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SUMMARY: 
We have optimized a protocol to isolate and purify murine cardiac pericytes for basic research and investigation of their biology and therapeutic potential.

ABSTRACT: 
Pericytes, perivascular cells of microvessels and capillaries, are known to play a part in angiogenesis, vessel stabilization, and endothelial barrier integrity. However, their tissue-specific functions in the heart are not well understood. Moreover, there is currently no protocol utilizing readily accessible materials to isolate and purify pericytes of cardiac origin. Our protocol focuses on using the widely used mammalian model, the mouse, as our source of cells. Using the enzymatic digestion and mechanical dissociation of heart tissue, we obtained a crude cell mixture that was further purified by fluorescence activating cell sorting (FACS) by a plethora of markers. Because there is no single unequivocal marker for pericytes, we gated for cells that were CD31-CD34-CD45-CD140b+NG2+CD146+. Following purification, these primary cells were cultured and passaged multiple times without any changes in morphology and marker expression. With the ability to regularly obtain primary murine cardiac pericytes using our protocol, we hope to further understand the role of pericytes in cardiovascular physiology and their therapeutic potential. 

INTRODUCTION: 
Perivascular cells known as pericytes surround the microvessels and capillaries of the vascular tree1,2. Physiologically, they are known to promote and play a part in angiogenesis, increase barrier integrity due to their close relationship with endothelial cells as well as stabilize and mature vessels1,2. Moreover, the dysfunction and/or loss of these cells have been implicated in diseases such as Alzheimer’s disease2,3 and various cardiovascular diseases4. These cells are found throughout the entire body, but the cell numbers are tissue-dependent. Pericytes have most notably been studied in the brain due to high vascularization of the blood-brain barrier1,2. However, in the heart, the biology of pericytes is understudied. 

Recently, there are increased interests in the field for cardiac pericytes, but there is currently no streamlined protocol available for their isolation from one of the most used tools in biology – the mouse. There are protocols in the literature on isolating pericytes from the brain5, retina6, placenta7, and skeletal muscle8,9; however, few protocols are on isolating pericytes from the heart. There are several groups that have isolated cardiac pericytes. Nees et al. were able to isolate an abundant amount of cardiac pericytes from multiple species including the mouse; however, their methods used specific in-house built equipment which decreases reproducibility10. Avolio et al.11, Chen et al.12, and Baily et al.13 also successfully isolated cardiac pericytes from human heart tissue, but human tissues are not always available and hard to obtain for some investigators. Here, we have developed an isolation method to obtain cardiac pericytes from mouse models for investigators to further study their biology with readily available materials. 

Using enzymatic digestion and fluorescence activated cell sorting (FACS) with known key pericyte markers14, our protocol allows us to isolate and purify a population of pericytes that are characterized by CD31-CD34-CD45-CD140b+NG2+CD146+. Our panel of markers contain both inclusion and exclusion markers. CD45 is used as a marker to exclude hematopoietic cells. CD31 is used as a marker to exclude endothelial cells. CD34 is used as a marker to exclude both hematopoietic and endothelial progenitor cells. CD146 is a marker for perivascular cells. Lastly, NG2 and CD140b (also known as platelet derived growth factor receptor beta – PDGFRβ) are both accepted markers for pericytes14. The primary culture obtained can be cultured and passaged multiple times with no changes in morphology or marker expression. Furthermore, these cells can be co-cultured with endothelial cells to study their interactions and crosstalk with each other. This cell isolation method will allow investigators to study the biology and pathophysiology of cardiac pericytes from wild type, disease, and genetically variant mouse models. 

PROTOCOL: 
[bookmark: _Hlk536030272]All animals were housed and used in an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) accredited facility and all animal work was conducted under appropriate veterinary oversight and under the Institutional Animal Care and Use Committee (IACUC) approved protocol of Amgen Inc.

1. Preparation of tools and culture media

1.1. Autoclave surgical 9 cm straight tip fine point scissors and 10 cm angled serrated forceps.

1.2. Add 25 mL of 5% fetal bovine serum (FBS) and 5 mL of 1% penicillin streptomycin (P/S) into a 500 mL bottle of calcium magnesium free Dulbecco’s phosphate-buffered saline (CMF-DPBS). Place solution in an ice bath to ensure it will be cold at the time of use. Aliquot 50 mL into a 50 mL conical tube for heart isolation. Add in 250 units/mL of heparin sodium solution into the 50 mL aliquot. This will be referred to as heparinized CMF-DPBS.
 
1.3. Add 20% FBS (100 mL) and 1% P/S (5 mL) into a 500 mL bottle of high glucose Dulbecco’s modified eagle’s medium (DMEM). This will be referred to as the enzyme-free culture media. Aliquot 20 mL of DMEM + 20% FBS + 1% P/S and add in 500 µg/mL of collagenase B. This will be referred to as the enzyme solution. Keep both the enzyme-free culture media and enzyme solution warm at 37 °C in an incubator or water bath.

2. Preparation of animal and procurement of cardiac tissue

2.1. Intraperitoneally inject a mouse with 250 units of heparin sodium solution with a 31 G needle syringe. Then wait 10−15 min while the mouse remains active in its home cage.

NOTE: Representative data in this study were obtained from a 4-month-old male C57BL/6 mouse. However, this protocol can be used on any mouse regardless of strain, age, gender, weight, etc.

2.2. Anesthetize the mouse with 5% isoflurane. Once the mouse is no longer responding to the pinch reflex, euthanize the mouse by cervical dislocation.

2.3. Place the anesthetized mouse in supine position and tape down its forelimbs. Carefully open the chest cavity and cannulate the descending aorta using a 25 G butterfly needle. 

2.4. Make a nick in the right atrium and perfuse the heart with at least 20 mL of 250 units/mL heparinized CMF-DPBS at 2 mL/min with a variable-flow peristaltic pump. When the PBS comes out of the right atria clean, perfusion is complete.

2.5. Cut the heart out at the aorta and place it into the ice-cold CMF-DPBS.

3. Dissociation of heart tissue

3.1. Transfer the heart into a 15 cm x 15 cm Petri dish. Cut the heart into tiny pieces (1 mm/piece) using spring scissors and fine point forceps with enough enzyme solution to cover the pieces (10−15 mL).

3.2. Transfer the pieces and solution into a 50 mL conical tube, seal with paraffin plastic film, and incubate at 37 °C on an orbital shaker at 120 rpm for 75 min.

3.3. After collagenase digestion with the enzyme solution, decant the liquid through a 100 µm cell strainer into a new 50 mL tube but leave enough solution to make sure the pieces do not dry out.

3.4. Using fine point forceps, take out the tissue from the tube and place a few pieces on a microscope slide. Then grind the tissue between two microscope slides to break up the tissue. Rinse the slides with enzyme free culture media into a new 50 mL conical tube.

3.5. Repeat step 3.4 until all tissue pieces are dissociated.

3.6. Combine the solutions from steps 3.3−3.5 into one tube. Strain the resulting suspension through a 100 µm cell strainer into a new 50 mL conical tube.

3.7. [bookmark: _Hlk528767036]Centrifuge at 220 x g, 4 °C, for 5 min. Aspirate off previous solution and gently resuspend cell pellet in fresh enzyme-free culture media.

3.8. [bookmark: _Hlk528767013]Count cells and check viability using a cell counter. Dilute cells to 1 x 106/mL with cold FACS staining buffer containing 500 mL of DPBS and 10−25 mL of 2−5% bovine serum albumin (BSA). The cells are ready to be stained and sorted.

4. Purification of pericytes from crude cell mixture using FACS

4.1. Prepare and label 5 mL FACS tubes for all controls and cell samples. Aliquot out cells (1 mL of cells per tube) for an unstained sample, fluorescence minus one (FMO) controls, and isotype-matched controls. Use the remaining cells for the sort. All controls and samples can be prepared and stained at the same time. 

NOTE: A total of 13 mL at 0.5 x 106 cells/mL were used for the representative sort from one heart. However, the volume depends on how many cells the investigator obtains from their isolation, how many hearts they use, and how well the heart tissue is digested; the size of each heart is also a variable that can alter the volume.

4.1.1. [bookmark: _Hlk535497435]Use compensation beads (Table of Materials) to optimize fluorescence compensation controls. Prepare one compensation control for each fluorochrome in the experiment in a labelled 5 mL FACS tube. For this experiment, prepare a total of 9 compensation controls – 2 kinds of unstained beads plus 7 different fluorochromes from the marker panel including NG2-FITC, CD31-APC, CD140b-PE, CD146-BV605, CD34-BV421, CD45-PE-Cy7, and cell viability-APC-Cy7 (Table of Materials). 

4.1.1.1. Add one drop of compensation beads (~ 50 µL) from the squeeze vial to each tube. Then add 1 µL of antibody to the beads. Repeat for each antibody from the marker panel. Mix vigorously by pulse-vortexing. Incubate for 30 min at 4 °C protected from light except for the cell viability beads which can be left at room temperature protected from light. 

4.1.1.2. Next, add 3 mL of FACS staining buffer to each tube and centrifuge at 300 x g for 5 min at 4 °C. Aspirate off solution and resuspend each bead pellet in 400 µL of FACS staining buffer. The compensation controls are ready to be used. Keep on ice.

4.1.2. [bookmark: _Hlk535496348]Use FMO controls to optimize background staining due to spectral overlap.

[bookmark: _Hlk535497932]4.1.2.1. Prepare FMO controls by using 1 mL of cells that was aliquoted from section 4.1 in a 5 mL FACS tube and adding in all antibodies from the marker panel described in step 4.1.1 at a 1:100 dilution but excluding one antibody. For example, prepare an NG2-AF488 FMO by including antibodies for CD31-APC, CD140b-PE, CD146-BV605, CD34-BV421, CD45-PE-Cy7, cell viability dye but not the NG2-AF488 antibody. Mix gently by pulse-vortexing. Repeat for each antibody for a total of 7 controls. Incubate for 30 min at 4 °C protected from light.

4.1.2.2. Next, add 3 mL of FACS staining buffer to each tube and centrifuge at 300 x g for 5 min at 4 °C. Aspirate off solution and resuspend each cell pellet in 400 µL of FACS staining buffer. The FMO controls are ready to be used. Keep on ice.

4.1.3. [bookmark: _Hlk535496624][bookmark: _Hlk535498292]Use isotype-matched control antibodies (Table of Materials) for nonspecific staining. 

4.1.3.1. Prepare isotype controls by adding the isotype-matched control antibody (Table of Materials) to 1 mL of cell sample prepared from section 4.1 at a 1:100 dilution each in a 5 mL FACS tube. Mix gently by pulse-vortexing. Incubate for 30 min at 4 °C protected from light. 

4.1.3.2. Next, add 3 mL of FACS staining buffer to each tube and centrifuge at 300 x g for 5 min at 4 °C. Aspirate off solution and resuspend each cell pellet in 400 µL of FACS staining buffer. The isotype controls are ready to be used. Keep on ice.

4.1.4. Prepare cells to be sorted by adding antibody cocktail to freshly isolated cells. 

4.1.4.1. Prepare cell sample from section 4.1 by adding in an antibody cocktail containing anti-mouse NG2-AF488, CD31-APC, CD140b-PE, CD146-BV605, CD34-BV421, CD45-PE-Cy7 at 1:100 dilution each and cell viability dye at 1:1000 dilution. Gently vortex to mix. Incubate samples at 4 °C for 30 min protected from light.

4.1.4.2. After staining, wash cells with FACS staining buffer by centrifugation at 300 x g for 5 min 4 °C. Aspirate off solution and resuspend the cell pellet in FACS staining buffer to 0.5 x 106 cells/mL. 

4.1.4.3. Using new FACS tubes that have 35 µm filter tops, pipette stained cell samples onto the lids and gravity filtrate to obtain single cell suspensions. Keep on ice.

4.2. Use a cell sorter to purify cells.

4.2.1. Run the unstained cells on the cell sorter to set voltages and correct for the background signal (for example, set voltages for forward scatter to 490−560 and for side scatter to 180−250).

4.2.2. Run each isotype control one at a time and this data can be used to adjust gates for nonspecific binding if there are any.

4.2.3. Run each FMO sample one at time and adjust voltages for each channel to correct for spectral bleed through due to a multi-color panel. 

4.2.4. Run each single-color compensation bead sample one at a time to adjust voltages for each channel and adjust gates for the positive signal. Collect data. Use the software to calculate for spectral overlap by calculating the compensation matrix. All voltages are ready and set. 

4.2.5. Run the stained cell samples in the cell sorter and collect cells in 10 mL enzyme-free culture media (DMEM + 20% FBS + 1% P/S) in a 15 mL conical collection tube. Use the following gating strategy: gate for single cells, gate for live cells, gate for CD45 negative cells, gate for CD34 and CD31 negative cells, gate for NG2 positive cells, and finally gate for CD146 and CD140b positive cells.

5. Culturing of pericytes

5.1. Coat a 24-well plate with 0.2% gelatin for 5 min and aspirate off gelatin solution. Seed freshly obtained cells from step 4.2.5 in DMEM + 20% FBS + 1% P/S up to 2 x 104 cells/cm2.  Culture cells in a cell incubator set at 37 °C, 5% CO2 and 95% O2.

5.2. Passaging of pericytes

5.2.1. Once the cells are 95% confluent, wash cells with warm 1x DPBS, and lift cells with 200 µL of 0.1% trypsin in each well at room temperature for 3−5 min. 

5.2.2. Gently tap the plate to loosen the cells. 

5.2.3. Neutralize the trypsin with 3.5x the amount of culture media (700 µL DMEM + 20% FBS + 1% P/S) and seed passage two (P2) cells onto an uncoated 6-well plate at to 2 x 104 cells/cm2. 

5.2.4. Each well, when confluent, can be moved into a single T-75 flask as P3 cells which then can be split at a 1:6 ratio.

6. Characterization of pericytes

6.1. Flow cytometry analysis 

6.1.1. Use the same FACS staining protocol and gating strategy as previously described in section 4. 

6.1.2. Run controls and stained samples on the flow cytometer. Collect data and analyze data using the analysis software (Table of Materials).

6.2. [bookmark: _GoBack]To collect brightfield images, grow cells in a flask in a cell incubator set at 37 °C, 5% CO2 and 95% O2. Capture images on a microscope after cells attach to the surface. 

6.3. Immunocytochemistry

6.3.1. Grow cells in a 96-well plate until 90% confluent. Wash cells with warm 1x DPBS and fix with 4% paraformaldehyde for 30 min at room temperature. 

6.3.2. Wash cells 3x with 1x DPBS and permeabilize with 0.1% detergent for 10 min at room temperature. 

6.3.3. Incubate cells with blocking buffer for 1 h at room temperature. After blocking, add primary antibodies (one antibody per well) diluted 1:100 in blocking buffer and incubate at 4 °C overnight. Primary antibodies are: anti-NG2, anti-CD140b, anti-CD31, anti-vimentin, anti-desmin, and anti-alpha smooth muscle actin.

6.3.4. Next day, wash cells 3x with wash buffer (Table of Materials). Add secondary antibody diluted 1:1000 in blocking buffer and incubate for 2 h at room temperature in the dark. Secondary antibody is an anti-rabbit conjugated to FITC.

6.3.5. Wash cells 3x with wash buffer. Add 300 µM nuclear stain diluted at 1:1000 for 5 min at room temperature. 

6.3.6. Wash cells 3x with 1x DPBS and mount with mounting media. 

6.3.7. Image cells with a confocal microscope.

REPRESENTATIVE RESULTS: 
After enzymatic digestion and dissociation of the whole heart and before FACS purification of the cells, cells are a crude mixture that contains many different cell types from the heart (Figure 1A). After FACS purification and culturing, cells are homogenous. They are single nucleated, quite flat, and have the typical pericyte rhomboid morphology (Figure 1B).

Using FACS, cells are purified to homogeny. The unstained control cell sample is used to show the gating strategy (Figure 2). First, debris and doublets were gated out based on forward and side scatter distributions. Then dead cells were gated out due to their amine reaction with the dye which produces a signal greater and more intense than live cells. Of the live cells, hematopoietic cells were gated out by being CD45+. To further remove hematopoietic and endothelial cells, CD34+ and CD31+ cells were gated out. Finally, NG2+ and CD140b+/CD146+ cells were selected for being perivascular cells with expression of typical pericyte markers (Figure 3). The marker panel was also tested on mouse coronary endothelial cells as a control (Supplemental Figure 1). Only about 1% of crude cell mixture consisted of pericytes after sorting.

To validate that the cells were indeed pericytes, we passaged the cells for further characterization. Cells grew rapidly once they reached P3 in the T-75 flasks without changes in viability as they became older (Supplemental Figure 2). When compared with human brain pericytes, the cells had a similar morphology (Figure 4A). When compared with mouse and human smooth muscle cells, the cells had a different morphology (Figure 4A). There were also no observed changes in morphology or marker expression at P7 when immunostained or by flow cytometry analysis after passaging (Figure 4B,C). 

FIGURE LEGENDS:

Figure 1: Crude cells versus purified cells. (A) The brightfield image of crude cell mixture post whole heart enzymatic digestion and dissociation which has been cultured in a T25 flask for 14 days. (B) The brightfield image of a homogenous population of cardiac pericytes post-sorting and culturing after 14 days. Scale bar = 100 µm.

Figure 2: Representative images of FACS analysis of unstained cells. Schematic representation of the gating strategy used to purify crude cell mixture. Gate for cells that are single, live, CD45-, CD31-, CD34-, NG2+, CD146+, and CD140b+.

Figure 3: Representative images of FACS analysis of crude cells. Schematic representation of the sorting used to obtain a homogenous population of cardiac pericytes. Roughly 1% of crude cells are CD31-CD34-CD45-CD140b+NG2+CD146+.

Figure 4: Characterization of primary isolated cardiac pericytes (A) Brightfield images of cultured cells from human brain (hPC) and mouse hearts (mPC) show similar pericyte cell morphology but different morphology from human smooth muscle cells hSMC) and mouse smooth muscle cells (mSMC). Scale bar = 100 µm. (B) Phenotypic characterization of cells at P7 by immunocytochemistry for pericyte markers. Scale bar = 100 µm. (C) Analysis by flow cytometry of the pericytes at P7 where they were gated for negative markers CD31, CD34, CD45 and positive markers NG2, CD140b, and CD146. Population remains homogenous.

Supplemental Figure 1: Representative images of flow cytometry analysis of endothelial cells using marker panel. A mouse coronary endothelial cell line was used as control for the binding specificity for the markers. Using the same gating strategy that was used in the sort except for a positive gate for CD31 instead of a negative gate, the endothelial cells were negative for CD45, CD34, NG2, CD140b, and CD146 but positive for CD31 as expected. 

Supplemental Figure 2: Representative images of flow cytometry analysis of different passages of mPC. Primary isolated cardiac pericytes were cultured and passaged up to passage 12. Cells were stained with propidium iodide and analyzed on a flow cytometer. Control population is a mixture of dead cells and live cells. There were no significant differences in number of viable cells between passages.

DISCUSSION: 
As studies on cardiac pericytes are relatively new, the role of pericytes in cardiovascular physiology and pathophysiology have yet to be defined. In other organs, they have been shown to play key roles in vessel homeostasis and perfusion1,2. Compared to the literature of pericytes from other organs such as the brain, there are significantly fewer publications on cardiac pericytes. The isolation of cardiac pericytes is critical to the understanding of their functional characteristics and signaling mechanisms. Therefore, this protocol will provide investigators with an easier way to access cardiac pericytes from a more readily available tissue source and promote studies on their biology. It will help answer questions on how cardiac pericytes contribute to cardiac homeostasis and pathophysiology as well as investigate their therapeutic potential.

The pericyte population isolated from murine heart and characterized by CD31-CD34-CD45-CD140b+NG2+CD146+ has been passaged multiple times (up to P12 and was still going strong), which does not decrease in viability and propagates quickly (Supplementary Figure 2). The cells have also been cryofrozen and recovered with at least 95% viability. However, we prefer to use cells P7 or younger for our experiments. Comparing brightfield images of our pericytes with human brain pericytes, the two cell lines have comparable cell morphology (Figure 4A) while they differ in morphology from smooth muscle cells (Figure 4A). Our P7 cells were characterized by immunocytochemistry for pericyte markers, some from our FACS panel (NG2 and CD140b), and a few not in the panel (vimentin, desmin, αSMA) and we found that the cells expressed pericyte markers homogenously (Figure 4B). Additionally, our P7 cells were analyzed by flow cytometry again with the same marker panel to assess for changes in marker expression due to passaging and we found that there were no changes (Figure 4C). Therefore, both phenotypically and morphologically, our cells are pericytes.

[bookmark: _Hlk535509329]The studies by Nees et al.10, Avolio et al.11, Chen et al.12, and Baily et al.13 have shown successful cardiac pericyte isolations. However, the use of an in-house custom built equipment to detach the pericytes from the microvessels by Nees et al.10 involved two chambers with pumps that perfused protease solution back and forth through a mesh net stack, which was hard to replicate as they did not provide a schematic and/or picture of the apparatus and how it was built. Although Nees et al.10 successfully isolated cardiac pericytes from many species, we were never able to reproduce their method. Our pericyte detachment step in our protocol simply uses an orbital shaker (to dissociate all cells) which is available in most, if not all laboratories, with the tissue and enzyme solution in a conical tube followed by a mechanical dissociation step. There is no custom apparatus required. Secondly, the remaining protocols involve the use of human tissues and thus the procurement of human tissue is limiting to investigators. Our protocol is a modification and optimization of current protocols9,12 using mouse models (wild type, genetically modified, diseased) and materials that are readily available to all investigators. 

Because perivascular cells in general are sensitive, viability of the cells is critical to obtain a good yield. During procurement of cardiac tissue and staining of cells, the tissue/cells need to be kept ice cold. Secondly, the enzymatic digestion of the tissue may require optimization on an individual basis. Depending on the units of activity on one’s vials of enzymes, concentration and digestion time may need to be optimized. Make sure that the enzymatic solution is prepared fresh each time otherwise yield will decrease. Thirdly, the crude mixture contains a lot of cells, some dead and/or dying, it is best to lower the concentration of FBS in the staining buffer from 5% to 2%. If you are having trouble with cells clogging the nozzle during sort, enrich the cells first by using a dead cell removal kit. You can also add EDTA/HEPES buffer or DNase treatment to the cell pre-sort to prevent cell clumping. Lastly, because our panel of antibodies is rather large and uses many fluorophores, be sure your FMO controls and compensation controls are done correctly. 

One limitation to this method is the amount of cardiac pericytes that can be obtained per heart. In our case, only 1.1% of our crude mixture from one mouse heart were pericytes which is comparable to the percent in the human heart isolations, but the number of cells is significantly less due to the amount of heart tissue a mouse provides. Because the starting number of cells is so low after FACS, it would be better to isolate from multiple hearts at once. However, the problem with that is the sheer number of cells that you need to sort through in one day. If you have more than 30 million cells, it will be difficult to get through the sort without affecting the viability of the cells. If the investigator had multiple cell sorters, isolating from multiple hearts in a day would be doable. Another limitation is that because we do not know if there are subpopulations of pericytes in the heart like there is skeletal muscle15,16, we do not know if we are eliminating a subtype in our gating strategy. We are in the process of characterizing our cardiac pericytes and thus far in our unpublished data, they are functionally like other pericytes in the literature. 

Our protocol will enable investigators to answer questions on cardiac pericyte properties, characteristics, functionality, and other aspects that will help define their contribution to cardiac homeostasis and hemodynamics. These cells could have therapeutic potential to cardiovascular disease once their biology is better understood. 
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