaCl2 by stepwise addition of 50 µL, 75 µL, and 100 µL of 0.1 M CaCl2 at 3-5 min intervals. 

NOTE: A higher concentration of BSA in solution B could be used at this step. Increasing the concentration of BSA in solution B increases the viscosity and thus, reduces the sedimentation rate of non-CMs.

5.2.6. Pellet cells at 20 x g for 3 min at 25 ºC, aspirate the supernatant, and add the desired volume of adult rat cell culture media (Table 4).

5.2.7. Seed CMs on a laminin coated plate. 

NOTE: Pre-plating of CMs on a non-coated culture plate can be used to minimize the contamination of non-CM cells.

6. Adult CM plating

6.1. Pre-plating

6.1.1. Resuspend the cardiomyocytes into culture media.

6.1.2. Pre-plate the cells into a 60 mm or 100 mm dish for mouse or rat CM, respectively. 

6.1.3. Incubate CMs for 2 h in an incubator supplemented with 5% CO2 at 37 ºC. 

6.1.4. During the pre-plate incubation, coat the cell culture plates with laminin (10 µg/mL in PBS) for long term CM culture. 

6.2. After 2 h of pre-plating, collect CMs in a 50 mL conical vial.

6.3. Collect the cells from the dish and re-plate them into a laminin coated 24 well culture plate for transfection experiments.

6.4. Culture cells in an incubator at 37 ºC supplemented with 5% with CO2. 4-6 hours is sufficient to adhere to the cardiomyocytes with the surface, and thus, transfection can be performed 6 hours post-plating.

NOTE: The plating medium containing FBS is commonly used and shows better compatibility with proliferation studies. However, a serum-free medium can be used for experiments where secretory factors are being analyzed. 
	
7. Transfection

7.1. Incubate the CMs to the cell culture plates coated with laminin for 4-6 hours. 

7.2. Four hours after CM seeding on the laminin coated plate, transfect cells with siRNAs (50 nM) of interest using a transfection reagent (e.g., Lipofectamine RNAiMAX) according to the manufacturer’s protocol. 

7.3. Change media 24 hours following transfection and every 24 hours after that for up to 20 days. 

7.4. After 20 days, fix cells with 4% PFA in PBS for downstream applications, including immunocytochemistry for cardiac-specific markers such as Troponin to ensure live cardiomyocytes were successfully cultured long-term.

REPRESENTATIVE RESULTS
The current modified protocol allows efficient isolation and culture of rat and mice CMs in vitro. For rat CM isolation, a total of 3 adult (12-week-old) male Fischer 344 rats were used in the procedure. Figure 1 shows the surgical apparatus and isolation setups that are required in the procedure; each part has been marked and described in the figure legend. Collagenase type 2 was used for digestion, which yields a high quantity of high quality CMs from successful isolation (Figure 2A). Twenty-four hours post-isolation, these cells were transfected with cell cycle inducing specific siRNAs against Rb1 and Meis2, whereas, cel-miR-67 was used as transfection control in the experiment11. CMs were maintained in culture for either seven days (Figure 2B) or up to twenty days (Figure 2C) to observe the morphological changes. To score for cell cycle activity, CMs were fixed on day 7 and stained for cardiac-specific marker Troponin-I, mitotic marker KI67, and nucleus was visualized through DAPI (Figure 2D-F). A significant increase in KI67 positive cardiomyocytes was observed with siRb1+siMeis2 treatment when compared to controls11. Moreover, the rat cardiomyocytes were beating (contractile function) in culture on day seven post-plating, which is a hallmark characteristic of healthy cardiomyocytes11. 

For CM isolation in mice, a total of 3 male and 3 female adult (12-week-old) C57BL/6 mice were used in the procedure. Similar to the rat study, collagenase type 2 was used to digest the collagen and the extracellular matrix of the adult mice heart. Adult mice CM is comparatively fragile for isolation and culture in vitro; thus, this protocol uses blebbistatin to improve the viability of the adult mouse CM. Successful isolation yields >70-80% healthy rod shape CMs, which can be cultured for up to 20 days (Figure 3A-C) and maintain their cardiac Troponin-I staining and contractility (Figure 3C). In separate experiments, four hours post isolation, mouse CMs were transfected with a cell cycle inducing siRNA cocktail as described for the rat CM. Briefly, mice CM was simultaneously transfected with the specific siRNAs against Rb1 and Meis2, and control (cel-miR-67). Post-transfection CMs were subject to time course imaging for 10 days showing the morphological changes (Figure 4) which is followed by a proliferation assay (Figure 5). On day 10, immune-fluorescent staining for Troponin-I, KI67, and DAPI was performed as previously described. A significant increase in KI67 positive cardiomyocytes was observed with siRb1+siMeis2 treatment when compared to control (Figure 5A-C). 

The present protocol demonstrates that adult rats and mice CMs can be cultured long-term in vitro for up to 20 days and potentially longer. After 20 days, CMs maintain their Troponin-I staining as well as contractility if the inhibitors are removed from the media.

Table 1: Solutions required for adult mouse cardiomyocyte isolation

Table 2: Solutions required for adult rat cardiomyocyte isolation

Table 3: Media composition for adult mouse cardiomyocyte plating and culture

Table 4: Media composition for adult rat cardiomyocyte plating and culture

Figure 1: Procedure setup and equipment. (I) Schematic representation of the perfusion. (II) Surgical instruments and cannulation needle. (III) Heart perfusion assembly: A) Heating jacket. B) Double wall water jacket vessel. C) Circulating heated water inlet. D) Circulating heated water outlet. E) Heart perfusion solution. F) Circulating pump G) Perfusion solution tube. H) Oxygen supply tube. I) Circulating water bath. J) Cannulation needle with heart, attached to the perfusion outlet port. 

Figure 2: Adult rat CM isolation, transfection, and long-term culture. A) Adult rat CM, immediately after isolation. B) Adult rat CM on Day 7 after isolation. C) Adult rat CM on day 20. D-F) KI67 positive rat CM on day 7 after siRb1+siMeis2 transfection. Troponin-I = green; DAPI = blue; KI67 = red. All the experiments were performed in duplicate and repeated at least three times. 

Figure 3: Adult mouse CM isolation and long term culture. A) Adult mice CM, immediately after isolation. B) Adult mice CM on Day 7 after isolation. C) Adult mice CM stained with Cardiac Troponin-I = green on day 20. 

Figure 4: Adult mouse CM de-differentiation. Adult mice CM showing morphological changes during long-term culture (day 0 to Day 10) in DMEM-HG media, supplemented with 10%FBS. 

Figure 5: Adult mouse CM transfection and proliferation. A-C) KI67 positive mouse CM on day 10 after siRb1+siMeis2 transfection. Troponin-I = green; DAPI = blue; KI67 = red. D) Bar graph shows a significant increase in KI67 positive adult mouse CMs in the siRNA-cocktail transfected group versus control. Results are presented as mean±SEM; * = p-value ≤0.05. p-value ≤0.05 was considered statistically significant. All the experiments were performed in triplicate (n=3 Male,3 Female).

DISCUSSION
There is a critical need to establish a protocol for adult cardiomyocyte isolation and long-term culture to perform cell-specific mechanistic studies. There are only a few reports discussing adult CM isolation protocols, and even fewer of them are used for long-term culture of adult mice CM15-17. It is been shown that the adult rat CM has a higher tolerance to in vitro culture than the adult mice CM10-12. In this report, we establish a protocol for adult rat and mice CM isolation, siRNA transfection, long term culture, and downstream analysis of induced proliferation, with minimal modifications in the regularly used protocols. 

Available protocols for adult CM isolation are based on the use of two well-known enzymes, collagenase and liberase, for the extracellular matrix (ECM) digestion18,19. Collagenase is a commonly used enzyme in the adult CM isolation protocols. Collagenase digests the collagen fibers in the ECM, which results in the dissociation of the heart tissue in the single-cell CM. Similarly, liberase digests the ECM. Liberase is the purified alternative for collagenase, which shows higher activity and thus requires higher precision during CM isolation to achieve successful isolation in comparison to collagenase. Moreover, in the procedure, we noticed that the CM isolated with liberase does not survive in the long-term culture. However, CM isolated with collagenase improves the longevity of CM in the culture conditions. 

Additionally, we used a specific myosin II inhibitor called blebbistatin in the culture media for the long-term culture of adult mouse CM20,21. Previously, 2,3-butanedione monoximine (BDM) has been used for the adult CM culture. BDM is an ATPase inhibitor that inhibits the contractile function through a poorly defined mechanism that includes inhibition of ATPase and impaired Ca++ transition22. In comparison to the BDM, blebbistatin is a specific inhibitor of myosin II and shows more significant inhibition of contractile function at lower concentrations than the BDM. A pre-plating of the adult mouse CM in a culture media, supplemented with 10 mM of BDM and subsequent cultures of the CM in the 25 µM blebbistatin-supplemented and low serum media improves the survivability and rod shape structure of CM in long-term culture. However, a direct plating of the adult mouse CM in the media, supplemented with 25 µM blebbistatin and 10% FBS is better for proliferative studies. Similar to the adult rat CM, which shows a great extent of de-differentiation in the in vitro culture, we also observed de-differentiation in the adult mouse CM to some extent (Figure 5). Morphological changes are the necessary step for the proliferation. Thus, providing an environment to adult CM that facilitates their de-differentiation is a critical factor to consider in such studies. Even though at this time, it is not clear which of the exact steps or components used in this protocol is responsible for the improved longevity of adult CMs, we believe that it is a combination effect of the reagents used, the modifications made in the isolation procedure, and maybe most importantly the trained hands. 

Similar to the previous reports showing the viral transduction of the adult CM in blebbistatin-supplemented media, we also observed an efficient transfection of these cells with siRNAs. We used specific siRNAs against two senescence-associated genes, Rb1 and Meis2, to induce the CM proliferation. For the rat CM, we performed Ki67 analysis to assess the proliferation on day seven after transfection; however, the proliferation in mouse adult CM was analyzed on day ten after transfection. A species-specific biological variability could be a possible reason for the observed time difference in the induced cell cycle re-entry of adult rat and mouse CM. 

Overall, the protocol described here provide an improved, reliable, and comparative procedure to isolate adult rat and mouse CM, and accordingly culture them as per experimental need. Moreover, this protocol allows a long-term culture of the adult CM, which provide an in vitro system to perform various long-term analysis such as proliferation, paracrine factor, stress response, etc.
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