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Abstract

Aging and wasting of skeletal muscle reduce organismal fitness. Regrettably, only limited interventions are currently
available to address this unmet medical need. Many methods have been developed to study this condition, including
the intramuscular electroporation of DNA plasmids. However, this technique requires surgery and high electrical
fields, which cause tissue damage. Here, we report an optimized protocol for the electroporation of small interfering
RNAs (siRNAs) into the tibialis anterior muscle of mice. This protocol does not require surgery and, because of the
small siRNA size, mild electroporation conditions are utilized. By inducing target mRNA knockdown, this method
can be used to interrogate gene function in muscles of mice from different strains, genotypes, and ages. Moreover,
a complementary method for siRNA transfection into differentiated myotubes can be used for testing siRNA efficacy
before in vivo use. Altogether, this streamlined protocol is instrumental for basic science and translational studies in
muscles of mice and other animal models.
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Background

Skeletal muscle is an important tissue with many fundamental functions (Wolfe, 2006; Nair, 2005). Consistently,
diseases that affect skeletal muscle profoundly impact the organism’s fitness and survival (Demontis and Perrimon,
2009, 2010; Demontis et al., 2013a, 2014; Piccirillo et al., 2014; Rai and Demontis, 2016; Robles-Murguia et al.,
2020; Rai et al., 2021a). Among the many muscle diseases, muscle wasting is a debilitating condition associated
with aging and with diseases such as cancer, infections, kidney failure, sepsis, and neuromuscular disorders
(Demontis et al., 2013b; Bonaldo and Sandri, 2013; Tsoli and Robertson, 2013; Piccirillo ef al., 2014). Several
studies have demonstrated that muscle wasting worsens disease outcome and decreases patient survival, whereas
preserving skeletal muscle mass and function is protective (Zhou et al., 2010, Johnston et al., 2015). Skeletal
muscles are composed of multinucleated syncytial cells known as fibers or myofibers. Myofiber types with distinct
metabolic and contractile properties are differently abundant in muscles, and this varies in accordance with
anatomical location and function (Schiaffino and Reggiani, 2011; Schiaffino ef al., 2013). During muscle wasting,
these myofiber types are differently susceptible and impacted by atrophic stimuli (Demontis et al., 2013b; Piccirillo
et al., 2014; Bonaldo and Sandri, 2013; Ciciliot et al., 2013). Catabolic stimuli induce muscle wasting primarily via
the induction of myofiber atrophy, whereas changes in the number of myofibers are not common. Mechanistically,
a decrease in the size of myofibers occurs as a result of decreased synthesis and increased degradation of muscle
protein, which is mediated by the autophagy/lysosome and ubiquitin-proteasome systems (Demontis et al., 2013b;
Piccirillo et al., 2014; Bonaldo and Sandri, 2013). As for other muscle diseases, there are currently no therapies
available in the clinic to prevent or cure age- and disease-associated muscle wasting. To address this unmet medical
need, many experimental disease models and techniques for probing gene function in skeletal muscles have been
developed over the years.

Electroporation has been used as a general method for gene delivery that is potentially applicable to all organisms
and cell types (Ugen and Heller, 2003; Young and Dean, 2015). By using electrical fields, electroporation transiently
destabilizes the plasma membrane and facilitates the electrophoretic movement and intracellular delivery of DNA
plasmids (Ugen and Heller, 2003; Young and Dean, 2015). In skeletal muscle, this technique has been extensively
used for the expression of plasmid-encoded transgenes and the subsequent assessment of gene function in skeletal
muscle homeostasis (Aihara and Miyazaki, 1998; Rizzuto et al., 1999; Hoover and Magne Kalhovde, 2000; Sandri
et al., 2003; Bertrand et al., 2003; Peng et al., 2005; Tevz et al., 2008). Moreover, this experimental approach has
found translational application in improving the delivery of DNA plasmids, for mounting immune responses
(Widera et al., 2000; Zucchelli et al., 2000; Khan et al., 2014; Vandermeulen et al., 2014; Haidari et al., 2019;
Mpendo et al., 2020; Edupuganti et al., 2020), and for gene therapy in humans (Aihara and Miyazaki, 1998; Rizzuto
et al., 1999; Mizui et al., 2004; Wong et al., 2005; Brolin et al., 2015).

Here, we report an optimized protocol for the electroporation of small interfering RNAs (siRNAs) into the tibialis
anterior (TA) skeletal muscle of mice (protocol #1). We propose that this method can help to interrogate gene
function in skeletal muscle, by inducing the acute knockdown of the intended target mRNAs in animal models.
Moreover, we also report a protocol for siRNA-mediated knockdown in cultured myotubes (protocol #2), to
complement in vivo studies with siRNA-mediated electroporation.

Knowledge gained with this siRNA electroporation technique could be similarly applied for improving the
intramuscular delivery of other RNA species and RNA-based vaccines, as well as for other translational and basic
science applications.

Experimental design and controls

In this protocol, the TA muscle in one hind leg is electroporated with siRNAs for targeting the intended mRNA,
whereas the contralateral hind leg serves as control, and is electroporated with non-targeting (NT) siRNAs.
Therefore, this experimental design provides a robust internal control unhindered by differences between individual
animals. Nonetheless, to ensure that the results obtained from different animals in the same cohort can be cross-
compared, it is important to utilize animals of the same age and sex, and reared in a consistent manner (siblings
from the same litter should be utilized whenever possible).

A major advantage of the electroporation technique described here is that it allows probing gene function in
animals of different ages. Previous studies have used 6-month-old mice as “young” controls (Sheard and Anderson,
2012) because, while postnatal muscle development mostly occurs in the first 3 months of age, growth still occurs
in subsequent months (Ebert et al., 2015). However, whenever comparing electroporation experiments done at
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different ages, especially if these include ages at which postnatal development is not concluded, it is important to
normalize the TA mass to the length of the tibia bone. This accounts for differences in whole body size when
comparing muscles from different mice, because the tibia is typically static in fully-grown mice, and is not
influenced by muscle atrophic and hypertrophic stimuli (Rowland, 2007; Shavlakadze et al., 2010; Puppa et al.,
2014; Winbanks et al., 2016).

In addition to testing gene function in wild-type mice, siRNA electroporation can also be used to test the impact
of mRNA knockdown in disease settings (e.g., models of cancer cachexia). In this scenario, the electroporation
technique provides a suitable intervention for testing the requirement of a certain gene in disease progression. For
example, the electroporation of sSiRNAs can be used to probe whether impeding the upregulation of a cancer-induced
gene can preserve myofiber size and prevent cancer-induced TA mass loss. However, in this case, appropriate
controls will consist of the electroporation of gene-targeting and control NT siRNAs, in contralateral legs of animals,
with and without cancer (or another disease model).

Similarly, siRNA electroporation can be performed not only in wild-type animals but also concomitantly to
another genetic intervention [e.g., Cre-Lox—mediated ablation of another gene in muscle (McCarthy et al., 2012)].
In this scenario, the electroporation probes the genetic interaction between the siRNA—targeted and the Cre—targeted
genes. However, appropriate controls in this case will consist of the electroporation of gene—targeting and NT
siRNAs in contralateral legs of animals with and without Cre—mediated ablation of the second gene tested.

Similar experimental design and controls are also used with the siRNA-mediated knockdown of target genes in
cultured mouse C2C12 myotubes. Specifically, qRT-PCR and other cellular/molecular assays are used to test the
outcome of siRNAs targeting the intended gene compared to control NT siRNAs. Although the percentage of mMRNA
knockdown needed to uncover a phenotype varies depending on the mRNA targeted, a previous estimate based on
large-scale RNAI testing in Drosophila melanogaster suggests that phenotypes are typically uncovered when the
reduction in mRNA levels is above 50% (Sopko et al., 2014; Graca et al., 2021).

We propose that testing siRNA efficacy of target gene knockdown in cultured myotubes may constitute an
important step towards validation of siRNA reagents, before their use in vivo for TA muscle electroporation.

Limitations and comparison to other models

Because this protocol focuses on the electroporation of siRNAs, it is impacted by the known limitations associated
with RNA interference, including the possibility that siRNAs target unintended mRNAs (RNAi off-target effects),
and that the mRNA knockdown achieved via siRNAs is partial and insufficient to uncover a phenotype. These initial
impediments of RNAI are largely surpassed by late-generation reagents (e.g., sSiIRNA SMARTpools used here)
(Setten et al., 2019; Neumeier and Meister, 2020).

Another limitation of siRNA delivery via electroporation is that it induces some, albeit minimal, muscle damage
(McMahon and Wells, 2004; Skuk et al.,2013). In fact, the conditions reported in this protocol have been optimized
to avoid extensive muscle damage, which has been possible because delivery of siRNAs requires remarkably lower
electric fields and plasma membrane perturbation, when compared to the delivery of bulkier DNA plasmids (Aihara
and Miyazaki, 1998; Rizzuto et al., 1999; Hoover and Magne Kalhovde, 2000; Sandri et al., 2003; Bertrand et al.,
2003; Peng et al., 2005; Tevz et al., 2008), that have nonetheless lead to many landmark discoveries in muscle
biology (Murgia et al., 2000; Sandri et al., 2004; Menzies et al., 2010). Specifically, the electrotransfer voltages
used here have previously been demonstrated to be optimal (McMahon et al., 2001; Schertzer et al., 2006). Although
the higher voltages may induce muscle damage when the skin is removed, and electrodes are placed directly on the
muscle, the electroporation efficacy and damage are lower when the electrodes are placed on the skin without
surgical incision, as reported here. Moreover, the method used here, by which the electrical field orientation is
alternated (from lateral-medial to anterior-posterior), has been demonstrated to transduce more efficiently than the
single orientation of the electrical field (Golzio et al., 2012). Therefore, in our opinion, the limitations deriving from
the RNAI technology and electroporation are minimal due to the extensive optimization of siRNA reagents for this
established technology, and because of the mild and non-surgical electroporation conditions that are used for siRNA
delivery.

However, a major limitation of electroporation is that it allows for only a transient knockdown of gene function,
which has been reported to be significant for up to 2—3 weeks (Tevz et al., 2008). Therefore, it is not possible to
probe the long-term consequences of gene perturbation, as the electroporation only transiently affects mRNA levels.
For the same reason, because some proteins are extremely long-lived (Savas et al., 2012; Toyama et al., 2013;
Krishna et al., 2021), it may not be possible to impact their levels in the few-weeks timeframe of electroporation.
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A further limitation of this protocol is that it allows for the analysis of gene function only in TA muscles.
Therefore, it does not provide a means for testing gene function in muscles with different anatomical locations and
physiological functions (Schiaffino and Reggiani, 2011; Schiaffino et al., 2013). Therefore, rather than surgery-
mediated direct apposition to muscles, electroporation with electrodes apposed to the skin does not allow probing
gene function in internal muscles, such as the soleus. Alternative methods for gene delivery to skeletal muscle are
available, including adeno—associated viruses and sonodelivery (Decker et al., 2020; Manini et al., 2021), and they
may overcome limitations of electroporation—mediated delivery if needed.

Advantages

Nonetheless, compared to other interventions, the siRNA electroporation protocol reported here offers several
advantages. Some of the previously noted limitations (see paragraph above) can turn out to be advantageous under
certain conditions. For example, the partial knockdown of the intended mRNA might be an issue and impede the
uncovering of a phenotype. However, this might be advantageous when targeting a gene with fundamental functions,
which would result in the death of the animal if completely ablated and/or impacted across all skeletal muscles.

It has been previously noted that, over generations, knockout animals accumulate compensatory background
mutations that can reduce the phenotypic manifestation, and even lead to the complete disappearance of the
phenotype (Rossi et al., 2015). In this respect, the electroporation of siRNAs provides an acute intervention for
perturbing gene function, and it is therefore unencumbered by the compensatory adjustments that occur in classical
genetic mutants over time. Similarly, the genetic background (i.e., the genetic makeup of the animal beyond the
mutation in the intended gene) (Ungerer et al., 2003; Burnett et al., 2011; Lucanic et al., 2017; Hou et al., 2019;
Koh et al., 2020), the cytoplasmic background (derived from the oocyte, with its set of mitochondria and
cytoplasmic pathogens) (Toivonen et al., 2007; Joseph et al., 2013), and the microbiota (Ulgherait et al., 2016; Kim
et al., 2017; Mamantopoulos et al., 2017; Poussin et al., 2018; Vujkovic-Cvijin et al., 2020) are examples of
biological variables that are normally controlled only with a careful experimental design. For example, to ensure
that all experimental animals do not differ in their cytoplasmic background, all experimental animals should be
derived from the same mother, or at least from related mothers. To ensure that the animals are isogenic and do not
differ in their genetic background, they should be back-crossed several times (typically 10x) against the same
genetic reference strain.

The protocol reported here is based on the electroporation of siRNAs for the intended gene into the TA muscle
of one hind leg, and the electroporation of control non-targeting (NT) siRNAs into the contralateral hind leg of the
same animal. On this basis, any observed phenotype obtained with siRNAs for the intended gene versus NT siRNAs
is not due to inter-individual differences in the genetic background, cytoplasmic background, or microbiota.
Therefore, the protocol described here provides ideal settings for testing gene function in the TA muscle, without
confounding biological variables.

Although skeletal muscle primarily consists of syncytial muscle cells (known as fibers or myofibers), there are
many infiltrating and associated cells that are important for muscle homeostasis. These include immune cells,
endothelial cells, fibroadipogenic progenitors, and satellite muscle stem cells. The electroporation likely targets all
these cell types (Wong et al., 2005; Dean, 2013), and hence allows for the investigation of the function of a certain
gene, not only in myofibers, but also in other muscle-associated cells.

Potential applications of this protocol and future directions

Due to its simplicity, this protocol can be applied to many different mouse strains and disease models. Moreover, it
is potentially applicable to other rodent species that are generally used in research (such as rats), and other emerging
rodent disease models, such as the long-lived naked-mole rat, and Octodon degus, a rodent that has been reported
to develop spontaneous Alzheimer’s-like disease (Buffenstein, 2005; van Groen et al., 2011; Valenzano et al., 2017).
Although these rodents radically differ from each other in regards to many features, including their life trajectories
and disease predisposition, they all have TA muscles that are easily accessible for electroporation, without the need
of any surgery. However, the TA muscle is bigger in rats; thus, the procedure reported here for mice would need to
be scaled up. Alternatively, only a localized area of the TA could be electroporated and eventually sampled with a
localized biopsy. Indeed, with appropriate adjustments, the siRNA electroporation described here could prove useful
in investigating skeletal muscle biology also in larger model organisms, such as marmosets and monkeys (upon
appropriate ethical approvals). In this case, the impact of siRNA electroporation into TA muscles could be tested
by obtaining a biopsy of the electroporated area of the TA, without requiring sacrificing the animal (Joyce et al.,
2012; Cotta et al., 2021). Beyond the TA, it may also be possible to adapt this method to test the impact of gene
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knockdown in other skeletal muscles. However, such additional testing would be limited to skeletal muscles located
beneath the skin, and hence susceptible to electroporation without surgical incision.

In addition to RNAi—-mediated knockdown, this electroporation method can also be used in conjunction with gene
editing technologies such as CRISPR, to obtain target gene knockout and overexpression (Gaj ef al., 2013; Doudna
and Charpentier, 2014; Jiang and Doudna, 2017). For example, electroporation of short-guide RNAs (sgRNAs) into
TA muscles of mouse models that express Cas9 or Cas9 fused with a transcriptional activator could lead to target
gene deletion or overexpression, respectively, whereas electroporation of the contralateral leg with mock sgRNAs
would provide a matched control.

Beyond its use in experimental animal models, it has been proposed that TA electroporation in humans may
constitute a means for gene therapy, by improving the intramyofiber delivery of DNA vaccines (Widera et al., 2000;
Zucchelli et al., 2000; Khan et al., 2014; Vandermeulen et al., 2014; Haidari et al., 2019; Mpendo et al., 2020;
Edupuganti et al., 2020), and potentially also of recently-developed RNA-based vaccines, and for the production of
cytokines, growth factors, and other therapeutic factors by the skeletal muscle of patients with a number of diseases
(Aihara and Miyazaki, 1998; Rizzuto et al., 1999; Mizui et al., 2004; Wong et al., 2005; Brolin et al., 2015).

Materials and Reagents

Biological materials (protocol #1)

1. Laboratory animals:
C57BL/6J mice (The Jackson Laboratory, catalog number: 000664). However, this protocol can be used with
any mouse strain, and it can be similarly applied also to other experimental rodent models.
CRITICAL: For electroporation, the animals should be 6 months of age minimum, to ensure postnatal muscle
growth has been completed. However, younger animals can be used, if the intent is to probe the role of a gene
in postnatal muscle growth.

Biological materials (protocol #2)

1. C2CI12 murine myoblast cells:
The cells were obtained from the ATCC (ATCC, catalog number: CRL-1772), and were cultured in DMEM +
GlutaMax with 10% (v/v) FBS media and 1% (v/v) penicillin/streptomycin at 37°C, with an atmosphere of 5%
(v/v) CO». For differentiation into myotubes, cells were grown up in DMEM + GlutaMax with 2% (v/v) HS
media and 1% (v/v) penicillin/streptomycin, under the same conditions.
CRITICAL: Al cells were tested every 6 months for Mycoplasma sp. contamination. The maximum passage
Jfor optimal results is 10.

Reagents (protocol #1 and #2)

Electroporation (protocol #1)

1. Hyaluronidase — Type IV-S from Bovine Testes (Sigma-Aldrich, catalog number: 4272)

2. 5% siRNA Buffer (Horizon, catalog number: B-002000-UB-100)

3. 1x PBS (Gibco, catalog number: 10010-023)

4. 20 nM ON-TARGETDplus siRNAs (delivered as individual siRNAs or as a SMARTpool of 4 siRNAs), such as
the Non-targeting Control (Horizon, catalog number: D-001810-10-20) or siRNAs to target a gene of interest
(Note: Other types of RNAi reagents could also be used in this protocol in place of the ON-TARGETplus
siRNAs). Fluorophore-labeled siRNAs (siGLO reagents, such as the siGLO Red Transfection Indicator, D-
001630-02-05) can also be used to monitor siRNA delivery when testing this protocol.

5. Isoflurane (Piramel Critical Care, catalog number: 66794-013-25)

Medical Oxygen [100% (v/v) O]

7. Nair Depilatory Cream (Church & Dwight, or equivalent)

o

Cryopreservation (protocol #1)
1. Tragacanth Gum (Sigma-Aldrich, catalog number: G1128)
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2. 2-Methylbutane, i.e., isopentane (Sigma-Aldrich, catalog number: 277258)
3. Ethyl Alcohol, 140 Proof (Pharmco by Greenfield Global, catalog number: 111000140)

Cryo-sectioning (protocol #1)

1. Tissue-Tek O.C.T. Compound (Sakura Finetek USA, Inc., catalog number: 4583)

2. Hematoxylin Stain (Cancer Diagnostic, catalog number: SH5777)

3. Mount Quick Aqueous Mounting, 30 mL (Research Products International, catalog number: 195705)

Immunohistochemistry (protocol #1)

Bovine Serum Albumin (BSA; GoldBio, catalog number: A-420-1)

Triton X-100 (Sigma-Aldrich, catalog number: 9002-93-1)

SC-71-s Primary Antibody (Developmental Studies Hybridoma Bank, catalog number: SC-71)
BF-F3-s Primary Antibody (Developmental Studies Hybridoma Bank, catalog number: BF-F3)
Laminin a2 Antibody (Santa Cruz Biotechnology, catalog number: SC-59854)

Alexa Fluor 488 goat anti-mouse IgG1 (Thermo Fisher, Invitrogen, catalog number: A21121)
Alexa Fluor 555 goat anti-mouse IgM (Thermo Fisher, Invitrogen, catalog number: A21426)
Alexa Fluor 647 goat anti-rat IgG (Thermo Fisher, Invitrogen, catalog number: A21247)
DAPI (Sigma-Aldrich, catalog number: 10-236-276-001)

Slow Fade Gold Antifade (Thermo Fisher, Invitrogen, catalog number: S36937)

Rapid Dry Topcoat Polish (Electron Microscopy Sciences, catalog number: 72180)

el e S e

— O

Cell Culture (protocol #2)

DMEM, high glucose, GlutaMax Supplement (Gibco, catalog number: 10566106)
Fetal Bovine Serum (FBS; Gibco, catalog number: 10438-026)

1x Penicillin/Streptomycin 10,000 U/mL (P/S; Gibco, catalog number: 15140122)
Horse Serum (HS; Gibco, catalog number: 26050070)

Opti-MEM Reduced Serum Media (Gibco, catalog number: 31985062)
Lipofectamine 2000 (Invitrogen, catalog number: 11668019)

Cytosine f-D-arabinofuranoside (Sigma-Aldrich, catalog number: C1768)

0.25% Trypsin-EDTA (w/vol), phenol red (Gibco, catalog number: 25200056)

PN AW =

Myotube Immunostaining (protocol #2)

1. 16% Paraformaldehyde (PFA) Aqueous Solution, EM Grade (Fisher Scientific, catalog number: 50-980-487)
2. Myosin 4 Monoclonal Antibody MF20 (Thermo Fisher Scientific, catalog number: 14-6503-82)

3. Alexa Fluor 555 goat anti-mouse IgG2b (Thermo Fisher, Invitrogen, catalog number: A21147)

Reagent setup (protocol #1 and #2) (see Recipes)
10% Tragacanth

Hyaluronidase stock solution

Hyaluronidase working solution

50 uM siRNA stock

2% BSA blocking buffer

Primary antibody staining solution (frozen slides)
Secondary antibody staining solution (frozen slides)

10% FBS

2% HS

1% P/S

. 4% PFA

. Primary antibody staining solution (cell culture myotubes)
. Secondary antibody staining solution (cell culture myotubes)

PN R W=

—_ e = =\
W= o
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Equipment

For protocols #1 and #2

1. Induction chamber with nose cone (VetEquip V-10 Mobile Unit)

2. Isoflurane vaporizer (VetEquip, catalog number: 911103)

3. 29 s-gauge needles (Fisher Scientific, catalog number: 14-841-32) and U-100 insulin syringes (0.5 mL 0.33 x
12.7 mm; Exel INT, catalog number: 26028)

4. Electro Square Porator (ECM830 BTX Harvard Apparatus) and electrodes (Genetrodes, Straight, 10mm Gold

Tip, catalog number: 45-0114, BTX Harvard Apparatus)

Petri dish, stackable lid 100 mm x 15 mm Sterile (Fisher Scientific, catalog number: FB0875712)

Exel International stainless steel disposable scalpel #11 (Fisher Scientific, catalog number: 14-840-01)

Carbon fiber digital caliper (Fisher Scientific, catalog number: 15-077-957)

Moloney forceps (Roboz Surgical Store, catalog number: RS-8254)

9. Graefe forceps (Roboz Surgical Store, catalog number: RS-5139)

10. Dissecting scissors, 4.5” Straight (Roboz Surgical Store, catalog number: RS-5912)

11. Operating scissors, 4.5” Straight (Roboz Surgical Store, catalog number: RS-6802)

12. Dressing forceps (World Precision Instruments, catalog number: 500365)

13. Cork sheets (Fisher Scientific, catalog number: 07-840-10)

14. Benchtop liquid nitrogen container, 2 L (Thermo Fisher Scientific, catalog number: 2123)

15. Versi-Dry Dispenser Roll, 20” by 100’ (Thermo Fisher Scientific, catalog number: 62070)

16. Insulated foam cooler

17. Precision balance (such as Sartorius Secura Analytical Balance 0.1mg)

18. 250 mL beaker (DWK Life Sciences, Kimble)

19. Leica CM3050S Cryostat (Leica Biosystems, catalog number: 14903050S)

20. Superfrost plus microscope slides (Fisher Scientific, catalog number: 22-037-246)

21. Specimen disc, 30 mm (Leica Biosystems, catalog number: 14037008587)

22. Leica disposable blades low-profile 819 (Leica Biosystems, catalog number: 14035838925)

23. 3 mL Transfer pipet (Falcon, catalog number: 357524)

24. Coverglass 22 x 30 mm, 1.5 thickness (Fisher Scientific, catalog number: NC1272771)

25. Single edge industrial razor blade (VWR, catalog number: 55411-050)

26. Microscope slide box 100p cork (Fisher Scientific, catalog number: 22-267294)

27. Kimwipes (Fisher Scientific, catalog number: 06-666A)

28. Wax pen Dako (Agilent, catalog number: S2002)

29. Laser-scanning confocal microscope (e.g., Nikon C2)

30. Nikon Elements software (Advanced Research version)

31. CO; incubator (5% (vol/vol) CO,, 37°C)

32. Class II, Type A2 Biological Safety Cabinet

33. High capacity, benchtop centrifuge (Sorvall T6000D)

34. TI150 cell culture flask (MidSci, catalog number: TP90151)

35. 6-well Corning Costar Flat Bottom cell culture plates (Corning, catalog number: 3516)

36. Falcon 50-mL conical tubes (Fisher Scientific, catalog number: 352070)

37. Corning Costar 10-mL serological pipettes (Corning, catalog number: 4488)

38. Corning Costar 25-mL serological pipettes (Corning, catalog number: 4489)

39. Disposable 9-in Pasteur pipet (Fisher Scientific, catalog number: NC9496627)

40. Portable Pipette Controller (Drummond Scientific Company, catalog number: 4-000-101)

41. Hausser Scientific Hemocytometer (Fisher Scientific, catalog number: S17036)

42. Hand Tally counter (Fisher Scientific, catalog number: 07-905-6)

43. Inverted phase contrast microscope

44. Biohazardous waste container

45. Conical tube rack

46. Fluorescence microscope (Keyence BZ-X700)

Equipment setup
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Surgical room (protocol #1)

All animal experiments and dissections should be performed in a designated procedure room with access to an
isoflurane anesthesia chamber and oxygen. In the procedure room, sterilize the workstation with 70% alcohol and
place down a surgical absorbent pad. Dress in proper personal protective equipment, including full gown, hair cover,
shoe covers, face mask, and sterile gloves.

Preparation for dissecting tissues (protocol #1)

Prior to entering the procedure room, prepare for each sample: a 1.5-mL RNAse-free microcentrifuge tube, and a 2-
cm X 2-cm cork pad for muscle mounting and cryopreservation. Gather all reagents necessary, including liquid
nitrogen, isopentane, and tragacanth. Prepare a plastic beaker with 100 mL of isopentane, insert it into a Styrofoam
pad, and float in liquid nitrogen inside an appropriate insulated container with a tight-closing lid. Allow isopentane
to reach optimal temperature (-160°C) before freezing any tissue. Sterilize all surgical tools with 70% alcohol.

Cell culture preparation (protocol #2)

All cell culture experiments should be performed in a sterile Class II Type A2 Biological Safety cabinet, in a
designated procedure room. All personnel should be trained according to BSL-2 protocols. Experiments should be
performed using aseptic technique, and 70% ethanol used to sterilize the cell culture hood, all equipment, and
reagents. Biohazard waste should be discarded in the appropriate manner according to institutional and state laws.
The appropriate PPE, including gloves and a clean laboratory coat, must be worn. Prior to all experiments, the
necessary reagents should be warmed in a 37°C water bath for a minimum of 30 min, unless otherwise stated in the
protocol.

Software

1. GraphPad Prism (version 7 or higher)
2. Imagel

Procedure

A. Electroporation of muscle * Timing ~2.5 h per mouse

1. Place the mouse in the induction chamber and deliver 3.0% (v/v) isoflurane at a 2.5-L/min flow rate, until
the animal is fully anesthetized. Monitor the mouse’s breathing rate and test the efficiency of the anesthesia
via the toe-pinch reflex.

CAUTION: Isoflurane is hazardous if vapor is inhaled. Ensure proper ventilation.

2. Remove the mouse from the induction chamber and transfer it to a surgical pad. Place the animal in the
nose cone apparatus and maintain isoflurane levels.

3. Add a dime-sized amount of depilatory lotion to the leg for 10 s and wipe it with 70% ethanol.

4. Inject 30 puL of hyaluronidase working solution directly into the TA muscle. To do so, position the needle
with a ~10° tilt onto the desired hind leg, oriented so that you can see the opening of the needle. Insert the
needle starting from the lower attachment of the TA until reaching the upper part of the muscle. Slowly
release all the solution while pulling the needle out from the muscle (Figure 1a—b). Ensure that all content
is delivered. As a result, the muscle will inflate, but you should not see any subcutaneous liquid.
CRITICAL: Hyaluronidase degrades hyaluronic acid, a component of the extracellular matrix, and is
crucial for helping the siRNAs spread through the TA.

5. Once injected, return the mouse to its cage, and allow it to recover for 2 h before anesthetizing it again.
CRITICAL: Ensure the mouse has access to food and water during recovery.

6. While the mouse is recovering, set up the electroporation machine and adjust the settings to read 20 ms, 1
Hz, and 80V. Test the electrodes by pulsing the tips into water. The pulse will produce bubbles if working
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properly.
CAUTION: The electrodes can cause damage to the skin if touched directly.

7.  After 2 h from the hyaluronidase injection, anesthetize the mouse again and place it back in the nose cone,
maintaining the same levels of isoflurane as before. Inject 30 pL of 50 uM siRNA directly into the TA
muscle, in a similar manner as done for the hyaluronidase solution (step 4; Figure 1a-b).

8.  Electroporate the muscle injected with siRNA by placing the Genetrodes electrodes on the previously-
shaved skin parallel to the TA muscle, and pulsing four times (each pulse consisting of 1 Hz, 80 V, for 20
ms) with 1 s interval in-between the pulses (Figure 1c¢). Repeat this process with the electrodes placed
perpendicular to the TA muscle (Figure 1d—e). Positioning the electrodes onto any area of the shaved skin
on top of the TA will work, as long as firmly pressed on it.

CAUTION: Make sure the electrodes are not touching each other or your hands. Keep the electrodes 0.2
cm apart from each other.

9. Return the mouse to the cage for recovery. Plan to dissect the muscle for subsequent analyses 7 days post
electroporation.

tibia bone
and
tibialis anterior

muscle

Figure 1. Electroporation of siRNAs into the myofibers of tibialis anterior muscles.
A. Location of the tibialis anterior (TA) muscle and associated tibia bone in the hind leg. b. Injection of
hyaluronidase and siRNAs into the TA: these solutions are slowly released while pulling out the needle. ¢, Set
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up of the electroporator apparatus. d—e. Parallel (d) and perpendicular (e) placement of electrodes on the skin
on top of the TA for the electroporation of siRNAs.

B. Muscle dissection and preservation * Timing ~7 min per mouse (protocol #1)

10.

11.

12.

13.

14.

15.

16.

17.

Place the mouse into the euthanasia chamber, and deliver 100% (v/v) CO- at a 3-L/min flow rate for 2 min.
Observe the animal for lack of breathing, and maintain the CO; level for an additional minute. Remove
the animal from the chamber, and perform cervical dislocation to confirm the animal’s death. Record its
weight (relevant if comparing results obtained from animals of different ages, as explained in the
background section), and immediately transfer to the surgical absorbent pad.

Position the animal on its back and spray the hind leg with 70% ethanol. Remove the skin surrounding the
leg by making a small cut above the ankle with the operating scissors. Pull the skin back towards the thigh
with the Moloney forceps to expose the TA.

CRITICAL: Carefully remove the fascia (i.e., the connective sheet that covers the muscle) by using the
tips of the Moloney forceps.

CAUTION: All surgical tools are extremely sharp and could cause injury if not used properly.

Sever the distal tendon with a scalpel to release the muscle from the ankle. Using the Moloney forceps,
pull the muscle toward the thigh, and hold the tissue in place. Detach the muscle from the proximal
attachment and associated bone (i.e., the tibia) using the micro-dissecting scissors. Weigh the muscle and
record the measurement.

To preserve the tissue for analysis, cut the TA in half at the mid-belly (the widest section of the muscle)
with a scalpel. Prepare the sample for histology by spreading tragacanth on a prepared cork square. Using
the Graefe forceps, drag the distal half of the TA muscle, tendon side down, into the tragacanth. Place the
cork into the isopentane suspended in liquid nitrogen for a minimum of 3045 s, to cryopreserve the tissue.
CAUTION: Isopentane is hazardous if inhaled. Avoid skin contact and wear protective equipment when
handling.

Cut the remaining piece of the TA muscle in half again. Collect all the tissue in the prepared 1.5-mL
microcentrifuge tube, and place in liquid nitrogen to snap-freeze for further analyses (such as western blot,
RNA-seq, proteomics, efc.), following similar procedures as previously described (Meng et al., 2014).
CRITICAL: Perform an RNA extraction using one of the tissue pieces, to test the knockdown efficiency
of the siRNA via qRT-PCR.

Using the operating scissors, cut at the middle of the knee to detach the leg from the animal. Once detached,
locate the junction of the knee and tibia bone, and cut again. To expose the bone, press the foot of the
animal towards the surgical pad, and pull the skin down. Measure the length of the tibia (in mm) using the
digital caliper, and record. The measurement of the tibia length is used to normalize the weight of the TA
muscle, in order to account for variability in body and muscle size among experimental animals.

Repeat steps 11-15 on the opposite leg.

Note: In order to provide an appropriate robust control, one TA is electroporated with siRNAs targeting
a gene of interest, whereas the other TA in the contralateral leg is electroporated with control non-
targeting siRNAs (Figure 2).

Temporarily store the cork and tubes on dry ice during dissections. Store all samples at -80°C for future
analysis.
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Figure 2. Dissection of the tibialis anterior muscle and tibia.

a—i. Step-by-step visual representation of the dissection of the tibialis anterior (TA) muscle from the front of
the hind leg. a. A small incision is made at the ankle using operating scissors. b. The skin is removed to expose
the underlying TA muscle. ¢. The fascia is removed. d. The proximal tendon is severed, releasing the TA muscle.
e. The TA muscle is pulled towards the thigh. f. The muscle is detached from the tibia bone. g. A cut is made
at the level of the knee to detach the lower part of the hind leg. h. The junction between the knee and tibia bone
is cut. i. The tibia is placed on the surgical pad, and the foot of the animal is pulled down to expose the bone,
so that the full length of the tibia bone can be correctly measured.

C. Cryo-sectioning of tissue * Timing ~15 min per sample (protocol #1)

18. Remove the tissue from the -80°C freezer, and place it in the cryostat chamber 30 min prior to sectioning.
Adjust the specimen and chamber temperatures to -20°C.

CRITICAL: Specimen temperature varies depending on specimen type. For skeletal muscle, it is
recommended a temperature range between -25°C and -15°C.

19. Place the specimen disc and brushes into the chamber, and align the disposable blade into the holder.
CAUTION: The disposable blade is sharp; use caution when handling to avoid injury. The cryostat
handwheel should always be in the locked position when not in use.

20. Apply a sufficient amount of O.C.T. onto the 30-mm specimen disc, and mount the sample. Prepare four
microscope slides per sample while the tissue freezes.

21. Once the tissue is frozen, insert the disc into the specimen head. Using the attached levers, orient the tissue
into the desired position, and clamp down.

Cite as: Stephan, A. et al. (2022). Electroporation of Small Interfering RNAs into Tibialis Anterior Muscles of Mice. Bio-
protocol 12(11): e4428. DOI: 10.21769/BioProtoc.4428. 11



bio-protocol Published: Jun 05, 2022

22.

23.

24.

25.

26.

27.
28.

Adjust the trimming thickness to 10 um, and bring the specimen towards the disposable blade, by
unlocking the handwheel and using the motorized coarse feed. Begin trimming the muscle manually by
rotating the handwheel clockwise until the tissue is smooth.

Trim the tissue again with the anti-roll plate down. Using a brush, smooth out the tissue and collect the
sample onto a microscope slide.

TROUBLESHOOTING: If the sections curl or shred, adjust the knob attached to the anti-roll plate, to
change its distance from the blade.

To test if the section is trimmed correctly, apply hematoxylin stain to the slide with a dropper, and wash
with water after 10 s. Mount the slide and observe under a microscope. If correct, trim and collect the
tissue until each additional microscope slide has up to three sections of tissue for subsequent
immunostaining.

When finished, lock the handwheel and remove the specimen from the specimen head. Insert a razor blade
between the disc and the tissue cork, to detach the sample from the freezing medium. Temporarily store
the tissue on dry ice.

CAUTION: The razor blade is sharp, be careful when using to avoid injury.

Return the specimen head to the home position, and remove the disposable blade. Sweep all sectioning
waste into the waste tray, and discard it in the biohazard waste.

CRITICAL: Do not leave the specimen in the cryostat chamber, as the chamber defrosts every 24 h.
Disinfect the chamber using 70% ethanol, close the chamber sliding window, and turn off the illumination.
Preserve the microscope slides in a slide-box and keep them at -20°C until needed. The slides can be stored
at -20°C indefinitely.

D. Immunostaining slides * Timing ~1.5 h for day one and ~3 h for day two (protocol #1)

29.
30.

31.

32.

33.

34.

3s.

36.

37.

Remove the slides from -20°C storage and thaw them in a dry slide box for 10 min at room temperature.
Once thawed, outline a square around the desired tissue on the slide using a hydrophobic wax marker.
Hydrate the slides with 1x PBS for 10 min, being careful not to touch the tissue.

Aspirate the PBS from the slides and add 2% BSA-0.1% Triton X-100 blocking solution for 1 h at room
temperature.

Aspirate the blocking solution and add the primary antibody staining solution to the slides. Incubate
overnight at 4°C. To identify TA myofiber types, the primary antibody solution should include anti-
laminin a2, to detect myofiber boundaries, SC-71 antibodies, to immunostain for type IIA myofibers, and
BF-F3 antibodies, to immunostain for type IIB myofibers. To minimize evaporation of the antibody
solution, add water or soaked paper to the box containing the slides.

The next day, remove the slides from 4°C and aspirate the antibody solution. Wash the slides three times,
using 1x PBS at room temperature. Incubate the slides with secondary antibodies at room temperature for
2 h. For the immunostaining of TA myofiber types, the secondary antibody solution should contain
appropriate Alexa Fluor-conjugated antibodies, including AF647 goat anti-rat IgG to detect laminin,
AF488 goat anti-mouse IgG1 to detect type IIA fibers, and AF555 goat anti-rabbit [gM to detect type I1B
fibers. DAPI can also be included to stain the nuclei of myofibers.

Wash the slides twice with 1x PBS. After the final wash, prepare each slide individually by aspirating the
1x PBS from the slides, and removing the wax coating with a kimwipe.

To preserve for imaging, add two drops of antifade mounting medium to the slide, and place a cover glass
over the tissue. Allow the slides to air dry for 24 h at room temperature.

CRITICAL: Fluorescent dyes are light-sensitive, store the slides in a dark place.

After 24 h, seal the slides by coating the edges with clear nail polish, and store at 4°C.

PAUSE POINT: Samples can be stored at 4°C for weeks or even months, but the signal intensity will
decline over time.

Analyze the samples using a laser-scanning confocal microscope (Figure 3).
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Figure 3. Outcome of siRNA electroporation into tibialis anterior muscles.

a. Representative images of tibialis anterior (TA) skeletal muscles following electroporation of siGLO red and
non-fluorescent control non-targeting (NT) siRNAs. Red fluorescence is detected in TA muscles electroporated
with siGLO red, whereas no fluorescence is detected with NT siRNA electroporation. b. Red fluorescence is
also detected in the myofibers of the TA muscle electroporated with siGLO red. ¢. Cross-sections of TA muscles
7 days after electroporation with control NT siRNAs and with siRNAs targeting the myokine Cyr61.
Immunostaining for different myosin heavy chain isoforms identifies distinct myofiber types: type IIA (green),
presumed IIX (black, i.e., lack of staining), and IIB (red) myofibers. Note the lack of damage/regeneration in
the muscle electroporated with Cyr6l siRNAs, whereas only minor inflammatory infiltration and small
regenerated fibers are marginally seen on the periphery to the right side (yellow asterisk) in the TA muscle
electroporated with NT siRNAs. Cyr61 siRNAs induce a shift from type IIX to type IIB myofibers. Data in a—
b is reproduced from Hunt LC et al. Cell Reports (2019), and data in c is from Hunt LC et al. Cell Reports
(2021a).

Confocal Imaging * Timing ~7 min per slide (protocol #1)

38. Turn on the Nikon C2 microscope. Open the imaging software program “NIS-Elements-Confocal”. For
each laser channel, open the pinhole, and change the pixel size to 1024 x 1024 pixels.
NOTE: Equivalent laser scanning confocal microscopes and associated image acquisition software can
be used for these analyses.

39. Mount the sample slide on the stage, with the coverslip down. Turn on the “Eye Port”, and use the 4x
objective to observe the slide through the eyepiece. Adjust the stage until the lens is centered on the muscle
section.
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40.

41.

42.

Turn off the eye port, and switch to the 10x objective. Select the Cy5 channel (405 nm), and scan the
image live. Adjust the focus until the laminin-stained cell boundaries are clear. For each individual laser
channel, optimize the signal amplification by adjusting the gain.

CRITICAL: Set the gain of the Cy5 channel using a control sample, and keep consistent for all samples.
Under the ND Acquisition tab, select lambda to individually check the confocal single channels: Cys5,
FITC, TRITC, and DAPI. Then, select Larger Image, and scan the area in 4 x 4 fields, with an optimal
path overlap of 10% stitching.

Select “start run” and save the image as both a ND2 and JPEG file for image analysis.

F. Image Analysis — Nikon Elements * Timing ~10 min per image (protocol #1)

43.

44,

45.

46.

47.

48.

49.
50.

51.
52.

Open the Nikon Elements — Advanced Research software. Select the analysis controls from the View
pulldown menu, and dock the binary layers, thresholding, and object count functions.

Open the image as an ND2 file, and use the polygonal region of interest (ROI) option to draw an outline
around the muscle section, to carefully establish a boundary for analysis. Under the result table, record the
total area of the muscle, which will be later used to determine the total cross-sectional area (CSA).
CRITICAL: Outline as close to the border of the muscle as possible, to avoid detection of background
by the analysis software.

Under the object count control, observe the restrictions box. Select both Area and MinFeret, and set the
desired restrictions. For skeletal muscle, the restriction range is 100—-10,000 pm? and 10-150 pm, for area
and Feret’s minimal diameter, respectively. Once set, select keep updating count.

CRITICAL: Restrictions and ranges can be adjusted according to the experimental model. Parameters
can also be added under the results table.

Observe three working layers on the binary layers control: Cy5, FITC, and TRITC, representing laminin,
type IIA fibers, and type IIB fibers, respectively. Set the threshold by selecting each layer individually,
and adjusting the low/high option. Specifically, the software will display the detected fibers in a different
color from the rest of the muscle based on the threshold limit. Using the reference layers, adjust the
threshold to accurately represent the fibers by ensuring the threshold is identifying individual myofibers,
based on the corresponding immunostaining (i.e., anti-IIA immunostaining only identifies IIA fibers).
Once set, keep the thresholds the same for all images.

CRITICAL: For skeletal muscle, the low threshold for the Cy5 (Alexa 635) channel is always 0, and the
high threshold for the FITC/TRITC (Alexa 488/555) channels is always 4095.

To determine type IIA myofibers, open the binary operations dialog box and create an intersection (AND)
between the Cy5 and FITC layers. The software will recognize the fibers using the inverse threshold of
laminin a2, to determine myofiber boundaries.

After the intersection is created, review the area of each fiber under the results table on the object count
control. Use the reference layer for FITC as a guide, and delete any intersection that does not represent a
fiber. Export the data into Excel, and label the sheet as the sample name and fiber type.

To determine type IIB myofibers, repeat steps 47—48 for the TRITC channel.

To find non-stained, presumed type IIX fibers, open the binary operations dialog box and create a
subtraction (second layer from first layer) between the Cy5 and FITC layers. Repeat this step by using the
newly created subtraction layer, and the TRITC layer. Review the area as before, deleting any non-fiber,
and export the data to Excel.

De-select keep updating count, and close the image. Do not save changes to the image.

Repeat steps 4751 for each sample (Figure 4).
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Figure 4. Analysis of TA myofiber size with the Nikon Elements software.

a. The Nikon Elements software is opened, and the thresholding, binary layers, and object count functions are
docked. b. The image is opened, and a polygonal region of interest (ROI) is drawn around the muscle border.
¢. On the object count function, the Area and MinFeret options are selected, and the restrictions are set to the
desired range. The “keep updating count” function is selected. d. Three working layers (CyS5, FITC, and TRITC)
are observed, and the thresholds are adjusted to accurately represent the fiber types (IIA, IIB, and IIX), and the
myofiber boundary (indicated by anti-Laminin immunostaining). e. An intersection is created between the Cy5
and FITC channels, by using the binary operations dialog box to identify IIA fibers. f. An intersection is created
between the Cy5 and TRITC channels, using the binary operations dialog box to identify IIB fibers. g. A
subtraction is created between the Cy5 and FITC channels, using the binary operations dialog box. The step is
repeated, using the newly created subtraction and the TRITC channel. Non-stained, presumed IIX fibers are
detected. After steps e—g, the resulting data is exported to Excel for analysis.
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G. Average Feret’s Minimal Diameter and Percentages of Fibers Analysis using Excel and
GraphPad Prism software * Timing ~15 min per sample group (protocol #1)

53. Add a new sheet to the Excel file with the Nikon Elements analysis data. Create two tables, one for the
average Feret’s minimal diameter (FMD), and one for the percentage of fibers. Label the columns with the
fiber types (IIA, 1IB, and IIX), and the rows with the sample name.

54. To determine the FMD for each fiber type per sample, take the average of the Feret’s minimal diameter
from the exported data. This analysis can also be performed for the cross-sectional area (CSA) of each
fiber, by averaging the total area number recorded previously.

55. To obtain the percentage of fibers, count the total number of fibers for each fiber type per sample from the
exported data. Sum the fiber counts (IIA, 1IB, and IIX) together for the sample, and divide the individual
fiber type count by the sum. Multiply that number by 100 to display the data in percentage.

56. Graph and analyze the results using GraphPad Prism, or an equivalent graphing software, by creating a
new Grouped table, and selecting to “enter number of replicates in side-by-side sub columns”. Title each
column as the name of the sample group, and label each row with the fiber type. The number of replicates
corresponds to the number of samples per experiment group.

57. Copy the average FMD or percentage of fibers data calculated in the Excel file, and paste into the
corresponding data table.

58. Graph the data as an individual interleaved scatter plot, and measure the variability by using the mean with
standard deviation (SD).

59. Analyze the data using the 2-way ANOVA test under grouped analyses, to observe significant changes in
fiber size or percentage of fibers. Change the parameters by selecting “within each row, compare columns”
under the multiple comparisons tab.

H. Histogram Analysis using GraphPad Prism of the Feret’s Minimal Diameter data ¢ Timing
~20 min (protocol #1)

60. Open the GraphPad Prism software and create a new Column table, choosing to “enter replicate values,
stacked into columns”. Title each column as the name of the sample group, and duplicate the table for each
additional fiber type.

61. For each fiber and sample, copy all the FMD data from the Nikon Elements Excel file and paste into the
corresponding data tables.

62. Using the analyze function, select the frequency distribution option under the Column analyses. Change
the parameters to “relative frequency (percentages)” and adjust the bin width and range accordingly. Graph
the results as an interleaved bar graph.

63. Analyze the frequency distribution results, and select non-linear regression (curve fit) under the XY
analyses. Under the parameters, use the Gaussian equation, keeping the default settings. This analysis can
also be performed for the CSA of the fibers, using the “Area” data from the Nikon Elements Excel file.

I. C2C12 Cell Culture * Timing ~several days for growth and ~1 h for cell splitting (protocol
#2)

64. Grow the cells in 10% (v/v) FBS DMEM + GlutaMax media at 37°C with 5% (v/v) CO,. When the cells
reach 80% confluence, split them, and prepare plates for transfection.

65. To split the cells, remove the media from the flask, and wash twice with 1x PBS.

CRITICAL: Avoid adding PBS directly to the cells, as they could detach and be lost.

66. Detach the cells using 0.25% Trypsin-0.53mM EDTA (w/v) for 3 min at 37°C. To ensure detachment, tap
the sides of the flask, and visualize under the microscope.

67. Neutralize the trypsinization by adding 10 mL of DMEM+10% (v/v) FBS back to the flask. Collect the
cells in a 50-mL conical tube and centrifuge the cells at 2,000 x g for 10 min. To keep the cells growing,
add 20 mL of 10% FBS media back to the flask, and place in the incubator.

68. Observe the pellet after centrifugation and aspirate the remaining media. Resuspend the pellet with 3 mL
of growth media, adding 1 mL at a time, to ensure proper resuspension.
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69.

70.

71.

72.

73.

Count the cells by adding 10 uL of resuspended cells to both chambers of a hemocytometer. Visualize the
central area of the chamber (1 mm?) under the microscope, and count the cells with a cell counter. Repeat
the step for both chambers of the hemocytometer and average the two counts.

CRITICAL: Multiply the average count by the conversion factor 10,000 or 10* cells.

Prepare the appropriate amount of 6-well cell culture plates, depending on the number of siRNAs to be
tested. Using the total cell number, calculate the volume needed from the suspension to have a final
concentration of 20,000 cells/mL per well, with a total well volume of 2 mL.

CRITICAL: A minimum of 3 wells per siRNA are needed. Also include a siRNA-treated plate (one siRNA
per well) for staining, imaging, and analyzing myotube diameter size.

Prepare a mixture of DMEM growth media and resuspended cells, and add the appropriate volume to the
cell culture plates. Incubate the plates in 5% (v/v) CO; at 37°C. Replace the growth media every other day,
being careful not to detach the cells.

When the myoblasts reach 80—-100% confluence, differentiate the cells to myotubes, by replacing the 10%
(v/v) FBS growth media with 2% (v/v) HS differentiation media.

After four days of differentiation, treat the cells with Ara-c for two days in 10% FBS growth media, to kill
any remaining myoblasts. The concentration of Ara-c on the first day of treatment should be 4.0 pg/mL,
and 0.4 pg/mL on the second day.

J. Myotube siRNA Transfection * Timing ~45 min (protocol #2)

74.

75.

76.

71.

78.
79.

Prior to transfecting the cells, pre-warm Opti-MEM to 22°C and thaw the appropriate siRNAs on ice.
Calculate the amount of reagent needed to have a total volume of 200 pL Opti-MEM, 8 pL of
Lipofectamine 2000, and 8 pL of 50 uM siRNA per well.

CRITICAL: Include a non-targeting (NT) siRNA to use as control. The mixture volumes for Opti-MEM,
Lipofectamine 2000, and siRNA can be adjusted based on plate size.

Dilute 8 pL of 50 uM siRNAs into 100 pL of Opti-MEM, and mix gently by pipetting. Repeat this step
by adding 8 pL of Lipofectamine 2000 into 100 pnL of Opti-MEM. Combine the two solutions, pipetting
to mix, and incubate for 10 min.

During the incubation period, remove the media on the prepared 6-well plates, and add 1.8 mL of fresh
10% (v/v) FBS growth media.

After 10 min, add 200 pL of the transfection mixture to each well, and mix gently by rocking the plate
back and forth. Incubate the plates with 5% (v/v) CO, at 37°C for 48 h.

After 24 h, change the media to no serum media (containing 1% P/S).

To check the knockdown induced by the siRNAs, perform an RNA extraction 48 h post transfection, by
using the Invitrogen TRIzol reagent and accompanying protocol. Run a qRT-PCR with mRNA-specific
oligonucleotides, to quantify the knockdown of the siRNA-targeted mRNA, using the NT siRNA-treated
samples as control.

K. Myotube Immunostaining and Imaging * Timing ~4 h for staining and ~1 h for imaging
(protocol #2)

80.

81.

82.

83.

84.

Add 1 mL of 4% PFA to each mL of culture media, and incubate for 10 min at room temperature (the final
PFA concentration is 2%).
CRITICAL: Add the solution to the side of the well to avoid lifting the cells. For the same reason, the

fixing solution is added directly to the cell culture medium.

Remove the PFA solution and wash the wells three times with 1x PBS. Aspirate the remaining 1x PBS,
and block the wells by adding 1 mL of 2% BSA blocking buffer (2% BSA Triton X-100). Leave the plate
gently shaking for 1 h at room temperature.

After blocking the wells, add 300 pL of the primary antibody solution, and gently shake the plate overnight
at 4°C.

The following day, remove the antibody, and wash the wells three times with 1x PBS. Add 300 uL of the
secondary antibody solution for 2 h at room temperature, gently shaking.

Wash the wells once with 1x PBS, then replace with 1 mL of fresh 1x PBS and store at 4°C, protecting
the plate from light, until ready for imaging.
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85.

PAUSE POINT: The cells can remain in PBS for ~1 month, but the signal intensity will decline.

Image the plate using a fluorescent microscope with access to a 532-nm laser channel (TRITC). Using the
10x objective, image each well individually for further analysis.

CRITICAL: Image a hemocytometer with the brightfield setting, using the same objective as a scale
(Figure 5).

NT siRNA siGLO red

NT siRNA siGLO red

Figure 5. Outcome of siRNA electroporation into C2C12 myoblasts and myotubes.

a. Representative images of C2C12 myoblasts transfected with siGLO red demonstrate cellular uptake of the
fluorescent siRNAs, whereas no fluorescence is seen in myoblasts transfected with non-fluorescent NT siRNAs.
b. Similar results are found with transfection of siGLO red into C2C12 myotubes. Data in a—b is reproduced
from Hunt LC et al. Cell Reports (2019).

L. Myotube Diameter Measurement * Timing ~30 min per image (protocol #2)

86.

87.

88.

89.

90.

Open Image]. Prior to measuring the myotubes, open the hemocytometer image. Using the straight-line
tool, draw a line inside one of the 25 smaller squares (0.25 mm) located in the four corners of the
hemocytometer.

Select the set scale option from the Analyze pulldown menu, and enter the size of the square into the
“known distance” box as “250” and the unit of length as “um”. Check the “global” option, and press OK.
The scale should be 0.648pixels/pum.

CRITICAL: All images need to be set to the same scale for accurate analysis.

Open the stitched myotube image and zoom in on individual myotubes. Using the straight-line tool, draw
three lines across the diameter, to indicate the beginning, middle, and end of each myotube. After each
line, select the measurement option from the Analyze pulldown menu.

Repeat this until a minimum of 50 myotubes per group have been measured. Export the measurement data
to Excel.

To determine the myotube diameter, average the three measurements per myotube. Graph the average of
each myotube, compared to control, in GraphPad Prism or an equivalent analysis software. Perform
appropriate statistical tests to determine whether a significant effect in myotube diameter size is induced
by siRNAs (Figure 6).
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Figure 6. Determination of C2C12 myotube diameter with the ImageJ analysis software.

a. The hemocytometer image is opened in Image]J to establish a scale. b. By using the straight line tool, a line
is drawn inside one of the 25 small squares located in one of the four corners of the hemocytometer. ¢. The set
scale option is selected from the Analyze pulldown menu, and 250 pum is entered as the known pixel distance
and unit, respectively. The global option is selected to set the scale as 0.648 pixels/um. d. The stitched myotube
image is opened. e. Individual myotubes are zoomed in. By using the straight line tool, three lines are drawn
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horizontally across the width of the myotube at the two ends, and in the middle of the myotube. f. After each
straight line is drawn, the measurement option is selected from the Analyze pulldown menu. g. A minimum of
50 myotubes are measured, and the data is exported to Excel. The three measurements per myotube are averaged
to determine the mean diameter size.

Anticipated results. With the analyses reported above, TA muscles with a target gene knockdown can be
analyzed to determine the resulting impact on myofiber size and myofiber type composition, but also for
determining mRNA and protein changes, via follow-up applications such as RNA sequencing and western blot
analysis of detergent-soluble and insoluble fractions (Rai et al., 2021b; Hunt et al., 2021a). To analyze myofiber
size, muscle cryosections are stained with an anti-laminin antibody, to delineate the boundaries of all myofibers,
and antibodies specific for myosin heavy chain isoforms are used to identify distinct myofiber types present in
the TA muscle, i.e., fast glycolytic type 2B or IIB myofibers (MHC- 2B- positive) and smaller, more oxidative,
type 2A or ITA myofibers (MHC-2A-positive), and 2X or IIX myofibers (MHC-2A-negative and 2B-negative),
as previously done (Hunt et al., 2015, 2021a, 2021b). With these analyses, it is possible to determine whether
siRNA-mediated knockdown of a target mRNA in TA muscles leads to changes in myofiber size and in the
proportion of distinct myofiber types (Hunt et al., 2015, 2021a, 2021b). When measuring myofiber size in
electroporated TA muscles, the Feret’s minimal diameter can be used, as this geometrical parameter enables
reliable measurements of myofiber cross-sectional areas, unhindered by cellular distortion introduced by
cryosectioning (Bloemberg and Quadrilatero, 2012). Similarly, estimation of the size of cultured C2C12
myotubes transfected with siRNAs provides insight into whether the siRNA-targeted mRNA has a general role
in myotube size determination, compared to control NT siRNA transfection [however, myofiber type analysis
is routinely not done in cell culture (Huang et al., 2021)]. Hunt et al. (2019) provides an example of similar
results obtained with knockdown of the same protein in cultured C2C12 myotubes, and in mouse TA skeletal
muscles in vivo: in both cases, knockdown of the E3 ubiquitin ligase UBR4 induces myofiber hypertrophy
(Hunt et al., 2019).

Beyond these anticipated results, the protocol reported above can be coupled with the immunostaining of
informative antigens and additional biochemical/molecular assays, to determine whether the acute knockdown
of a target mRNA impacts any aspects of muscle homeostasis. This can consist in the estimation of myofiber
size, when studying disease-associated muscle wasting, and in the determination of the abundance of organelles
or markers associated with optimal muscle function or with muscle disease. In addition to determining cellular
and molecular features, TA muscles that have been electroporated can also be analyzed functionally, to
determine whether siRNAs targeting certain mRNAs lead to corresponding changes in the isometric and tetanic
force (Hunt et al., 2019, 2021b).

Lastly, this method can overcome logistic limitations of other technical approaches. For example, the study
of sarcopenia (i.e., the age-associated decline in skeletal muscle mass and strength) has been hindered by the
relatively long time necessary to obtain old mice of a desired genotype. The protocol and optimized conditions
reported here for siRNA electroporation into TA muscles may help overcome this limitation. Specifically, we
propose that this approach may provide a rapid and robust method for achieving target gene knockdown in the
TA muscles of old wild-type mice, and hence for rapidly assessing gene function in the context of sarcopenia.

Recipes

Reagent setup (protocol #1 and #2)

1.

2.

3.

10% Tragacanth
Mix 10 mg of tragacanth gum in 100 mL of distilled water. Store at 4°C for two weeks.

Hyaluronidase stock solution
Mix 10 mg of hyaluronidase powder in 1 mL of 1x PBS. Store at -20°C for up to 1 year.

Hyaluronidase working solution
Dilute stock solution with 1x PBS to a final concentration of ~0.4 units/mL. Store at -20°C for up to 6 months.
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4. 50 pM siRNA stock
Resuspend 20 nmol siRNAs in 1x siRNA buffer for a final concentration of 50 pM. Store at -20°C for up to 6
months.

5. 2% BSA blocking buffer
Mix 0.4 g of BSA powder (2% (wt/vol) final concentration) and 20 pL of Triton X-100 (0.1% (vol/vol) final
concentration) in 20 mL of 1x PBS. Store at 4°C for up to 1 month.

6. Primary antibody staining solution (frozen slides)
Dilute primary antibody to a final concentration of 1:150 in 1x PBST (for 1.5 mL: 1.5 mL PBS, 1.5 pL Tween-
20, 10 pL of primary antibody)

7. Secondary antibody staining solution (frozen slides)
Dilute secondary antibody to a final concentration of 1:200 in 1x PBST (for 2 mL: 2 mL PBS, 2 uL Tween-20,
10 pL of secondary antibody)

8. 10% Fetal Bovine Serum (FBS)
Mix 50 mL of FBS with 500 mL DMEM + GlutaMax media.

9. 2% Horse Serum (HS)
Mix 10 mL of HS with 500 mL DMEM + GlutaMax media.

10. 1% Penicillin/Streptomycin
Add 5.55 mL of P/S to 550 mL DMEM + GlutaMax serum media.

11. 4% PFA
Dilute 16% PFA with 1x PBS for a final concentration of 4% (4 mL of 16% PAF and 12 mL of PBS).

12. Primary antibody staining solution (cell culture myotubes)
Dilute primary antibody to a final concentration of 1:200 in 1x PBST (for 2 mL: 2 mL PBS, 2 L Tween-20,
10 pL of primary antibody).

13. Secondary antibody staining solution (cell culture myotubes)
Dilute secondary antibody to a final concentration of 1:400 in 1x PBST (for 2 mL: 2 mL PBS, 2 uL Tween-20,
5 pL of secondary antibody).
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