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SUMMARY:
This study presents a protocol for isolating and culturing single myofibers from the extensor digitorum longus muscle of the Macaca fascicularis monkey.

ABSTRACT: 
Skeletal muscle maintenance and regeneration are highly dependent on tissue-resident muscle stem cells (MuSCs), which remain in a homeostatic, dormant state within their niche. They re-enter the myogenic program upon activation. Functional loss of MuSCs accounts for a major cause of muscle regeneration failure in multiple muscular diseases. The intact MuSC niche protects stem cells from precocious activation. Although the well-developed single cell suspension-based MuSC purification methods work effectively for MuSC isolation, they completely disrupt the stem cell niche and are therefore unsuitable for studies on MuSC activation or niche-stem cell interactions. The single myofiber isolation method provides a unique tool for studying MuSCs in their niche in vitro. However, the majority of the currently documented protocols have been developed in rodents. Here, a method was described for isolating and culturing single non-human primate muscle fibers from the Extensor digitorum longus of Macaca fascicularis, providing a novel system to study MuSC quiescence, activation, and stem cell-niche interactions in primates. Furthermore, this system has potential applications in RNA interference and drug screening.

INTRODUCTION: 
Muscle stem cells (MuSCs), which are embedded in the fiber peripheral niche beneath the basal lamina, are indispensable for skeletal muscle regeneration through a highly orchestrated myogenic program that involves activation, proliferation, and differentiation1–3. The remarkable myogenic capacity of MuSCs and ability to return to quiescent states in the aforementioned niche enable skeletal muscle tissue to regenerate efficiently with fine innervation and proper vascularization4. 

The decline in both the number and functions of MuSCs has been extensively reported in aging, muscle dystrophies, and other muscular diseases4–6. MuSCs reside in a unique niche composed of laminin, integrins, collagen, and other components of the extracellular matrix (ECM), which protects them from precocious activation and maintains the MuSC pool. Direct links between niche defects, muscular diseases, and aging have been reported. For instance, mutations in the LAMA2 gene, which encodes the α2 subunit of the tri-subunit laminin complex in the basal lamina, lead to severe LAMA2-related muscular dystrophy (LAMA2-MD)5–7. ITGA7 mutations disrupt the a7b1 integrin receptor and ECM interactions, resulting in ITGA7 congenital muscular dystrophy8. Expression reduction and aberrant RNA splicing of niche fibronectin have been reported to be closely associated with the functional decline of MuSCs in sarcopenia9.

The development of in vitro models that mimic the original in vivo niche structures and stem cell activities enables researchers to perform in-depth mechanism studies. Fluorescence-activated cell sorting (FACS) or magnetic-activated cell sorting (MACS)-based methods to isolate MuSCs from rodents and other large mammals have been described previously10–14. The isolated primary MuSCs are capable of proliferation and differentiation, which provides a good system to investigate MuSC fate transition. However, single cell suspension preparation, which completely destroys the niche structure by enzymatic digestion and mechanical crushing, is an unavoidable step in these methods14–17. Isolation of a single myofiber can preserve the MuSC niche structure, enable scientists to track the transition of MuSCs from quiescence to differentiation, and facilitate the study of MuSC-niche interactions, thereby enabling the development of strategies to manipulate MuSCs and their niche to promote regeneration. Methods of single myofiber isolation from rodents have been well described previously15,18. However, it is difficult to isolate single myofibers from primates and other large animals because skeletal muscle is large. With increased muscle size, key steps in myofiber isolation, such as dissection, muscle preservation, enzymatic digestion, and single myofiber separation, need to be optimized.

Here, the authors report a protocol to isolate and culture a single myofiber from the Macaca fascicularis Extensor digitorum longus (EDL) muscle. Most existing protocols for mouse EDL fiber isolation disrupted muscle structure after 1 h of digestion with 0.2% (weight/volume) type I collagenase. To achieve good digestion in primate muscles, which are much larger than rodent muscles, digestion was performed for 6 h with 0.4% type I collagenase. To improve digestion in large porcine muscles, 0.4% elastase digestion was performed after collagenase digestion during myofiber isolation. Here, in the case of the primates' muscles, no elastase digestion was needed. The isolated myofibers could be cultured in vitro for at least 72 h. MuSCs residing in myofiber niche underwent quiescence to activation conversion, similar to those observed in rodent myofibers15. Establishing this system allows us to gain deeper insights into MuSC quiescence and the transition to activation, which is difficult to study in vivo due to limited material availability. This system not only provides a prime platform for mechanistic studies but can also be used for siRNA transfection and drug screening.   

PROTOCOL: 
1. Animal euthanasia and tendon-to-tendon muscle isolation

NOTE: Sacrificing animals must be performed in compliance with the guidelines of related national animal experiments regulations. This protocol was performed in accordance with the guidelines established by the Science Research Ethics Committee at the Conghua Huazhen animal center (HZ-AEC-FORM-025) and approved by the Animal Care and Use Committee at Conghua Huazhen animal center (HZ2020025). Monkeys were euthanized by anesthesia with pentobarbital sodium by intravenous injection (100 mg/kg body weight). Adequate anesthesia depth was confirmed by toe pinch, jaw tone (muscle relaxation), and measurement of heart rate. Firmly pinch a toe; if no purposeful withdrawal response occurred, it suggests sufficient surgical anesthesia. Gently open the animal’s mouth; if the jaw opens easily, it suggests sufficient surgical anesthesia; if the jaw is resistant to opening, it suggests insufficient anesthesia. The heart rate should decrease by approximately 10–20% from the normal resting rate. The normal resting heart rate of Macaca fascicularis is 120–240 bpm. Here, 2 of the 5 to 6-year-old Macaca fascicularis monkeys were euthanized, and the EDL muscle was chosen for myofiber isolation (Table 1). Both the distal and proximal tendons of EDL were easily identifiable and handled during surgery, thereby increasing the success rate of obtaining intact whole-muscle tissue. EDL is also relatively thin compared to other muscles, which increases enzymatic access during digestion. The left/right side selection was not a key factor. EDL muscles from either side could be used for myofiber isolation. One piece of EDL muscle from Macaca fascicularis monkey is large enough to collect sufficient myofibers for downstream analysis. The surgery was performed in an authorized animal facility capable of housing non-human primates. EDL muscles were kept in ice-cold Dulbecco’s modified Eagle medium (DMEM) (high glucose) containing antibiotics and transferred to the laboratory within 4 h (Table of Materials).	Comment by Yuguo Liu: We corrected the number based on the ethic certificate submitted

CAUTION: Pentobarbital sodium is a hazardous chemical. Prepare the solution in a chemical fume hood with ventilation on mode and always wear a mask, gloves, and glasses.

1.1. Briefly, spray the fur and skin of the left side hindlimb with 70% ethanol (Figure 1A). Fur was shaved away to expose the skin. Then carefully cut and remove the skin covering the whole hindlimb with scissors and forceps (Figure 1B). 

1.2. Localize the EDL muscle underneath the Tibialis anterior (TA) muscle on the anterior side of the hindlimb. 

1.3. Remove the TA muscle and expose the distal tendon of EDL (Figure 1C). Next, cut this tendon to keep the whole tendon. 

1.4. Hold the tendon with forceps and pull EDL up towards its proximal end, find and cut its proximal tendon, and keep the whole tendon. 

NOTE: Throughout the process, always hold the tendons to move or transfer the EDL muscle; avoid damaging the muscle with scissors or forceps; and avoid stretching the muscle to keep it as intact as possible (Figure 1D).

2. Reagent and material preparation for digestion and culture

2.1. Prepare muscle digestion medium (MDM) according to Table 2 on the day of usage. Filter the prepared MDM through a 0.45 µm filter, and pre-warm MDM to 37 °C in a water bath just before use. Final type I collagenase concentration in MDM is 0.4% (weight/volume ratio), or 500 enzymatic activity units per mL. The weight/volume ratio varied from lot to lot; the 500 enzymatic activity units per mL should be maintained.

NOTE: Do not use a 0.22 µm filter for MDM filtration. It will reduce the digestive efficiency.

2.2. Prepare fiber wash medium (FWM) according to Table 2 on the day of usage. Filter through a 0.45 µm filter, and pre-warm FWM to 37 °C in a water bath just before use.

2.3. Prepare fiber culture medium (FCM) according to Table 2 on the day of usage. Filter through a 0.45 µm filter, and pre-warm FCM to 37 °C in a water bath just before use. Add bFGF to the pre-warmed FCM right before use.

2.4. Horse serum-coated dishes
 
2.4.1. In a biosafety cabinet, add 5 mL horse serum (HS) into a 150 mm dish using a 10 mL pipette, swirl to cover the bottom evenly, and let it sit for 5 min.

2.4.2. In a biosafety cabinet, using a 10 mL pipette, transfer all the HS into another 150 mm dish.

2.4.3. In a biosafety cabinet repeat step 2.4.1 and 2.4.2 twice until 4 coated dishes are prepared. Collect the remaining HS into a 50 mL tube, cap tightly, and seal with parafilm for later use. If not used on the same day, store at 4 °C. It can be stored for 3 days if not contaminated.

2.4.4. In a biosafety cabinet, coat a 100 mm dish with 3 mL HS and a 6-well plate with 1 mL HS per well following step 2.4.1. Collect the remaining HS into a new 50 mL tube, cap tightly, and seal with parafilm for later use. If not used on the same day, store at 4 °C. It can be stored for 3 days if not contaminated.

2.4.5. In a biosafety cabinet, let all the coated plates dry for at least 5 min with lids removed. Cover the dishes and the 6-well plate with parafilm, and store at 4 °C. 

2.5. HS-coated glass pipette

2.5.1. Prepare a large-bored glass pipette by cutting the original 10 mL glass pipette to ~4 mm in bore diameter. And prepare a small-bored glass pipette by cutting the original 10 mL glass pipette to ~1 mm in bore diameter in a biosafety cabinet. Sterilize and round the edges of the two 10 mL glass pipettes with a flame, then let them cool to room temperature (RT). 

NOTE: Both the small- and large-bored glass pipettes can be reused after being treated as follows: wash 3 times with 70% ethanol, dry completely, and autoclave. Sterilize again with flame just before reuse.

2.5.2. In a biosafety cabinet, coat the glass pipette by gently pipetting the HS collected in step 2.4.2 (warm to 37 °C in a water bath if stored at 4 °C previously) 3 times, and let it dry for at least 5 min.

NOTE: HS coating prevents myofibers from attaching to plates and the pipette, reducing fiber loss during washing and transfer steps.

3. EDL muscle digestion

3.1. In a biosafety cabinet, transfer the EDL muscle into a 50 mL centrifuge tube containing 40 mL 37 °C pre-warmed MDM by holding the distal tendon.

3.2. Cap the tube tightly and seal it with parafilm, fix the tube in a bracket in a 37 °C water bath, immersing horizontally (Figure 2A and 2B).

3.3. Incubate for 6 h, gently inverting the tubes 3 times every 2 h. Stop digestion once the muscle begins to loosen, and a small number of free single myofibers start to emerge (Figure 2C). 

NOTE: If no “loose ends” were observed, the tissue was under-digested. Longer digestion was needed. If the tissue's shape was completely lost and the solution became jellylike due to the release of a large amount of extracellular matrix (ECM), the tissue was over-digested. Over-digestion cannot be rescued. A new tissue was needed, and the above operation steps were repeated.

3.4. In a biosafety cabinet, transfer the digested muscle to the first washing dish containing 20 mL pre-warmed FWM with an HS-coated large-bored glass pipette. Then, proceed to the fiber dissociation and serial washing step (Figure 2C).

NOTE: Digesting time varies depending on the physiological conditions of the muscle tissue. Healthy, diseased, or aged muscles have different ECM composition and require different digestion times. When studying quiescent MuSCs, be cautious that overdigestion can lead to stem cell activation.

4. Myofiber dissociation, serial washes, and culture

4.1. In a biosafety cabinet, slowly flush the muscle by a large-bored glass pipette (Figure 2D) with warm FWM in the first dish to release the desired number of single muscle fibers. Perform this and the next 3 steps under a stereomicroscope. Avoid over-trituration, as this can lead to a significant increase in damaged myofibers.

4.2. In a biosafety cabinet, transfer the intact single myofibers into the second washing dish one by one with the small-bored glass pipette under a stereomicroscope. Avoid transferring debris or damaging myofibers. 

4.3. In a biosafety cabinet, repeat step 4.2 twice to finish the second and third washing steps. The intact living myofibers are in the fourth washing dish. 

4.4. In a biosafety cabinet, transfer the washed myofibers one by one with the small-bored glass pipette to the 100 mm HS-coated dish containing 10 mL pre-warmed FCM (20–30 fibers per dish). Transfer the dish into a humidified CO2 incubator and culture in suspension for 72 h at 37 °C with 5% CO2. 

NOTE: Culture time began when the isolated myofibers were transferred to the incubator. Check myofiber status daily and change the medium once with fresh, pre-warmed FCM every 48 h. Do not let the FWM completely cool down to RT throughout the washing procedure; this can be achieved by returning the dishes containing FWM to the CO2 incubator for about 5 min every 15 min.

5. Fix, immunofluorescence staining, and imaging

5.1. With HS collected in step 2.4.3, repeat the glass pipette coating as described in step 2.5.

5.2. Take out the myofiber culture dish from the CO2 incubator, transfer myofibers one by one to the HS-coated 6-well plate containing 2 mL PBS under a stereomicroscope.

5.3. Perform the staining steps under a stereomicroscope with a small-bored glass pipette. At each step, replace the medium in the following order, leaving about 300 µL in the wells to maintain myofiber moisture and prevent floating.

5.3.1. Add 2 mL PBS containing 2% paraformaldehyde (PFA), incubate for 10 min.

CAUTION: Prepare the PFA solution in a chemical fume hood with ventilation on, and always wear a mask, gloves, and glasses. 

5.3.2. Remove PFA under a stereomicroscope and leave about 300 µL in the wells in order to keep the myofiber moisture and floating.

5.3.3. Add 2 mL PBS, wash for 5 min/time for 3 times.

5.3.4. Remove PBS under a stereomicroscope and leave about 300 µL in the wells in order to keep the myofiber moisture and floating.

5.3.5. Add 2 mL 1% GLYCINE in PBS and incubate for 5 min.

NOTE: Glycine quenches free aldehydes after PFA fixation, reducing autofluorescence.

CAUTION: Glycine is hazardous. Prepare the glycine solution in a chemical fume hood with ventilation on, and always wear a mask, gloves, and glasses. 

5.3.6. Remove glycine under a stereomicroscope and leave about 300 µL in the wells in order to keep the myofiber moisture and floating.

5.3.7. Add 2 mL 0.5% Triton-X 100 in phosphate-buffered saline (PBST) and incubate for 5 min.

5.3.8. Remove PBST under a stereomicroscope and leave about 300 µL in the wells in order to keep the myofiber moisture and floating.

5.3.9. Add 2 mL 4% bovine serum albumin (BSA) in PBST and incubate for 1 h at RT.

5.3.10. Remove BSA under a stereomicroscope and leave about 300 µL in the wells in order to keep the myofiber moisture and floating.

5.3.11. Add 1 mL primary antibody mixture in PBS containing 5% BSA and primary antibodies, and incubate at 4 °C overnight. PAX7 and MYOD antibodies (Table of Materials) were used at a 1:200 dilution.

5.3.12. Remove the primary antibody under a stereomicroscope, leaving about 300 µL in the wells to maintain myofiber moisture and prevent floating.

5.3.13. Add 2 mL PBS and wash for 5 min each of 3 times.

5.3.14. Remove PBS under a stereomicroscope, leaving about 300 µL in the wells to maintain myofiber moisture and prevent floating.

5.3.15. Add 1 mL of the secondary antibody mixture in PBS containing 5% BSA, and incubate for 1 h at RT. AF555 conjugated goat- anti-mouse IgG and AF488 conjugated goat-anti-rabbit IgG are diluted at 1:200. Perform these and the following staining steps in the dark.

5.3.16. Remove the secondary antibody under a stereomicroscope, leaving about 300 µL in the wells to maintain myofiber moisture and prevent floating.

5.3.17. Add 1 mL nuclei staining solution in PBS containing 5% BSA and 1 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) and incubate for 10 min at RT.

5.3.18. Remove DAPI under a stereomicroscope, leaving about 300 µL in the wells to maintain myofiber moisture and prevent floating.

5.3.19. Add 2 mL PBS, and wash for 5 min each time for 3 times.

5.3.20. Transfer 5–10 myofibers onto an adhesion microscope slide with an HS-coated glass pipette. Carefully remove PBS and add 100 µL antifading mounting medium, and mount with a cover slide. 

5.3.21. Dry in the dark at RT for 20 min, then proceed to imaging. The objective lens used was a UPLXAPO 20×. The laser densities for DAPI/AX488/AX546 were 0.2%/0.3%/15%, respectively. Images were captured at 96 ppi, yielding 2048 x 2048 pixel images. Images were processed with Olympus Olyvia (version 4.1), and ImageJ (version 1.53t) was used for cropping.

5.3.22. Primary antibody-only and secondary antibody-only samples served as negative controls. 

REPRESENTATIVE RESULTS:  
Following EDL muscle digestion, the digested EDL muscle was successfully dissociated. The length of myofibers ranged from 10 to 13 cm, the same as the length of the intact EDL muscle (tendons were not calculated). Live myofibers were long and straight, with uniform diameter across the whole fiber, while dead/dying fibers appeared short, contracted, and swelled in certain regions (Figure 3A). The damaged/contracted fibers were removed by one-by-one myofiber transfer after the third wash. If residual debris is detected in the third wash dish, one or more washes should be performed to remove it completely, as it can attach to the myofiber and affect downstream imaging. Be extremely cautious while handling and transferring the single myofibers to avoid breaking them. After serial washes, clean living myofibers were obtained, with most debris removed (Figure 3B). With bright-field live myofiber imaging at higher magnification, sarcomere repeats appeared as striations on the surface of isolated myofibers (Figure 3C). Currently, the authors have obtained dozens of myofibers for analysis, and more myofibers could be obtained by further flushing the digested muscle. The authors confirmed that the isolated myofibers can be maintained in vitro for at least 72 h.

Quiescent MuSCs express PAX7 but not MYOD. After activation, MuSCs express PAX7 and MYOD. By co-staining the two marker proteins on 72 h cultured myofibers, only 2 activated MuSCs present on the cultured myofibers were observed (Figures 4A–B). On average, 2 Pax7 + MuSCs were detected per myofiber. After 72 h of in vitro culturing, only 1 MuSC entered the cell cycle. Two dividing cells from this activated MuSC were positively stained for PAX7 and MYOD, forming a doublet with all the myofibers examined (Figures 4A–B).

FIGURES AND TABLE LEGENDS:
Figure 1: Dissection of monkey EDL muscle from the hindlimb. (A) View of hindlimb after fur removal and sterilization with 70% ethanol. (B) View of the exposed muscles. Black arrows indicated the exposed Tibialis anterior (TA) muscle. (C) View of the Extensor digitorum longus (EDL) muscle after the TA muscle removal. The white arrow indicated the EDL muscle; the green and red arrows indicated its proximal and distal tendons, respectively. (D) View of tendon-to-tendon isolation of intact EDL muscle. Scale bar = 2 cm. Images were representative of 2 animals.

Figure 2: Digestion of monkey EDL muscle. (A) Overview of the tendon-to-tendon intact monkey EDL muscle. (B) View of the starting point of digestion. (C) View of the endpoint of the digested EDL muscle. (D) Glass pipettes are used for single myofiber transfer. Scale bar = 1 cm. Images were representative of 2 animals. 

Figure 3: Myofiber dissociation and serial washes. (A) Representative bright-field images of the first wash captured by a stereo microscope. Black arrows indicated dissociated living myofibers; blue arrows indicated dead myofiber debris; green arrow indicated a tendon residual after digestion. Scale bar = 500 µm. (B) Representative bright-field image of an intact single EDL myofiber in the final wash captured using a stereo microscope. Scale bar = 500 µm. (C) Three representative images of isolated myofibers at higher magnifications. Scale bar = 50 µm.  

Figure 4: MuSC staining on myofibers. (A) Myofibers were cultured for 72 h, fixed, and stained with PAX7 (red) and MYOD (green) antibodies. DAPI was stained to visualize nuclear DNA (blue). Scale bar = 50 µm. (B) Enlarged view of the MuSC region within the dashed line box in (A). Scale bar = 10 µm. Images were captured with a confocal microscope.

Table 1: Detailed information on the animals used in this protocol. Age, gender, and body weight information for the two monkeys, along with their health status and housing conditions, were provided.

Table 2: Recipes for MDM, FWM, and FCM. Final concentrations of each reagent in stock and work solutions were shown, with the calculated Volume/Weight added information. Abbreviations: MDM = muscle digestion medium; FWM = fiber wash medium; FCM = fiber culture medium.

DISCUSSION:
Bekoff and Betz described a method to isolate single myofibers from the rat Flexor digitorum brevis (FDB) muscle in 197719. It was significantly optimized by Bischoff in 1985 and then by another group in 199520,21. Since then, multiple protocols based on these methods have been reported15,22–24. EDL or FDB muscles in mice were the most commonly used muscles for single myofiber isolation15,22–24. The fibularis tertius (FT) muscle from the porcine muscles was also used for single myofiber isolation25. The single myofiber culture system preserved most in vivo niche structures of MuSCs, providing a unique in vitro model to study MuSC behaviors in the niche, such as quiescence and early-phase activation, that cannot be studied with other tissue-crushing-based MuSC purification methods. Non-human primates display high homology in their DNA sequences and other physiological features with those of humans and represent an excellent model system for studying human development, regeneration, and disease. Currently available single myofiber isolation methods are mostly based on procedures in rodents. It is difficult to obtain intact human skeletal muscle and isolate a single myofiber. Furthermore, the muscle size and features in non-human primates were quite different from those in rodents. Therefore, the established single myofiber isolation method cannot be directly used in primates. Here, we reported a method to isolate a single myofiber from non-human primates.  

Despite the fact that mouse and human MuSCs share similar myogenic genes, such as Pax7, MyoD, Myf5, and MyoG, and their differentiation is regulated by similar myogenic pathways as well, there are differences in terms of cell surface markers, cellular response to cytokines, and even global gene expression patterns that include key myogenic transcription factors (TFs)26–28. Although the maintenance and activation of MuSCs play critical roles in muscle regeneration, sarcopenia, and many other muscular diseases, the features of MuSCs in the niche and the regulatory mechanisms underlying MuSC quiescence maintenance and activation are largely uncharacterized in primates. Establishing this method may provide a system for further characterizing MuSCs in primates.

In this protocol, special attention should be paid to the myofiber dissociation step after digestion. Considering the length-to-diameter ratio of EDL myofiber from Macaca fascicularis monkey is much larger than EDL myofibers derived from mouse, the monkey myofibers were much more susceptible to mechanical damage by pipetting in comparison with commonly used mouse EDL myofibers. The flushing should be performed very gently, and the number of flushes should be controlled to just release myofibers. The flushing step could be replaced by gently shaking the dish containing the digested muscle tissue to dissociate myofibers. Sterilization of the transfer glass tubes with flame or autoclave rather than 70% ethanol is preferred, as the residual ethanol mixed into the medium may damage the myofibers. It is key to properly coat all digestion tubes, petri dishes, and glass pipettes with HS to prevent fiber adhesion and subsequent loss, especially for the longer monkey myofibers, which are more fragile than the mouse ones.

One limitation of this study is that the monkey EDL muscle is not fully digested, unlike mouse muscles, due to its much larger size. Further optimization of the enzyme combination to achieve efficient digestion is required to isolate single myofibers from the large muscles of monkeys. An additional 0.1% elastase supplement to the digestion medium has shown improved digestion efficiency in porcine muscle25. It may also help improve digestion in monkeys. Using the slightly shorter, thicker FDL muscle could also be an alternative. 
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