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[Abstract] Besides cardiomyocytes, the heart contains numerous interstitial cell types, including cardiac
fibroblasts, endothelial cells, immune (myeloid and lymphoid) cells, and mural cells (pericytes and
vascular smooth muscle cells), which play key roles in heart repair, regeneration, and disease. We
recently published a comprehensive map of cardiac stromal cell heterogeneity and flux in healthy and
infarcted hearts using single-cell RNA sequencing (scRNA-seq) (Farbehi et al., 2019). Here, we describe
the FACS (Fluorescent Activated Cell Sorting)-based method used in that study for isolation of two
cardiac cell fractions from adult mouse ventricles: the total interstitial cell population (TIP; non-
cardiomyocytes) and enriched (Pdgfra-GFP*) cardiac fibroblasts.

Keywords: Adult mouse heart, Cardiac interstitial cells, Cardiac fibroblasts, Collagenase digestion,
Fluorescent Activated Cell Sorting (FACS)

[Background] Cardiovascular disease, including myocardial infarction (Ml), is the leading cause of
death worldwide. As adult mammalian hearts have a very limited capacity to repair damaged
myocardium following injury, considerable efforts have been made to augment endogenous repair
processes and stimulate heart regeneration (Tzahor and Poss, 2017). However, the structural and
cellular complexity of the heart presents challenges to obtaining a complete mechanistic understanding
of its functional and repair processes.

Cardiomyocytes are the primary functional cell type in the heart; however, they coexist within a
complex support network of interstitial cells, which include fibroblasts, vascular, immune, and nerve cells.
Cardiac interstitial cells constitute 60%-70% of total hearth cells and have essential regulatory functions
in tissue homeostasis and repair (Frangogiannis, 2019). Ischaemic injuries, such as MI, induce a
complex cascade of molecular and cellular events to clear necrotic cardiomyocytes and replace the
affected area with a fibrotic scar (Tallquist and Molkentin, 2017). Thus, characterizing the cellular
heterogeneity of the heart and its flux during the post-injury stages of inflammation and repair is
necessary to both advance insights into disease mechanisms and facilitate the discovery of novel

therapeutic targets.
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Recent advances in single-cell technologies have enabled the systematic investigation of cellular
heterogeneity in a wide range of tissues, yielding fresh insights into regulatory mechanisms
underpinning cell states in development and disease (Marioni and Arendt, 2017). A comprehensive
understanding of cellular complexity in the heart using single-cell methods requires developing reliable
and efficient protocols to isolate the heavily interconnected and heterogeneous cardiac cell types in a
relatively intact and healthy state. Here, we present a mechanical and enzymatic digestion protocol that
relies on FACS to generate large numbers of high-quality, viable cardiac interstitial cells, as well as
enriched fibroblasts, using lineage tracing of GFP* cells from the ventricles of Pdgfra*’®FP mice. For
details on the use and execution of this protocol, please refer to Chong et al., 2011 and Farbehi et al.,
2019.

Materials and Reagents

DNA LoBind 1.5 ml tubes (Eppendorf, catalog number: 022431005)
60 mm cell culture dish (Corning, catalog number: CLS430166)
100 mm cell culture dish (Corning, catalog number: CLS430167)

o DN~

50 ml and 15 ml Falcon conical centrifuge tubes (Thermo Fisher Scientific, catalog numbers:
14-959-53A; 14-432-22)
5 mland 10 ml Stripette serological pipettes (Corning, catalog numbers: CLS4487 and CLS4488)

o

Sterile plastic transfer pipettes (Thermo Scientific Samco, catalog number: SAM-336-1S)
10 pl, 200 pl and 1,000 ul ART pipette tips (Sigma-Aldrich, catalog numbers: A2598, A3098,
and A3948)

8. 5 ml round bottom FACS tubes (Corning, catalog number: 352052)

9. LS columns (Miltenyi Biotec, catalog number: 130-042-401)

10. Surgical scalpel blades No. 22 (Swann-Morton, catalog number: 0208)

11. 0.2 um syringe filters (Thermo Fisher Scientific, catalog number: NC9103939)

12. 40 ym cell strainers (Corning, catalog number: CLS431750)

13. BD ultra-fine insulin syringe (Becton Dickinson, catalog number: 326719)

14. 10 ml and 50 ml BD syringes (Becton Dickinson, catalog numbers: 305482 and 309653)

15. Cannula (blunt-end 22-G needle) (Becton Dickinson, catalog number: 305156)

16. Silk suture (Ethicon, catalog number: 768G)

17. 70 ml specimen Jar (Sarstedt, catalog number: SAR00002)

18. Dead cell removal Kit (Miltenyi Biotec, catalog number: 130-090-101)

19. C57BL/6J mice (The Jackson Laboratory, JAX: 000664)

20. Pdgfra®F* mice (The Jackson Laboratory, MGI: 2663656)

21. Bovine Serum Albumin (BSA) (Sigma-Aldrich, catalog number: A2153)

22. 1x Phosphate Buffered Saline (PBS), pH 7.4 (Thermo Fisher Scientific, catalog number:
10010023)

23. Fetal Bovine Serum (FBS) (Thermo Fisher Scientific, catalog number: 10100147)
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24.
25.
26.

27.

28.

20.
30.

Red blood cell (RBC) lysis buffer (Sigma-Aldrich, catalog number: R7757)

Collagenase type Il (Worthington Biochemical Corporation, catalog number: LS004177)

DAPI (4',6-diamidino-2-phenylindole, dihydrochloride) (Thermo Fisher Scientific, catalog
number: D1306)

APC-coupled anti-PDGFRA (CD140a) antibody (Thermo Fisher Scientific, catalog number: 17-
1401-81)

Heparin (Pfizer Australia Pty Ltd, catalog number: AUST R 49232)

Ketamine (Provet (NSW) Pty Ltd)

Xylazine (Provet (NSW) Pty Ltd)

31. FACS buffer (see Recipes)
32. Collagenase type Il in PBS (see Recipes)
Equipment
1. Timer (Thermo Fisher Scientific, catalog number: 06664251)
Hemocytometer (NEUBAUER, catalog number: HL-8100204 1)
Fine surgical tools:
Surgical scissors, Sharp (Fine Science Tools, catalog number: 14002-14)
Dumont Forceps, Micro-Blunted Tips (Fine Science Tools, catalog number: 11253-25)
Spring Scissors, 8 mm Cutting Edge (Fine Science Tools, catalog number: 15024-10)
Graefe Forceps (Fine Science Tools, catalog number: 11051-10)
Extra Fine Graefe Forceps (Fine Science Tools, catalog number: 11150-10)
Delicate Suture Tying Forceps (Fine Science Tools, catalog number: 11063-07)
4. Leica DFC295 digital microscope
5. Refrigerated centrifuge (Thermo Fisher Scientific, catalog number: 75004270)
6. Refrigerated microcentrifuge (Thermo Fisher Scientific, catalog number: 75002402)
7. FACS Aria ll (5 lasers, 100 um nozzle) (BD Bioscience, catalog number: SCR_018091)
8. QuadroMACS separator (Miltenyi Biotec, catalog number: 130-090-976)
9. Shaker water bath (Analytical Instruments, catalog number: 7746-22220)
Procedure

A. Before you start

1.
2.
3.

Set all centrifuges to 4°C.

Set the water bath to 37°C and adjust the water level to cover half of the specimen jar.

Place the collagenase type Il stock bottle in a desiccator at room temperate (RT) for at least 30
min before opening.

Note: Collagenase Il is supplied as a lyophilized powder and is very hygroscopic. The
hygroscopicity significantly affects the enzymatic activity if the powder is exposed to moisture.

3
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4.

Thus, desiccation of the stock bottle helps ensure the long-term storage of the collagenase Il
stock. The stock bottle should not be opened in a humid environment.

Pre-warm the red cell lysis buffer to RT.

Note: Perform all steps on ice unless otherwise indicated. A simplified workflow of this protocol is

illustrated in Figure 1A-1J.

1.

10.

Method

Inject the Pdgfra®* mouse with heparin (200 IU/mouse) to prevent microthrombus formation
in the coronary circulation.

Note: In the original eLife paper (Farbehi et al., 2019), experimental mice were sacrificed by
cervical dislocation without heparin administration, and the heart cavity was flushed manually
after excision. Here, we present a revised method in which mice are heparinized and the heart
removed, allowing flushing of the coronary arteries by ex vivo retrograde perfusion to minimize
contamination of blood cells. In this method, euthanasia occurs by exsanguination under
anesthesia.

Ten minutes after heparin injection, anesthetize the mouse with an intraperitoneal injection of
ketamine (100 mg/kg body weight) and xylazine (20 mg/kg body weight).

After sedation, check for the lack of pain using the toe-pinch reflex before proceeding to the
thoracotomy.

Incise the skin along the mid-sternal axis using fine surgical scissors and expose the rib cage.
Cut the rib cage and separate the ribs to expose the thoracic cavity. Using fine forceps and
surgical scissors, free the heart and ascending aorta from connective tissue. Cut the aorta 2-3
mm from the aortic valve, freeing the heart from the thoracic cage (Figure 1A).

Immediately place the heart in a 100 mm Petri dish containing cold PBS.

Trim excess soft tissue from the aorta. Cannulate the aorta and secure with silk suture as
previously documented in video form Li et al. (2014) (Figure 1B). Make an incision in the right
atrium to permit coronary sinus effluent to flow freely.

Attach a 10-ml syringe filled with PBS to the cannula, taking care not to introduce any air bubbles.
Initiate perfusion by gently pressing the syringe plunger, maintaining a steady flow rate until the
heart is cleared of blood (the fluid should be running clear).

Note: Alternative cardiac perfusion methods, e.g., Langendorff perfusion or whole body in situ
perfusion, extend the protocol time significantly and may cause additional ischemic stress.
After perfusion, remove the cannula and transfer the heart to a new 100 mm Petri dish
containing PBS. Remove atria, great vessels, and top one-quarter of ventricles to avoid
contaminating the samples with atrioventricular mesenchymal tissue (Figure 1C).

Transfer the heart to a 60 mm Petri dish and mince it with a scalpel to obtain ~1-3 mm? pieces.
Cover the tissue in a small volume of collagenase solution (~500 pl) to keep it moist during

mincing.
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11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

22.

Note: This step should be performed within a 5 min timeframe. Small pieces of tissue (~1-3 mm>)
should be visible (Figure 1D). Excessive mincing generates a cell slurry which will negatively
affect cell viability.

Add 5 ml of collagenase solution to the dish and transfer the minced tissue into a 70 ml specimen
jar using a plastic transfer pipette. Mix by gently pipetting the sample up and down to break
down the clumps.

Incubate the specimen jar at 37°C in a water bath with shaking (60 rpm) for 10 min (Figure 1E).
Break down clumps by intermittent pipetting while avoiding bubble formation.

After 10 min of incubation, remove the sample from the water bath and let the pieces settle
down to the bottom of the specimen jar. Transfer the supernatant (cell suspension) to a 50 ml
Falcon tube by filtering through a 40 um sterile cell strainer to remove cardiomyocytes and
undigested debris (size of adult mouse cardiomyocytes ranges 100-200 um) (Figure 1F).

Add fresh 5 ml collagenase solution to the remaining undigested tissue in the specimen jar, mix
by gently pipetting up and down, and repeat Steps B12-B13 further two times further. Pool the
cell suspension from each heart in the same designated 50 ml Falcon tube. Centrifuge the cell
suspension at 300 x g for 5 min and discard the supernatant.

Note: At this stage, most of the tissue should be completely digested; however, if larger pieces
are visible, the incubation period should be extended to ~15 min, and/or another round of
digestion with 56 ml collagenase solution should be done.

Resuspend the pellet in 1 ml of red cell lysis buffer and incubate at RT for 1 min (Figure 1G).
Centrifuge the tube at 300 x g for 5 min and discard the supernatant.

Gently resuspend the pellet in 1 ml of ice-cold FACS buffer and transfer the contents into 1.5 ml
Eppendorf tubes. Remove the supernatant carefully by aspiration without disturbing the cell
pellet.

Centrifuge the tube at 300 x g for 5 min after washing, discard supernatant, and resuspend the
pellet in 200 pl of dead cell removal microbeads; mix well and incubate for 15 min at RT (Figure
1H).

During the incubation, prepare 15 ml (per heart) of 1% column binding buffer from the 20x stock
solution (included in the dead cell removal kit), place MACS LS columns in the magnetic field of
a QuadroMACS Separator, and precondition the column with 3 ml of 1x binding buffer (Figure
11). Discard the flow-through.

Load the cell suspension into the LS column and slowly add the remaining 12 ml of 1x binding
buffer to each column, collecting the flow-through into a 15 ml tube placed on ice. The flow-
through contains live cells.

Centrifuge the tubes at 300 x g for 5 min. After discarding the supernatant, resuspend the pellet
in 1 ml of ice-cold FACS buffer and transfer the contents into a 1.5 ml Eppendorf tube.
Centrifuge at 300 x g for 5 min and resuspend the pellet in 500 pl of ice-cold FACS buffer.
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23. Transfer 100 pl of the cell suspensioninto a 5 ml FACS tube and dilute with ice-cold FACS buffer
to achieve a cell density of approximately 1 million cells per ml. Add DAPI (final concentration:

100 ng/ml) to the cell suspension and proceed to FACS sorting (Figure 1J).

A. Anesthesia B. Ex-vivo cardiac C. Dissection D. Mincing of ventricles E. Collagenase
and dissection perfusion of ventricles incubation

s 3x10 minutes

F. Filtration and G. Red blood H. Dead cell 1. QuadroMACS J.FACS
centrifugation cell lysis removal beads separation

: : — — ‘. .
] 7
X!mmmes X 15 minutes E I

Figure 1. Experimental workflow in graphical form

24. Acquire cells on the BD FACS Aria Il sorter fitted with a 100 um nozzle (30 kHz, 20 PSI). Adjust
the flow rate to achieve ~1,000 events/second. After establishing the gates (see below), sort
TIP cells (Figure 1D) with 4-way purity precision mode ina 1.5 ml Eppendorf tube containing 50
pl FACS buffer. Once the desired number of TIP cells are sorted, sort GFP* cells (Figure 1E).
Gating strategy:

a. Set FSC-A vs SSC-A gate to include TIP cells and exclude the remaining cardiomyocytes,
debris, and cell aggregates (Figure 2A).

Gate single cells and exclude cell aggregates based on FSC gating (Figure 2B).

Gate single cells and exclude cell aggregates based on SSC gating (Figure 2C).

Gate the DAPI" fraction to sort for “Live TIP” cells (Figure 2D).

From the “Live TIP” fraction, gate the GFP* fraction to sort cardiac fibroblasts (Figure 2E)

(Chong et al., 2011).

Notes:

© a0 T

i.  Both unstained and single-stained samples should be prepared from the same cell
suspension obtained from wild-type (C57BL/6J) mouse hearts. This will adjust the
compensation parameter settings to set background fluorescence levels and establish the
gate for GFP* cells.

ii. If Pdgfra®"* mice are not available, a cell suspension obtained from wild-type (C57BL/6J)
mouse hearts (at Step B22) should be stained with a fluorophore-conjugated anti-PDGFRA
antibody (e.g., APC-conjugated anti-PDGFRA (CD140a) antibody) to sort cardiac
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fibroblasts as the “APC” positive fraction from the “Live TIP” fraction. TIP cells can be sorted

as explained above for Pdgfra®™* mice (Step B24 and Figures 2A-2D).

A s B FSC-based C SSC-based
catter h )
E — single cells single cells
< - T j T
2 —» 3 m —>
» 18 _ 7] 4
FSC-A FSC-A SSC-W
D Live TIP E Live GFP*

FSC-A

DAPI

Figure 2. FACS gating strategy. (A-C) A typical workflow of sequential gating for doublet
exclusion is shown. Total events were gated in a scatter plot (A) and subjected to FSC-based
(B) and SSC-based (C) single-cell gating. (D) Live TIP cells were then gated as the DAPI-

fraction. (E) Example of gating for GFP* cells isolated from Pdgfra®™* mice.

Recipes

1. FACS buffer
Prepare 2% FBS in PBS and filter through a 0.2 um syringe filter.
2. Collagenase type Il in PBS (working concentration: 265 Unit/ml)
Prepare fresh solution each time. Dissolve collagenase powder in PBS and filter through a 0.2
pm syringe filter. Prepare 15 ml of collagenase solution for each heart sample.
Note: The enzymatic activity per unit mass (Unit/mg) of the Iyophilized powder and weigh as

required (Unit/ml) considering working concentration and number of samples.
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