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29  We describe an in vivo method to investigate the functional loss of a specific gene in satellite
30 cells by using a combination of cardiotoxin mediated injury of skeletal muscle and the injection
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32
33 ABSTRACT
34  Skeletal muscle possesses an enormous capacity to regenerate after injury. This process is
35 mainly driven by muscle stem cells, also termed satellite cells. Satellite cells are characterized by
36 the expression of the transcription factor Pax7 and their location underneath the basal lamina in
37 theresting skeletal muscle. Upon injury, satellite cells get activated, undergo self-renewal or
38 differentiation to either form new myofibers or to fuse with damaged ones. The functionality of
39 satellite cells in vivo can be investigated using a cardiotoxin based injury model of skeletal
40 muscle. To study the function of one gene during the regeneration of skeletal muscle,
41  transgenic mouse models are mostly used. Here, we present an alternative method to
42  transgenic mice, to investigate the gene function in satellite cells during regeneration, e.g., in
43  cases where transgenic mice are not available. We combine the cardiotoxin mediated injury of a
44  specific skeletal muscle with the injection of a self-delivering siRNA into the regenerating muscle
45  which is then taken up by satellite cells among other cells. Thereby, we provide a method to
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analyze gene function in satellite cells during regeneration under physiological conditions
without the need for transgenic mice.

INTRODUCTION

Skeletal muscle is the body’s largest tissue representing approximately 40% of total body weight
enabling voluntary locomotion. The tissue architecture of skeletal muscle is mainly composed of
postmitotic, terminally differentiated, multinucleated myofibers as well as various other cells
from the peripheral nervous system, vascular system, and interstitial cells!. Importantly, skeletal
muscle has a tremendous capacity to regenerate and restore function upon injury or damage?.
This process depends on the tissue resident muscle stem cells also called satellite cells>*.
Satellite cells are located between the myofiber and the basal lamina and characterized by the
expression of the transcription factor Pax7>’. Under homeostatic conditions, satellite cells are
guiescent but get activated due to traumatic injury, e.g., through eccentric exercise or
experimentally through injection of the snake venom cardiotoxin®®. Once activated, Pax7
positive satellite cells co-express MyoD and Myf5, which commits the stem cells to myogenic
differentiation. Satellite cells that resist the upregulation of commitment factors will retain their
stemness potential and return to quiescence to replenish the stem cell pool for future demands.
After the expansion of the myogenic progenitor pool, transcriptional networks are activated by
differentiation factors like Myogenin to initiate the cell cycle exit and terminal differentiation.
These myoprogenitors then fuse to each other or to existing myofibers contributing myonuclei
to maintain the size of the myonuclear domain. The myofibers express terminal muscle
differentiation genes like Myosin Heavy Chain. Finally, the newly formed myofibers grow and
mature to build the functional units of skeletal muscle®2°.

The regeneration of skeletal muscle can be affected by various conditions including muscle
diseases or aging'*'2, ranging from mild impairments to life threatening conditions, e.g., in
Duchenne muscular dystrophy*>!4. Therefore, regenerative medicine aims to restore damaged
or malfunctioning skeletal muscle tissue using its inherent regenerative power by targeting
satellite cell function>1®, To use its full potential a comprehensive understanding of satellite
cells in their endogenous niche during regeneration of skeletal muscle is required. Although
experimental approaches exist to isolate satellite cells adjacent to their myofibers'’, the full
complexity of cellular and systemic interactions of satellite cells with their environment can only
be recapitulated in vivo. In that regard, great knowledge about skeletal muscle regeneration has
been acquired using mouse injury models>*8,

Here we introduce a specific experimental mouse injury model to study the stem cell mediated
regeneration of cardiotoxin-induced damage of the tibialis anterior muscle in vivo. Cardiotoxin,
a snake derived cytolytic toxin that causes myofiber depolarization and necrosis, is injected into
the tibialis anterior muscle, which in turn will trigger tissue degeneration followed by
regeneration. To analyze the function of genes during acute regeneration, self-delivering siRNAs
are injected at day 3 after injury, at the peak of the satellite cell expansion. Experimental
animals are sacrificed at various timepoints and the tibialis anterior muscles are collected. The
dissected muscles are frozen and processed for further cryo-sectioning. Immunofluorescence
microscopy is then used to analyze markers of regeneration. This method allows for the
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investigation of the function of a single gene during satellite cell driven regeneration of skeletal
muscle using wild type mice.

PROTOCOL

All animal procedures were approved by the Animal Welfare Department of the Thiiringer
Landesamt fiir Lebensmittelsicherheit und Verbraucherschutz (03-048/16; TLV; Bad
Langensalza, Germany).

1. Cardiotoxin-induced muscle injury

NOTE: Perform all experiments involving living mice in accordance with the national Animal
Welfare Act and under appropriate aseptic conditions. Also, sacrificing of animals must be

performed in accordance with the national Animal Welfare Act.

1.1. Disinfect the inhalation box used for inhalation anesthesia and the surgery area with 70%
ethanol. Place a sterile surgical cloth on the heating pad where the surgery will take place.

1.2. Turn on the heating pad at 37 °C.

1.3. Administer analgesics (e.g., 1 mg/kg body weight meloxicam subcutaneously) 15 min prior
to start of the surgery.

NOTE: For a typical experiment, use mice which are at least 6 weeks old, sex-matched and in a
good general physical condition.

1.4. Prepare the cardiotoxin solution (20 uM in 0.9 % NaCl), store the solution at -20 °C.
1.5. Allow the cardiotoxin solution to reach room temperature (RT).

1.6. Transfer the mouse into the inhalation box and induce anesthesia with isoflurane (initiation
3.5 -5 % in pure oxygen). Check the depth of anesthesia with a lack of response to a toe pinch.

1.7. Place the mouse on a clean paper towel and maintain anesthesia with a nose mask (1.5 -3
% isoflurane in pure oxygen). Shave the injection area of the cranial lower leg (from knee to

paw, Figure 1A). Remove all excessive loose hair.

NOTE: Physically separating the shaving and injection area in the room will provide more sterile
conditions for the injections.

1.8. Place the mouse in the supine position on the heating pad covered with a sterile surgical
cloth and maintain anesthesia with a nose mask (1.5 — 3% isoflurane in pure oxygen).

1.9. Disinfect the injection area of the cranial lower leg (from knee to paw) with 70% ethanol.
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1.10. Perform a toe pinch before starting the intramuscular injection to ensure an adequate
depth of anesthesia.

1.11. Inject 50 uL cardiotoxin (20 uM in 0.9% NaCl) into the tibialis anterior muscle using an
insulin syringe with a 29-gauge needle. First, pierce the skin just distal of the knee.

1.12. Insert the needle fully into the muscle (in myofiber orientation/parallel to the tibia bone)
and inject the cardiotoxin slowly (10-20 s) along the full length of the muscle while moving the
needle back and forth to allow an even distribution of the cardiotoxin thereby injuring the
whole tibialis anterior muscle (Figure 1B,C).

NOTE: Injure the tibialis anterior muscle from only one leg, the contralateral tibialis anterior
muscle can serve as an internal control to determine that skeletal muscles were not
pathologically affected before cardiotoxin injury.

1.13. Transfer the mouse back to its cage placed on a heating pad and monitor the recovery
process until the animal is conscious and becomes ambulatory.

NOTE: The mice will only show a slight limp. If mice are limping heavily and do not put weight on
the leg at all, sacrifice the mouse.

1.14. Administer analgesics during the following 2 days (e.g., 1 mg/kg body weight meloxicam
subcutaneously, every 24 h) and monitor them on a weekly basis.

2. Injection of self-delivering siRNA into the regenerating tibialis anterior muscle (at day 3
post cardiotoxin injury)

2.1. Prepare the siRNA solution by resuspending the siRNA (e.g., siRNA smart pool) in 0.9% NaCl
(final concentration of 2 pg/ulL) according to the manufacturer’s instruction.

NOTE: The siRNA is chemically modified to facilitate the passive uptake by cells and protect it
from nuclease degradation. No transfection reagents are needed, thereby reducing toxicity.
Using a smart pool of four independent siRNA sequences targeting the same gene increases
knockdown efficiency.

2.2. Store the siRNA at -20 °C and transfer it on ice to the surgery room.

2.3. Disinfect the inhalation box used for inhalation anesthesia and the surgery area with 70%
ethanol. Place a sterile surgical cloth on the heating pad where the surgery will take place.

2.4. Turn on the heating pad at 37 °C.

2.5. Transfer the mouse into the inhalation box and induce anesthesia with isoflurane (initiation
3.5-5% in pure oxygen). Check the depth of anesthesia with a lack of response to a toe pinch.
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2.6. Place the mouse in the supine position on the heating pad covered with a sterile surgical
cloth and maintain anesthesia with a nose mask (1.5 — 3% isoflurane in pure oxygen).

2.7. Disinfect the injection area of the cranial lower leg (from knee to paw).

2.8. Perform a toe pinch before starting the intramuscular injection to ensure an adequate
depth of anesthesia.

2.9. Inject up to 50 pL siRNA solution (up to 100 pg total in 0.9% NaCl; directed against the
target gene; use scrambled siRNA as control) into the injured tibialis anterior muscle using an
insulin syringe with a 29 G needle. First, pierce the skin just distal of the knee, then insert the
needle into the tibialis anterior muscle.

2.10. Insert the needle fully into the muscle (in myofiber orientation/parallel to the tibia bone)
and inject the siRNA solution slowly (10 — 20 s) along the full length of the muscle while moving
the needle back and forth to allow an even distribution of the siRNA along the whole tibialis

anterior muscle.

2.11. Transfer the mouse back to its cage placed on a heating pad and monitor the recovery
process until the animal is conscious and becomes ambulatory.

NOTE: Analgesia is not necessarily following the injection of siRNA.
3. Dissection of tibialis anterior muscle

3.1. Prepare the freezing solution (2 parts OCT compound and 1 part 30% sucrose in deionized
water) at least 12 h before usage to avoid air bubbles.

3.2. Prepare freezing molds by wrapping an aluminum foil around a pencil and seal it with tape.
It is important that the bottom of the mold provides an even, closed surface.

NOTE: Smaller freezing molds allow the faster freezing of the muscle avoiding freezing artifacts.

3.3. Sacrifice the mouse, e.g., by CO; inhalation, at the respective time point of regeneration
and spray the whole mouse and dissection tools with 70% ethanol.

NOTE: Cervical dislocation can be applied, in addition, to avoid excessive bleeding at the leg
when isolating the tibialis anterior muscle.

3.4. Remove the fur and skin from the injured hindlimb by cutting the skin at the ankle with
extra fine sharp scissors (cutting edge: 13 mm) and pulling up the skin towards the knee using
forceps.

3.5. To expose the tibialis anterior tendon at the ankle, pull the remaining skin towards the foot
or cut with sharp scissors.
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NOTE: The mouse can be pinned to a support board to allow better fixation.

3.6. Before harvesting the tibialis anterior muscle, remove the fascia using fine forceps (Dumont
5 or 7, straight or curved). Pinch the closed forceps through the fascia next to the tibia bone at
the ankle of the injured leg (Figure 2A). Move the forceps towards the knee thereby tearing the
fascia and exposing the tibialis anterior muscle (Figure 2B).

3.7. To isolate the tibialis anterior muscle, expose the distal tendon and grab it with fine forceps
(Dumont 7, curved). Cut the tendon using spring scissors (cutting edge: 5 mm, tip diameter:
0.35 mm) and pull the muscle (holding it at the tendon) towards the knee.

3.8. To harvest the tibialis anterior muscle, cut it as close to the knee as possible using sharp
scissors.

3.9. Prior to freezing, cut the tibialis anterior muscle at the mid belly region of the muscle with
straight scissors into two halves of equal size to allow the analysis of the mid belly region (Figure
2C,D).

3.10. Fill the freezing mold halfway with the freezing solution.

3.11. Insert the two halves of the tibialis anterior muscle into the freezing mold with the mid
belly region facing the bottom of the mold (Figure 2E). Make sure the tibialis anterior halves are
inserted in an upright position leaning against the wall of the freezing mold to avoid tipping of

the muscle.

NOTE: The more freezing solution is in the mold, the longer the freezing will take, thus
increasing the risk of cryo-artifacts.

3.12. Hold the freezing mold using forceps and transfer it halfway into liquid nitrogen (Figure
2F). Make sure that no liquid nitrogen is entering the freezing mold during the freezing process.

3.13. Observe the freezing process, the freezing medium changes color from transparent to
white and becomes solid. Submerse the freezing mold in liquid nitrogen for a few seconds and
transfer the freezing mold to a -80 °C freezer or to dry ice for future processing.

3.14. Store the frozen muscles in the freezing molds at -80 °C until further usage.

NOTE: The freezing molds fit well in 24-well plates or 1.5 mL reaction tubes allowing labeling
and organized storage.

3.15. Handle the muscle in the freezing molds for further usage always on dry ice.

4. Cryosectioning of regenerating tibialis anterior muscle
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4.1. Before starting sectioning, set the chamber temperature of the cryostat to -21 °C, the
object temperature to -20 °C and the cutting thickness to 10, 12 or 14 um (depending on the
future applications) (Figure 3A).

4.2. Transfer the muscle sample in the freezing mold into the cryostat and let it adjust to the
temperature for several minutes. During this time, label the microscope slides.

4.3. Remove the foil around the embedded muscle using precooled forceps inside the cryostat.
Avoid touching of the sample as the cryomedium starts to thaw easily.

4.4. Mount the sample with the mid belly region of the tibialis anterior muscle directed upwards
onto the metal sample holder of the cryostat using cryomedium. This ensures that the cutting
site of the muscle (bottom of the mold) is facing the experimenter.

4.5. Insert the sample holder with the mounted sample into the sectioning mechanism.

NOTE: To ensure proper sectioning of the sample, use a new blade before starting.

4.6. First, trim the sample block (30 um) to get an even sectioning plane and to reach the
respective region of the muscle (Figure 3B).

4.7. After trimming, cut consecutive sections of the respective thickness (e.g., 14 um).

4.8. Collect the sections on microscope glass slides by holding the slide face down over the
section. The section is attaching to the slide (Figure 3C).

4.9. Store sections at -80 °C or -20 °C until further use or directly use for immunofluorescence or
immunohistochemistry.

5. Immunostaining for markers of regeneration

5.1. Perform all further steps in a humidified chamber.

5.2. Briefly, equilibrate the sections at room temperature.

5.3. Fix sections with 1 mL of 2% PFA (in PBS, pH 7.4) per slide for 5 min at RT.

5.4. Remove the 2% PFA solution by pouring it into the respective waste container.
5.5. Wash 3 times with 1 mL of PBS (pH 7.4) for 5 min at RT.

5.6. Remove the PBS by pouring it into a waste container.

5.7. Per slide, add 1 mL of the permeabilization solution (0.1 % Triton X-100, 0.1 M Glycine in
PBS pH 7.4) for 10 min.
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5.8. Remove the permeabilization solution by pouring it into a waste container.

5.9. Add 150 pL of the blocking solution (M.O.M. 1:40 in PBS pH 7.4) per slide and cover with
the coverslip. Incubate for 1 h at RT.

5.10. Remove the coverslip and the blocking solution, apply 100 uL of primary antibody solution
[PAX7, DSHB, mouse IgG1, undiluted or devMHC, DSHB, undiluted, mouse IgGland laminin
(rabbit, 1:1,000)] per slide. Cover with coverslip. Incubate O/N (overnight) at 4 °C.

NOTE: Perform a control staining by omitting the primary antibodies, incubate the section with
blocking solution instead.

5.11. Wash 3 times with 1 mL of PBS (pH 7.4) for 5 min at RT.

5.12. Remove PBS by pouring it into a waste container.

5.13. Add 100 pL of the secondary antibody solution (Alexa Fluor 546 goat anti-mouse I1gG1 and
Alexa Fluor 488 donkey anti-rabbit I1gG in blocking solution, 1: 1,000) per slide and cover with

the coverslip. Incubate for 1 h at RT.

5.14. Incubate the slides in the dark, e.g., use an aluminum foil to cover or use a black
humidified chamber.

NOTE: From now on all steps should be performed in reduced light conditions since some
secondary antibodies are light sensitive.

5.15. Remove the coverslip and the secondary antibody solution.
5.16. Wash 3 times with 1 mL of PBS (pH 7.4) for 5 min at RT.
5.17. Remove the PBS by pouring it into a waste container.

5.18. Perform DAPI staining by adding 1 mL of the solution per slide to a final concentration of
10 pg/mL for 5 min at RT.

5.19. Remove the DAPI staining solution by pouring it into a waste container.
5.20. Wash 3 times with 1 mL PBS (pH 7.4) for 5 min at RT.
5.21. Completely remove the PBS used for washing.

5.22. Apply 2 — 3 drops of aqueous mounting medium and directly cover the slide with a new
coverslip.



359 5.23. Let the slides dry for 1 h at RT in the dark.

360

361  5.24. Store the stained sections at 4 °C in the dark until further analysis using a fluorescence
362  microscope.

363

364 6. Hematoxylin and Eosin staining

365

366  6.1. Perform all further steps in a humidified chamber.
367

368  6.2. Fix sections with 1 mL of 2% PFA (in PBS, pH 7.4) per slide for 5 min at RT.
369

370 6.3. Remove the 2% PFA solution by pouring it into the respective waste container.
371

372  6.4. Transfer the slides into a Coplin jar.

373

374  6.5. Gently rinse the slides with tap water.

375

376  NOTE: Do not turn on the faucet too high since that might damage the sections.
377

378  6.6. Transfer the slides to the humidified chamber. Remove the liquid.

379

380 6.7. Apply 1 mL of Hematoxylin staining solution (Gill No 3) for 2 min.
381

382  6.8. Transfer the slides into a Coplin jar.

383

384  6.9. Gently rinse the slides with the tap water until the nuclei turn blue.

385

386 NOTE: Do not turn on the faucet too high since that might damage your sections.

387

388  6.10. Transfer the slides to the humidified chamber. Remove the liquid.

389

390 6.11. Apply 1 mL of Eosin Y solution and incubate for 2 min.

391

392  6.12. Transfer the slides into a Coplin jar.

393

394  6.13. Gently rinse the slides with tap water until the tap water coming off the slides is clear.
395

396 6.14. Remove all liquid and let the slides dry for 2 min.

397

398 6.15. Mount in mounting medium suitable for immunohistochemistry.

399

400 REPRESENTATIVE RESULTS

401  Atypical result of a hematoxylin and eosin (H&E) staining of a tibialis anterior muscle before and
402  after cardiotoxin mediated injury is presented in Figure 4A,B. In the control muscles, the

403  architecture of the muscle is intact as seen by the localization of the nuclei in the periphery of
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the myofibers and the lack of accumulation of mononucleated cells in the interstitial space
(Figure 4A). 7 days after cardiotoxin mediated injury new myofibers are formed marked by
centrally located nuclei (Figure 4B). Furthermore, an accumulation of mononucleated cells can
be observed, consisting mostly of satellite cells but also non-myogenic cells like immune cells.
The whole muscle should be injured characterized by the central location of all myonuclei and
the accumulation of mononucleated cells on the whole muscle section.

To characterize the progression and success of the regeneration process, several
immunofluorescent staining using markers of regeneration can be performed. The number of
satellite cells can be evaluated by staining for Pax7, the canonical marker for satellite cells
(Figure 4C,D). Three days after injury the number of satellite cells increases (Figure 4D), satellite
cells are not located under the basal lamina anymore. To further analyze the regeneration
process, newly formed myofibers can be stained with antibodies directed to developmental
myosin (Figure 4E). Newly formed myofibers display centrally located nuclei and a strong
expression of developmental myosin. As the myofibers mature, expression of developmental
myosin decreases, the diameter of the myofiber increases while nuclei are migrating to the
periphery of the myofibers.

The influence of a single gene on the process of regeneration can be investigated using
transgenic mice or as shown here by injection of a self-delivering siRNA. Fluorescently labeled
self-delivering scrambled control siRNA was injected into the regenerating tibialis anterior
muscle at day 3 after injury, the time point when the proliferation of satellite cells peaks. Two
days after injection of the siRNA satellite cells were analyzed for the presence of the
fluorescently labeled siRNA (Figure 4F). We analyzed how many satellite cells had taken up the
fluorescently labeled siRNA two days after injection into the regenerating muscle (Figure 5).
About 75% of all satellite cells in the regenerating muscle were positive for the fluorescently
labeled siRNA. Furthermore, we determined that about 74% of all regenerating myofibers were
positive for the fluorescently labeled siRNA suggesting that either 74% of the regenerating
myofibers had taken up the siRNA or that siRNA-positive satellite cells either had fused with
each other to form new myofibers or that fusion with already existing regenerating myofibers
occurred (Figure 5). This suggests that satellite cells take up the self-delivering siRNA and that
the siRNA persists in the satellite cells for at least two days.

FIGURE LEGENDS:

Figure 1: Injection of cardiotoxin into the tibialis anterior muscle. (A) Mice are anesthetized by
inhalation of isoflurane and the lower limb is shaved. (B) A 29-G needle is injected into the
tibialis anterior muscle (C) and moved along the tibia bone during injection of the cardiotoxin
solution.

Figure 2: Steps involved in dissection and freezing of the injured tibialis anterior muscle. (A)
The hind limb muscles are exposed (B) and the fascia surrounding the tibialis anterior muscle is
ripped to expose the muscle. (C) After removing the muscle, it is cut at the mid belly region into
two halves of similar size using sharp straight scissors (D). (E) The halves of the dissected muscle

10
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are embedded in an aluminum foil mold filled with freezing solution and frozen in liquid
nitrogen (F).

Figure 3: Equipment and steps involved in cryosectioning of tibialis anterior muscles. (A) The
chamber temperature of the cryostat is set to -21 °C. (B) The tibialis anterior muscle in the
freezing solution is mounted on the sample holder. (C) Sections of 14 um thickness are attached
to glass microscope slides.

Figure 4: Representative images of regenerating tibialis anterior muscles. H&E staining of
tibialis anterior muscles before (A) and 7 days after cardiotoxin injury (B). (C) In uninjured
muscle Pax7 positive (in red) satellite cells are located underneath the basal lamina marked by
laminin (in green). Nuclei are counterstained with DAPI (in blue). Pax7 positive cells are marked
by an arrow. (D) After 10 days of regeneration, myofibers are characterized by centrally located
nuclei (in blue), Pax7 is shown in red, laminin in green. Pax7 positive cells are marked by an
arrow. (E) Newly formed myofibers express developmental myosin (in red), laminin in green,
nuclei are counterstained with DAPI (in blue). (F) Fluorescently labeled self-delivering siRNA
(SiRED, depicted in red) is still found in satellite cells (Pax7 positive, in green, marked by an
arrow in the inset) 2 days after injection of the self-delivering siRNA into regenerating tibialis
anterior muscle (injection at day 3 after cardiotoxin mediated injury). Laminin is shown in white,
nuclei are counterstained with DAPI (in blue). Scale bar in A and B: 100 um, in C - E: 50 um, in F:
25 um.

Figure 5: Quantification of uptake of fluorescently labeled siRNA. (A) Quantification of siRNA
uptake by satellite cells (Pax7+ cells) and regenerating myofibers 2 days after injection into
regenerating skeletal muscle. Injection was performed at day 3 after cardiotoxin mediated
injury. n=3, error bars show SEM. (B) Quantification underlying the graph depicted in (A).

DISCUSSION

Here we present a method to investigate the function of a specific gene during regeneration of
skeletal muscle without the need of transgenic animals. This is accomplished by the
combination of cardiotoxin induced muscle injury with the injection of a self-delivering siRNA
into the regenerating skeletal muscle at day 3 after injury. We have described in detail the
procedures of muscle injury by cardiotoxin, the injection of the self-delivering siRNA and
processing of the harvested muscles to analyze the progress of regeneration. We demonstrate
that injection of the snake venom cardiotoxin into skeletal muscle effectively injures the whole
muscle and that self-delivering siRNAs are found in around 75% of all satellite cells among other
cell types two days after their injection into the regenerating skeletal muscle (Figure 4, 5).

Particular attention should be focused on a homogeneous injury of the tibialis anterior muscle
since varying degrees of injury influence the regeneration outcome and thereby also the effect
of the siRNA might be affected. Furthermore, it is critically important that the whole
regenerating area is injected with the self-delivering siRNA. For the analysis of the regeneration
process, it is recommended to always compare similar areas of the regenerating skeletal
muscle, therefore, the tibialis anterior muscle should be cut in half to always compare the mid-
belly region of the muscle. When analyzing the muscle, the whole cryosection needs to be
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analyzed since myofiber composition differs in the tibialis anterior muscle and might therefore
regenerate differently.

The function of satellite cells can be investigated by various experimental procedures including
their culture on the adjacent isolated single myofibers'’, by transplantation and by analyzing
regeneration of skeletal muscle after induced injury*®%°, Investigating the function of satellite
cells by using an in vivo induced injury model, e.g., injection of cardiotoxin, provides the ability
to analyze satellite cell function also in terms of their interaction with other cell types such as
macrophages and investigation of the influence of systemic factors2. Injury of skeletal muscle
can be accomplished by various means, e.g., eccentric exercise, freeze injury, injection of BaCl;
or injection of snake venoms such as cardiotoxin or notexin'®. While eccentric exercise is
probably the most physiological injury method, the injury to one particular muscle is only
limited?°. Freeze injuries can be applied when the migration of satellite cells towards the site of
injury is the aim of the study or only a specific part of the muscle should be injured.
Experimentally the disadvantage of freeze injuries is the open surgery which needs to be
performed to apply the precooled metal probe. Injection of BaCl; or snake venoms is the most
dramatic method of injury, thereby challenging satellite cell function the most. Furthermore,
the injection is minimally invasive, surgery time, in general, is less than five minutes and does
not involve suturing, etc. thereby minimizing the risk of infections.

Muscle injury is mostly used to investigate the functional consequences of loss of gene
functions, e.g., loss of Pax7”:?L. Especially if aged mice are the focus of the scientific question,
the generation or use of transgenic mice is often not feasible. Injection of self-delivering siRNAs
targeting a specific gene is a viable alternative in those cases and has been used successfully??.
In brief, the tibialis anterior muscle of mice was injured by injection of cardiotoxin and self-
delivering siRNAs directed against fibronectin (FN) were injected at day 3 after injury. Muscles
were analyzed 10 days after injury and a significant decrease in satellite cell numbers was
observed in siFN versus scrambled siRNA control conditions. The knockdown efficiency was
determined in whole muscle lysates by quantitative Real Time PCR 2 days after siRNA injection,
a reduction in expression levels of 58% was achieved suggesting that delivery and knockdown
efficiency are sufficient for functional analyses??. Alternatives for testing the knockdown
efficiency are either immunoblot or immunofluorescence analyses with antibodies directed
against the target gene. The efficiency and specificity of the siRNA used for in vivo injections
should be determined before injection into mice, e.g., by testing the efficiency in isolated
satellite cells or primary myoblasts. The use of a smart pool consisting of 4 different siRNAs
versus a single siRNA increases the efficiency of knockdown but also increases the risk of
unspecific targeting. The specificity of all siRNA sequences used should be tested in cell culture
to avoid off-target effects. As a control, a non-targeting scrambled siRNA should be used since
the injection of a siRNA per se might influence the regeneration process due to the injection
and, thereby, additional damage of the muscle. The time point of injecting the siRNA is
depending on the scientific question and on the expression profile of the target gene. Generally,
an injection of self-delivering siRNA at day 3 after cardiotoxin injury targets most genes
important for satellite cell proliferation since satellite cell proliferation peaks around day 3 after
injury. The time point for the first siRNA injection should not be less than 48 h after cardiotoxin
injury since the injection volume of cardiotoxin is quite high and reabsorption of the liquid
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should have taken place before injecting additional solutions into the muscle. In general,
multiple injections of siRNAs or a combination of different siRNAs is possible although one must
consider that each injection into the regenerating muscle is causing additional damage.

One limitation of the described method is the fact, that the effect observed is not necessarily
only depending on knockdown of the target gene in satellite cells but might be attributed to
other cell types such as immune cells or fibro-adipogenic progenitor cells. Therefore, it is
necessary to combine those experiments with experiments investigating a pure population of
satellite cells. One can either perform experiments using floating myofiber cultures, where
satellite cells are cultured on their adjacent myofibers or perform transplantation experiments
using isolated satellite cells'’.

An alternative to the injection of self-delivering siRNAs is the injection of small molecule
inhibitors or recombinant proteins which can be performed, depending on the scientific
guestion. For instance, the injection of the extracellular matrix protein fibronectin or small
molecule inhibitors of JAK/STAT signaling have been successfully performed in aged mice>1®.
The analysis of a particular gene function in one specific cell type during regeneration of skeletal
muscle, e.g., in satellite cells, is only possible through the use of an inducible genetic mouse
model. Injections of self-delivering siRNAs, recombinant proteins or small molecule inhibitors
might affect multiple cell types in regenerating skeletal muscle.
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devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
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summaries, extracts, Derivative Works or Collective Works
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whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
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the Author hereby grant to the public all such rights in the
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7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
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We have marked all changes in the manuscript in red and answered the comments by the
editor. Please find here a detailed list of the requested changes:

1. Title reworded to make it concise and clear. Please check.
The rewording of the title is ok.
2. Thisis moved here. Please check.
Moving of the comment to line 151 is ok.
3. Please include the number of days.

We have added the information that satellite cell numbers are increasing at day 3 after
injury.

4. Please include which gene was targeted with siRNA — Pax-7?

The siRNA is not targeting a specific gene, it is a scrambled control siRNA, which is
fluorescently labelled to allow the determination of transfection efficiency without
affecting a gene function (which might affect satellite cell proliferation, survival etc.). We

added the information that it is a scrambled siRNA in the manuscript.

5. Please include a result figure to show the efficiency of siRNA delivery. RT PCR, WB
etc?

The efficiency of siRNA delivery can be found in Fig5 showing that ~75% of all satellite

cells were positive for the siRNA. This is also stated in line 435-440 in the manuscript.

6. Please cover the commerical name ISIS in the figure 1A. We cannot have commercial
terms in the manuscript.

We have covered the name ISIS in Figure 1A

7. Please cover the commerical term Leica in the panel A. We cannot have commerical
terms in the manuscript.

We have covered the name LEICA in Figure 3A
8. This should be the part of the result section. Also include a figure for this.

The knockdown efficiency is referring to the reference 22 and not a result of our manuscript.
Therefore, we suggest to leave this part in the discussion section.
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