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Summary

The maintenance of adult stem cells in their normal quiescent state depends on
intrinsic factors and extrinsic signals originating from their microenvironment (also
known as the stem cell niche). In skeletal muscle, its stem cells (satellite cells) lose
their regenerative potential with aging and this has been attributed, at least in part, to
both age-associated changes in the satellite cells as in the niche cells, which include
resident fibro-adipogenic progenitors (FAPs), macrophages and endothelial cells,
among others. To understand the regenerative decline of skeletal muscle with aging
there is a need for methods to specifically isolate stem and niche cells from resting
muscle. Here we describe a fluorescence-activated cell sorting (FACS) protocol to
simultaneously isolate discrete populations of satellite cells and niche cells from

skeletal muscle of aging mice.
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1. Introduction

Aging of skeletal muscle alters the composition of the niche and has deleterious
consequences on the functionality of its stem cells, and hence on the tissue’s
regenerative capacity [1-3]. This age-associated decline in regenerative capacity is
maximal at geriatric age [4,5]. For the characterization of the cellular interactions of
muscle stem cell with the non-muscle niche-resident cell types, it will be mandatory to
isolate these discrete cell populations in a specific way, and if possible, simultaneously,
to decrease experimental variability and minimize animal use and costs (particularly in
aging studies), as well as users’ effort. Surely, isolation of the stem cell-niche
components of muscle in young and aged mice will help understand regulatory
interactions that can help to envision ways to improve aged muscle regeneration.
Satellite cells reside in a quiescent state beneath the basal lamina of myofibers until
they are activated by damage or growth signals initiating a process of
proliferation/differentiation or self-renewal to repair adult skeletal muscle and or
replenish the stem cell pool [6-9]. Most mammalian satellite cells can be identified by
expression of the paired-box transcription factor Pax7, which only labels satellite cells
in skeletal muscle. Many other proteins are known to mark satellite cells, including
Integrin-a7, M-Cadherin, Caveolin-1, CD56/NCAM, CD29/Integrin-B1, Syndecan 3
and 4 (reviewed in [6,10,11]). However, these markers are also expressed by other
interstitial cells within the muscle tissue, so combinations of different markers are used
to isolate satellite cells to purity.

Other cellular populations present in the adult skeletal muscle contribute and modulate
muscle regeneration, including endothelial cells, pericytes/mesoangioblasts, Pwl+
cells (known as PICs), mesenchymal progenitors normally referred as fibro-adipogenic
progenitors (FAPs) and different types of hematopoietic cells which infiltrate the
damaged muscle, including neutrophils, circulating blood monocytes that differentiate

into inflammatory macrophages and different types of lymphoid cells (eosinophils,



Tregs and CD8+ T cells) [12,13]. Interplay between all these cell types have been

demonstrated to be essential for myogenesis [14-17].

Using well-known markers for different cellular populations, we have set up a

procedure to isolate by fluorescence activated cell sorting (FACS) satellite cells, FAPs,

macrophages and endothelial cells from resting and regeneration skeletal muscle of

mice. This procedure can be used both in young/adult as in aging mice.

2. Materials

2.1 Isolation of satellite cells, macrophages, FAPs and endothelial cells by FACS

1.

10.
11.
12.
13.
14,
15.

Surgical tools (small scissors, scalpels, fine tip forceps, hemostatic forceps) are
cleaned and sterilized by autoclaving.

Razor blades

DMEM (Dulbecco’s Modified Eagle Medium) high glucose, supplemented with
1% penicillin/streptomycin (P/S) and 10% Fetal Bovine Serum (FBS).

Red blood cell lysis Buffer (BD Pharm Lyse, 555899)

FACS Buffer: Phosphate Buffered Saline (PBS) 1X, 5% Goat Serum.

Digestion mix: Liberase (Roche/Sigma-Aldrich, ref. 05401127001; final 0,02%),
Dispase Il (Sigma-Aldrich, D4693; final 0,05%), 4uL stock 1M CacCl; (final 0,4
mM), 50 uL stock 1M MgCl; (final 5 mM) in 10 mL DMEM1% P/S (four limb
muscles of 1 mouse require 10 mL of digestion mix).

Antibodies: PE/Cy7 anti-mouse/human Ly-6A/E (Sca-1) (Biolegend, 108114),
APC/Cy7 anti-mouse F4/80 (Biolegend, 123118), a7-integrin R-Phycoerythrin
(AbLab, 53-0010-05), APC anti-mouse CD31 (PECAM-1) (eBioscience 17-0311-
82), BV711 Rat anti-mouse CD45 (BD Pharmingen, 563709).

DAPI, stock solution 1 mg/mL, final concentration 1ug/mL.

50 mL conical tubes (sterile).

A shacking water bath.

100 pm, 70 pym and 40 um cell strainer filters.

Centrifuge with a cooling system for 15-50 ml conical tubes

Centrifuge with a cooling system for 1.5 ml tubes

Hemocytometer

Flow Cytometry analyzer (e.g. FACSAria Il - BD Biosciences)



16. Flow Cytometry analysis software: FACSDiva software (BD Biosciences,
available for Windows) or FlowJo software (available for Windows and Mac
http://www.flowjo.com/download-flowjo/)

2.2 Confirmation of the identity of the distinct FACS-isolated cell populations by

RT-qPCR.

1. Total RNA isolation kit. (e.g. RNeasy Micro kit (Qiagen, 74004))

2. cDNA synthesis kit (e.g. SuperScript III Reverse Transcriptase (Invitrogen
1674043))

3. Quantitative PCR apparatus (e.g. LightCycler 480 System using Light Cycler 480
SYBR Green | Master reaction mix (Roche Diagnostic Corporation))

4. Specific primers for each selected mRNA (Sigma).

3. Methods

3.1 Isolation of satellite cells, macrophages, FAPs and endothelial cells by FACS

1. Euthanize mice according to institute regulations. The following steps should be
performed in a tissue culture hood to in order to limit contamination (see Notes 1-
4).

2. Skeletal muscles are dissected with small scissors from fore and hind limbs and
collected in cold DMEM 1% P/S into 50 mL conical tubes (see Note 5).

3. Decant all the muscles collected in a petri dish and remove DMEM 1% P/S
completely.

4. Mince muscles with scissors.

5. Mince muscles further with razor blades.

6. Collect minced muscles into a 50 mL conical tube and add cold DMEM 1% P/S.
Leave muscle sediment and remove DMEM 1% P/S, discarding floating fat pieces.
Repeat this step to further clean the sample from non-muscle pieces (see Note 5.).

7. Remove DMEM 1% P/S as much as possible and split the minced muscle into two

50 mL conical tubes.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Add 5 mL of the prepared digestion mix (Liberase/Dispase) to each tube (see
Notes 6-8).

Incubate 1 hour at 37°C in a shaking water bath (see Note 9).

Centrifuge the samples at 50 x g for 10 min at 4°C.

Collect the supernatant and discard the pellet (optional: the pellet can be washed
and the supernatant collected and pooled with the previous one).

Filter the supernatant with 100 um and then 70 um cell strainer filters.

Centrifuge at 670 x g for 15 min at 4°C, repeat twice. The supernatant is discarded
at each round and the pellet is resuspended gently in cold DMEM 1% P/S.

After the 2" centrifugation discard supernatant and resuspend the pellet in 2 mL
of Red blood cells lysis Buffer 1x. Incubate for 10 minutes in ice protected from
light. Do not agitate.

Resuspend in 50 mL cold DMEM 1% P/S. At this step pool the two pellets of the
same mouse and filter through a 40 uM cells strainer filter.

Centrifuge at 670 x g for 15 min at 4°C.

Discard the supernatant and resuspend the pellet in 1 mL of cold DMEM 1% P/S.
Count the number of cells for each sample (see Note 10)

Centrifuge at 670 x g for 15 min at 4°C and resuspend the pellet at 1-10% cells/pl
(1-108 cells in 100 pl) in FACS Buffer.

Incubate the cells with antibodies for 30 min in ice, protected from light. All
antibodies are diluted at ratio 1:200 (see Note 11).

Centrifuge at 670 x g for 15 min at 4°C.

Discard the supernatant and resuspend the cell bulk in 1 mL of FACS Buffer for
sample sorting.

Add DAPI (final concentration 1 ug/mL) 5 min prior FACS to detect and exclude
dead cells. Filter the sample through a test tube with cell Strainer cap to eliminate

cell aggregation. The sample is now ready to be analyzed by FACS.



24. We typically use the FACSAria Il instrument for sorting, and we analyze the data
using the FACSDiva or FlowJo software

25. Analyze unstained control, single stained and fluorescence-minus one (FMO)
controls to set up the gating scheme for all cellular populations (see Note 12).

26. Analyze the samples. Cell granularity (side scatter, SSC), cell size (forward
scatter, FSC) and DAPI staining are used to gate the events corresponding to live
cells. Antibody combinations are then used to define all populations, see Table 1

and Figure 1 for a representative example (see Note 13).

3.2 Ex vivo confirmation of the identity of the distinct FACS-isolated cell

populations by RT-qPCR.

Specific MRNAs expressed by each population allow demonstration of a successful

isolation protocol (see Figure 2).

1. After FACS (section 3.1), cells may be collected Eppendorf tubes with 500 ul of
FACS Buffer at 4°C.

2. Centrifuge Eppendorf tubes at 14.000 x g for 5 min.

3. Remove supernatant (see Note 14).

4. Perform total RNA extraction of each cell population using RNeasy Micro kit
following manufacturer’s protocol.

5. Complementary DNA (cDNA) is synthesized from total RNA using SuperScript IlI
Reverse Transcriptase according to manufacturer’s protocol.

6. Real-time PCR reactions are performed on a LightCycler 480 System using Light
Cycler 480 SYBR Green | Master reaction mix and specific primers.

7. Thermocycling conditions: initial step of 10 min at 95 °C, then 50 cycles of 15 s
denaturation at 94 °C, 10 s annealing at 60 °C and 15 s extension at 72 °C.

8. Reactions must be run in triplicate, and automatically detected threshold cycle (Ct)

values are compared between samples.



9. Transcripts of the ribosomal protein L7 or GAPDH housekeeping genes can be
used as endogenous control, with each unknown sample normalized to L7 or
GAPDH content.

10. Primers used to confirm each cell populations of interest (see Table 2).

4. Notes

1. Anesthetize mice using approved protocols in your institution. Spray skin of the
mouse with 70% ethanol. Cut and remove the skin and expose the fore-limb
and hind-limb muscles.

2. Classification of mice according to age: Young (2-3 months-old), Adult (6-8
months-old ), Old (18-24 months-old), Geriatric (older than 28 months of age)
[4].

3. For aging studies, as mouse mortality starts to increase around 18 months of
age, increasing the number of mice cohorts to study old and geriatric age is
highly recommended.

4. As sarcopenia and fibrosis increase with age [18], the amount of tissue
obtained from old and geriatric mice is lower in comparison to young mice. In
consequence, samples from old and geriatric animals provide lower cell yield.
For aging studies, increasing the number of mice (i.e. using pools) to sort cells
at old and geriatric age is recommended.

5. To avoid cross-contamination from cells types from other close-by tissues, fine
dissection technique should be master to exclude adipose tissue (white fat),
nerves and tendons. Remaining debris after the digestion, which includes
tendons, obstruct cell strainers during sample filtration steps.

6. Collagenase D can be employed instead of Liberase in the digestion mix.

However, the use of Collagenase D requires a multi-step protocol while



10.

11.

12.

Liberase allows faster, one-step procedure. Thus, we propose digestion with
Liberase for skeletal muscle tissue.
Trypsin has been shown to affect the integrity of cell surface proteins on
mammalian cells [19]. The endothelial cell receptor CD31 is particularly
susceptible to proteolytic cleavage [20]. Therefore, tissue digestion with trypsin
usage is not recommended for this FACS protocol.
A maximum of 1 g of tissue should be digested per tube, otherwise the
digestion will provide lower cell yield.
Digestion time can be prolonged to increase its efficiency, especially, in the
case of muscle tissue obtained from old and geriatric animals. However,
sustained digestion may increase cell mortality, so we suggest do not exceed
2 hours of digestion.
Count cells manually using and hemocytometer (i.e. Neubauer chamber) or
any the available automatic cell counter systems.
It is feasible to include additional positive satellite cell-surface markers to this
panel in order to increase the purity of the sorted satellite cell population. The
antibody can be conjugated to FITC fluorochrome to avoid interference with the
rest of cell-surface markers used in this protocol. For this purpose, CD34,
CXCR4, VCAM, SM/C2.6 cell-surface markers can be used [21-25].
Several controls are required to establish the correct gating of cell populations
in the FACS machine:
o Negative control: an unstained cell sample should be analyzed to
determine the voltage of the lasers and autofluorescence of the sample.
o Single stained controls: individual staining with each antibody
conjugated to its fluorescent dye. This control is needed for
compensation, a technique used to remove false signal resulting from
spectral overlap between two fluorochromes. For example, the Scal-

PE/Cy7 and F4/80-APC/Cy7 antibodies used in this protocol have high



spectral overlap, therefore, the compensation should be done properly
to avoid non-specific cell sorting.

o FMO (Fluorescence Minus One) controls: staining with all antibodies
except one should be done for each color used in the panel. This type
of staining is needed to discriminate properly the cell populations.

13.Using 4-way purity precision mode, we can separate satellite cells,
macrophages, FAPs and endothelial cells simultaneously.
14. Cell pellet or extracted RNA can be stored at -80°C until RNA isolation or cDNA

synthesis respectively.
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Tables:

Cell population Positive selection Negative selection
Satellite cells o 7-integrin* CD45-, F4/80-, CD31-
Macrophages CD45*, F4/80*" -

D45, F4/80-, CD31
FAPs Scal* CD45, F4/80, CD3L
o/-integrin

Endothelial cells CD31*, a7-integrin* CDA45-, F4/80

Table 1. Positive and negative selection of cell surface markers used to

discriminate each cell population of interest.

Forward Reverse
F4/80 CCCCAGTGTCCTTACAGAGTG GTGCCCAGAGTGGATGTCT
CD14 AAAGAAACTGAAGCCTTTC AGCAACAAGCCAAGCACAC
TLR4 GCCACCAGTTACAGATCGTC AGAGAAACTTCCTGGGGAAA
Pax7 GTGTCTCCAAGATTCTGTGCCG | CAATCTTTTTCTCCACATCCGG
Myf5 CTGTCTGGTCCCGAAAGAAC AAGCAATCCAAGCTGGACAC
CD31/PECAM GTACGAGGTGAAGGTGCAT AATGTGCAGCTGGTCCCC
VE-Cadh AAATGAATCGCTGCCCCACT TGTTAGCATCGACCCCGAAG
Tiel CAGGCACAGCAGGTTGTAGA GTGCCACCATTTTGACACTG
PDGFRa TGGCATGATGGTCGATTCTA CGCTGAGGTGGTAGAAGGAG
CD36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC

Table 2. Primers used for RT-gPCR to confirm identity of each cell population
sorted with proposed FACS panel.
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Figure 1. Representative example of the FACS strategy and gating scheme to

isolate satellite cells, macrophages, FAPs and endothelial cells from resting

muscles of wild type mice. All singlet events are selected using forward (FSC) and

side scatter (SSC) detectors. Subsequently, alive cells are chosen by DAPI. From

there, macrophages (are identified as CD45* F4/80* double positive cells. Satellite

cells are gated from CD45-, F4/80- population as a7-integrin* meanwhile endothelial

cells as a7-integrint and CD31". Finally, FAPs are sorted by Scal* staining from a.7-

integrin- CD31 cell population. Arrows show the sequence of gating used.
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Figure 2. Representative example ex vivo confirmation of the identity of the
distinct FACS-isolated cell populations by RT-qPCR. Comparative gPCR analysis
with indicated genes in isolated cellular populations. Specific genes for macrophages
are F4/89 and CD14, for endothelial cells are CD31 (also known as PECAM) and VE-
Cadherin, for satellite cells are Pax7 and Myf5, and for FAPS PDGFRa. Means + SEM

of at least three experiments.

Acknowledgements

Work in the authors’ laboratory has been supported by the Spanish Ministry of Science,
Innovation and Universities, Spain (grant SAF2015-67369-R; and SAF 2015-70270-
REDT, a Maria de Maeztu Unit of Excellence award to UPF [MDM-2014-0370], and a
Severo Ochoa Center of Excellence award to the CNIC [SEV-2015-0505]), the UPF-
CNIC collaboration agreement, ERC-2016-AdG-741966, H2020-SC1-BHC-2018-
2020/H2020-SC1-2018, La Caixa-HR17-00040, AFM, Fundacio MaratéTV3, and DPP-

E. V.M is recipient of a FPI predoctoral fellowship.

16



