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SUMMARY: 22 
The goal of this protocol is to test the ability of progenitor cells derived from human perivascular 23 
adipose tissue to differentiate into multiple cell lineages. Differentiation was compared to 24 
mesenchymal stem cells derived from human bone marrow, which is known to differentiate into 25 
adipocyte, osteocyte, and chondrocyte lineages.  26 
 27 
ABSTRACT: 28 
Adipose tissue is a rich source of multi-potent mesenchymal stem cells (MSC) capable of 29 
differentiating into osteogenic, adipogenic, and chondrogenic lineages. Adipogenic 30 
differentiation of progenitor cells is a major mechanism driving adipose tissue expansion and 31 
dysfunction in response to obesity. Understanding changes to perivascular adipose tissue (PVAT) 32 
is thus clinically relevant in metabolic disease. However, previous studies have been 33 
predominately performed in the mouse and other animal models. This protocol uses human 34 
thoracic PVAT samples collected from patients undergoing coronary artery bypass graft surgery. 35 
Adipose tissue from the ascending aorta was collected and used for explantation of the stromal 36 
vascular fraction. We previously confirmed the presence of adipose progenitor cells in human 37 
PVAT with the capacity to differentiate into lipid-containing adipocytes. In this study, we further 38 
analyzed the differentiation potential of cells from the stromal vascular fraction, presumably 39 
containing multi-potent progenitor cells. We compared PVAT-derived cells to human bone 40 
marrow MSC for differentiation into adipogenic, osteogenic, and chondrogenic lineages. 41 
Following 14 days of differentiation, specific stains were utilized to detect lipid accumulation in 42 
adipocytes (Oil red O), calcific deposits in osteogenic cells (Alizarin Red), or glycosaminoglycans 43 
and collagen in chondrogenic cells (Masson’s Trichrome). While bone marrow MSC efficiently 44 
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differentiated into all three lineages, PVAT-derived cells had adipogenic and chondrogenic 45 
potential, but lacked robust osteogenic potential. 46 

 47 
INTRODUCTION:  48 
Adipose tissue is a rich source of multi-potent mesenchymal stem cells (MSC) capable of 49 
differentiating into osteogenic, adipogenic, and chondrogenic lineages1. This tissue expands 50 
through hypertrophy of mature adipocytes and de novo differentiation of resident MSC to 51 
adipocytes. Perivascular adipose tissue (PVAT) surrounds blood vessels and regulates vascular 52 
function2,3. Obesity-induced PVAT expansion exacerbates cardiovascular pathologies. While the 53 
multipotent potential of MSC from human subcutaneous adipose depots have been well 54 
studied4,5, no studies have explanted and evaluated the differentiation capacity of human PVAT-55 
derived progenitor cells, likely due to the invasiveness of procurement. Thus, the goal of this work 56 
is to provide a methodology to explant and propagate progenitor cells from human aortic PVAT 57 
from patients with cardiovascular disease and to test their propensity to differentiate to 58 
osteogenic, chondrogenic, and adipogenic lineages. Our source of PVAT is from the site of 59 
anastomosis of the bypass graft on ascending aorta of obese patients undergoing coronary artery 60 
bypass graft surgery. Freshly-isolated PVAT is enzymatically-dissociated and the stromal vascular 61 
fraction is isolated and propagated in vitro, enabling us to test for the first time the differentiation 62 
capacity of human PVAT-derived progenitor cells. 63 
 64 
Using primary cultured human PVAT stromal vascular fraction, we tested three assays designed 65 
to induce stem/progenitor cells to differentiate toward adipogenic, osteogenic, or chondrogenic 66 

lineages. Our prior study identified a population of CD73+, CD105+, and PDGFR+ (CD140a) cells 67 
that can robustly differentiate into adipocytes6, although their multipotency was not tested. 68 
PVAT directly regulates vascular tone and inflammation7. The rationale for testing the 69 
differentiation potential of this novel cell population is to begin to understand the specialized 70 
influence of PVAT on vascular function, and mechanisms of PVAT expansion during obesity. This 71 
methodology enhances our understanding of the functions of adipose-tissue derived progenitor 72 
cells and enables us to identify and compare similarities and differences of progenitor cells from 73 
different tissue sources. We build upon established and validated approaches for isolating and 74 
differentiating MSC towards different lineages and optimize procedures to maximize the viability 75 
of human PVAT-derived progenitor cells. These techniques have broad applications in the fields 76 
of stem and progenitor cell research and adipose tissue development.  77 
 78 
PROTOCOL:  79 
The use of human tissues in this study was evaluated and approved by the Institutional Review 80 
Board of Maine Medical Center, and all personnel received appropriate training prior to 81 
experimentation. 82 
 83 
1. Preparations 84 

 85 
1.1. Make dissociation buffer by reconstituting 50 mg animal-free collagenase/dispase blend I 86 
solution with 1 mL of nanopure H2O. Prepare 1 mg/mL working solution by adding 49 mL of high 87 
glucose DMEM containing 1% w/v BSA to the reconstituted collagenase/dispase solution. Store 88 



 

5 mL working aliquots at -20 °C and warm to 37 °C using a water bath prior to use. 89 
 90 
1.2. Make antibiotic solution by adding 1 mL of 100x antibiotic/antimycotic solution (final 91 
concentration is 200 units/mL penicillin, 200 units/mL streptomycin and 0.5 µg/mL fungizone) to 92 
49 mL of HBSS, and store on ice.  93 
 94 
1.3. Prepare gelatin solution (0.2% w/v) by dissolving 200 mg gelatin from bovine skin in 100 mL 95 
of nanopure H2O. Autoclave the solution for 20 min and store at 4 °C.  96 

 97 
1.4. Prepare 500 mL of PVAT growth media: high glucose DMEM/F12 with glutamine supplement, 98 
sodium pyruvate, and sodium bicarbonate, supplemented with 10% FBS and 100 µg/mL 99 
antimicrobial agent (see Table of Materials). 100 
 101 
1.5. Prepare 50 mL adipogenic induction media: 40.8 mL high glucose DMEM, supplemented with 102 
7.5 mL PVAT growth media, 500 µL of 100x antibiotic/antimycotic solution (final concentration is 103 
100 units/mL penicillin, 100 units/mL streptomycin and 0.25 µg/mL fungizone), 0.5 mM IBMX 104 
(500 mM stock in 0.1 M NaOH), 1 µM dexamethasone (1 mM stock in ethanol), 5 µM rosiglitazone 105 
(5 mM stock in DMSO), 33 µM biotin (66 mM stock in DMSO), 100 nM insulin (200 µM stock in 106 
0.1% acetic acid), and 20 µM pantothenic acid (100 mM stock in H2O). 107 
 108 
1.6. Prepare 50 mL of control induction media for the adipogenic lineage: 40.8 mL high glucose 109 
DMEM supplemented with 7.5 mL PVAT growth media and 500 µL of pen-strep (100x stock).  110 

 111 
1.7. Prepare 50 mL adipogenic maintenance media: 41.5 mL high glucose DMEM supplemented 112 
with 7.5 mL PVAT growth media from step 1.3, 500 µL pen-strep (100x stock), 1 µM 113 
dexamethasone (1 mM stock in EtOH), 33 µM biotin (66 mM stock in DMSO), 100 nM insulin (200 114 
µM stock in 0.1% acetic acid), and 20 µM pantothenic acid (100 mM stock in H2O). 115 
 116 
1.8. Prepare 500 mL of growth media for the osteogenic and chondrogenic lineages: high glucose 117 
αMEM supplemented with 10% FBS, 1x glutamine supplement (see Table of Materials), and 5 118 
mL of pen-strep (100x stock). 119 
 120 
1.9. Prepare 50 mL of induction media for the osteogenic lineage: 50 mL of the bone marrow 121 
MSC growth media supplemented with 10 nM dexamethasone and 10 mM β-glycerophosphate. 122 
 123 
1.10. Prepare 50 mL of induction media for the chondrogenic lineage: 50 mL of the bone marrow 124 
MSC growth media supplemented with 100 nM dexamethasone, 50 µg/mL sodium ascorbate-2-125 
phosphate, and 10 ng/mL TGFβ1. For the osteogenic and chondrogenic conditions, the basal 126 
bone marrow MSC growth media will serve as the non-induction media. 127 
 128 
2. Protocol 1: Culture human PVAT cells from the stromal vascular fraction. 129 
 130 
NOTE: PVAT is resected from the site of graft anastomosis on the ascending aorta of anesthetized 131 
patients undergoing coronary artery bypass graft procedures. Aortic PVAT is placed in a 15 mL 132 



 

conical containing 10 mL ice cold high glucose DMEM F12 and transferred from the operating 133 
room to the laboratory within 2 h of resection. Aortic PVAT is discarded tissue during bypass 134 
procedure and has been deemed as non-human subjects research by Maine Medical Center’s 135 
Internal Review Board.  136 
 137 
2.1. This protocol is for a ~500 mg piece of human PVAT (approximately 3cm x 1cm x 0.5cm). 138 
Transfer fresh human PVAT from DMEM to a 50 mL conical tube containing 25 mL antibiotic 139 
solution. Incubate with rocking for 20 minutes at 4 °C. While the PVAT is in antibiotic solution, 140 
thaw an aliquot of dissociation buffer at 37 °C. 141 
 142 
2.2. Add 50 µL of 100x antibiotic/antimycotic solution to 5 mL dissociation buffer and sterilize 143 
using a 0.22 µm syringe filter. Add 1 mL of gelatin solution to 1 well of a 24-well plate. In a laminar 144 
flow hood, use sterile forceps and scissors to transfer PVAT from the antibiotic solution to a 145 
sterile Petri dish. Add 1 mL of pre-warmed dissociation buffer to the tissue and finely mince the 146 
entire tissue into a slurry (no pieces larger than ~2 mm x 2 mm) using sterile forceps and 147 
dissection scissors. 148 
 149 
2.3. Transfer the 1 mL slurry to 4 mL dissociation buffer and incubate the tube on its side in a pre-150 
warmed 37 °C orbital shaker at 200 rpm for 1 h. After 1 h, no visible tissue pieces will be present, 151 
and the solution will appear as a cloudy cell suspension. 152 
 153 
2.4. Filter the solution through a 70 µm cell strainer set atop a 50 mL conical tube. Rinse the 154 
strainer with an additional 10 mL antibiotic solution to capture as many cells as possible. Do not 155 
squeeze the strainer. 156 
 157 
2.5. Pellet the cells for 12 min at 300 x g in a swinging bucket centrifuge.  158 

 159 
NOTE: After centrifugation, the tube will be separated into a fatty top layer of adipocytes, an 160 
interphase, and a pellet. The pellet is the stromal vascular fraction containing endothelial cells, 161 
immune cells, blood cells, and progenitor cells. 162 
 163 
2.6. Resuspend the pellet in 10 mL of HBSS and centrifuge for 5 min at 300 x g. Repeat this step 164 
for a total of 2 washes in HBSS. After the final wash, do not lyse the red blood cells. Repeated 165 
attempts with several commercially-available buffers and incubation times have led to marked 166 
reductions in progenitor cell attachment and viability. 167 
 168 
2.7. Aspirate gelatin from the 24-well plate. Gently wash the well 1x with HBSS to remove 169 
unbound gelatin.  170 

 171 
2.8. Resuspend stromal vascular fraction pellet with intact red blood cells in 1 mL of growth 172 
media and seed onto the gelatin-coated well. Add human FGF2 (resuspended in PBS 173 
supplemented with 0.01% BSA w/v) to a final concentration of 25 ng/mL in culture medium. 174 
Incubate for 24 h at 37 °C with 5% CO2. 175 
 176 



 

2.9. On the next day, remove growth media and wash wells 5x with HBSS to remove red blood 177 
cells and dead cells. Add in 1 mL of fresh growth media supplemented with 25 ng/mL FGF2.  178 

 179 
2.10. Change the media every 48 h, making sure to supplement with 25 ng/mL fresh FGF2 each 180 
time.  181 

 182 
2.11. Cells typically reach 100% confluence 7-10 days after explant; passage cells then: 183 

 184 
2.11.1. Aspirate growth media and wash monolayer 2x in 1 mL HBSS. Aspirate all HBSS from the 185 
wells and add a few drops of cell dissociation solution.  186 
 187 
2.11.2. Tap and swirl the plate several times and incubate at 37 °C with 5% CO2 for 5–7 min to lift 188 
the cells. Add ~1 mL of fresh culture medium to the detached cells and distribute 500 µL to 2 189 
wells of a 24-well plate, each containing 500 µL growth media and 25 ng FGF2.  190 
 191 
2.12. Continue to expand human PVAT-derived cells as indicated in the previous step. Each 192 
passage should be no greater than a 1:2 split. Cells are passaged 5–7 times before allocating for 193 
differentiation assays. 194 

 195 
3. Protocol 2: Culture human bone marrow MSC colonies 196 
 197 
NOTE: Human bone marrow MSC are isolated as described8 and stored as early passage frozen 198 
stocks in freeze media (70% FBS 20% basal DMEM and 10% DMSO) at ~100,000 cell/mL in liquid 199 
N2.  200 
 201 
3.1. Rapidly thaw a vial of bone marrow MSC from the liquid N2 in a 37 °C water bath and plate 202 
to one well of a 6-well culture plate containing 3 mL of MSC growth media and incubate overnight 203 
at 37°C and 5% CO2.  204 

 205 
3.2. On the next day, aspirate MSC culture media and wash the cells 3x in 2 mL of HBSS. At 100% 206 
confluence, aspirate growth media and wash the cells 3x in 2 mL of HBSS. Add 500 µL/well cell 207 
detachment solution and incubate at 37 °C and 5% CO2 for 5 min. Tap the plate to ensure all cells 208 
are dislodged and evenly distribute contents to 2 wells of a 6-well plate containing 2 mL MSC 209 
growth media.  210 

 211 
3.3. Expand the human bone marrow and PVAT-derived MSC in parallel for approximately 5–7 212 
passages or until sufficient quantities for testing has been achieved.  213 

 214 
4. Protocol 3: Plate and induce adipogenic, osteogenic, and chondrogenic lineages 215 

 216 
4.1. Plate appropriate numbers of bone marrow and PVAT-derived cells per well of a 12-well 217 
plate and appropriate replicates for each experimental condition. For adipogenic and osteogenic 218 
conditions, ~200,000–225,000 cells/well are needed, for chondrogenic conditions, 150,000–219 
175,000 cells/well are needed.  220 



 

 221 
NOTE: We ran a minimum of N = 3 replicate wells for control and induced conditions for each 222 
experimental lineage for a total of 2 independent runs (N = 6 replicates total). 223 
 224 
4.2. Disassociate cells from both the human PVAT progenitor cell population and the human bone 225 
marrow MSC population using cell detachment solution and incubation at 37 °C and 5% CO2 for 226 
5 minutes. Pool populations into separate 15 mL conical vials. Spin the vial down at 500 x g for 7 227 
min to pellet the cells. Resuspend in 1 mL of PBS and use a hemocytometer to estimate the cell 228 
number. 229 
 230 
4.3. Plate the cells in 12-well dishes as indicated in step 4.1. Provide separate dishes for induced 231 
and non-induced adipogenic, osteogenic, and conditions so that the non-induced condition can 232 
be fixed at an earlier time point without disrupting continuing culture of the induced condition. 233 
 234 
4.4. Add 1.5 mL of adipogenic and osteogenic induction media to each well of the induced 235 
condition. Add 1.5 mL of adipogenic and osteogenic non-induction media to each well of the non-236 
induced condition. Begin incubation of the adipogenic and osteogenic induced and non-induced 237 
cell populations at 37 °C and 5% CO2.  238 

 239 
4.5. Spin down the remaining volume of human PVAT progenitor cells and human bone marrow 240 
MSCs for 7 min at 500 x g. 241 
 242 
4.6. Determine the volume needed to resuspend remaining bone marrow and PVAT-derived cell 243 
pellets to achieve a density of 100,000 cells/10 µL (106 cells/mL). Resuspend pellets in the 244 
calculated volume of MSC growth media for chondrogenic lineage induction. Gently move the 245 
volume of cells up and down using a pipet to ensure a homogenous distribution. 246 
 247 
4.7. Pipette a 10 µL droplet of the concentrated cell solution into the center of each well to form 248 
a micromass of 100,000 cells. Place 1 mL of sterile H2O in the adjacent well to prevent 249 
evaporation. Incubate the micromass cultures for 2 h at 37 °C and 5% CO2 to allow the micromass 250 
to aggregate. 251 
 252 
4.8. After 2 hours, carefully add chondrogenic differentiation media spiked with 10 ng/mL human 253 
TGFβ1 to each of the induced-condition wells. Carefully add 1.5 mL of the non-induction media 254 
(bone marrow MSC growth media) to the non-induced condition wells. Use separate 12-well 255 
plates for the induced and non-induced conditions so that the non-induced condition can be fixed 256 
at an earlier time point. 257 
 258 
5. Protocol 4: Culture adipogenic, osteogenic, and chondrogenic lineages for 14 days 259 
 260 
5.1. Culture the induced and non-induced conditions of all three lineages for 4 days at 37 °C and 261 
5% CO2, refreshing media every 2 days. On day 4, change the induced adipogenic lineage 262 
condition from induction media to maintenance media for the remainder of the assay.  263 
 264 



 

5.2. Fix all of the non-induced conditions in 10% formalin for 12 hours. Dispose of formalin and 265 
wash all fixed wells 2x in PBS to remove all traces of formalin. Store plates in PBS at 4 °C until 266 
processing. 267 
 268 
5.3. Culture the induced conditions for a total of 14 days, refreshing media every 2 days. Add 269 
fresh TGFβ1 at 10 ng/mL final concentration with each refresh of the chondrogenic induction 270 
media. Continue to culture the adipogenic lineage in the adipogenic maintenance media and 271 
osteogenic lineage induction media, refreshing every 2 days. At day 14, fix all induced conditions 272 
for 12 hours in 10% formalin for staining. 273 

 274 
5.4. Scrape or pour the micromass in the induced chondrogenic condition into a cassette for 275 
embedding. Dehydrate the micromass in a series of increasingly concentrated alcohol baths for 276 
5 min, beginning at 70%, then 80%, twice in 95%, and twice more in absolute alcohol. Place the 277 
cassette in a dealcoholization agent and then finally embed the cassette in paraffin wax for 278 
sectioning and staining. 279 
 280 
6. Protocol 5: Staining adipogenic condition with Oil Red O 281 
 282 
6.1. Prepare Oil Red O stock solution by dissolving 350 mg of Oil Red O in 100 mL of 100% 283 
isopropanol. Mix for 2 h with a stir bar and vacuum through a 0.2 µm filter. Stock solution can be 284 
stored in the dark at room temperature for 1 year. 285 
 286 
6.2. Prepare Oil Red O working solution by mixing 3 parts stock solution to 2 parts diH20 (e.g. 60 287 
mL of stock solution to 40 mL diH20). The final concentration of Oil Red O in the working solution 288 
is 2.1 mg/mL.  289 

 290 
6.3. Remove all fluid from wells. Wash each well 2x with 60% isopropanol, making sure to 291 
completely remove all water from the sides of the wells. Aspirate 60% isopropanol and quickly 292 
add Oil Red O working solution without touching the walls of the wells to cover the bottom. It is 293 
critical that this step is done quickly so the wells do not dry.  294 

 295 
6.4. Once the Oil Red O is added, incubate for 10 min at room temperature with gentle rocking. 296 
 297 
6.5. Remove all Oil Red O and immediately add distilled H2O. Wash with distilled H2O for 10m to 298 
begin to remove unbound Oil Red O. After 10 min, aspirate Oil Red O and repeat the washing 299 
procedure 3x.  300 

 301 
6.6. Once washing is complete, add PBS and image the cells. Store stained cells in PBS at 4 °C.  302 

 303 
7. Protocol 6: Staining osteogenic condition with Alizarin Red 304 
 305 
7.1. Remove all fluid from each well. Add appropriate volume of 2% Alizarin Red stain solution to 306 
each well (1.5 mL per well for a 12-well plate) and gently tilt the plate side-to-side until the 307 
solution completely covers the bottom of the well.  308 



 

 309 
7.2. Incubate for 15 min at room temperature. Remove Alizarin Red from the wells. Gently rinse 310 
each well four times with distilled H2O, taking caution to not dislodge calcium crystals. Allow to 311 
dry.  312 

 313 
8. Protocol 7: Staining chondrogenic condition with Masson’s Trichrome 314 
 315 
8.1. Bake slides in a 60 °C dry oven for 30 minutes. Deparaffinize and hydrate sections to distilled 316 
water.  317 
 318 
8.1.1. To rehydrate, place slides in three 5 min incubations with dealcoholization agents, 319 
followed by 5 min incubations in descending alcohol concentrations as follows: two at 100% 320 
(absolute ethanol), two at 95% alcohol, two at 80%, two at 70%, and finally two in distilled H2O. 321 
Slides can remain in H2O while Bouin’s fixative is prepared. 322 

 323 
8.2. Place 40 mL of Bouin’s fixative in a plastic microwavable coplin jar (uncovered). Microwave 324 
on high to bring temp to 55 °C. Place slide in heated solution for 20 minutes; let stand on the 325 
counter covered. Wash in running tap water for 10 min or until all of the yellow color disappears.  326 

 327 
8.3. Stain sections in Weigert’s hematoxylin for 10 min. Wash in running tap water for 10 min.  328 

 329 
8.4. Stain sections in Beibrich’s scarlet acid fuchsin solution for 10 min. Wash 3x 10 min in tap 330 
water. Mordant slides in phosphotungstic/phosphomolybdic acid solution for 10 min. Do not 331 
rinse. 332 
 333 
8.5. Place slides directly in aniline blue solution for 10 min. Rinse with two brief dips in tap water.  334 

 335 
8.6. Place slides in 1% acetic acid solution for 3 to 5 min. Wash in tap water for 1 min. Place in 336 
95% ethanol for 1 min. Dehydrate as indicated in step 5.4 and mount with synthetic resin. 337 
 338 
REPRESENTATIVE RESULTS:  339 
 340 
Isolation of stromal vascular fraction from human PVAT 341 
 342 
Figure 1A shows a schematic of the anatomical region where the PVAT overlying the ascending 343 
aorta was obtained. We previously described the patient populations undergoing coronary artery 344 
bypass grafting from which these samples were derived6. Figure 1B shows an example of the 345 
human PVAT obtained following surgery. Figure 1C shows a representative PVAT tissue section 346 
stained with Masson’s Trichrome stain. Figure 1D is a phase contract micrograph showing a 347 
population of PVAT-derived stromal cells during the expansion phase prior to differentiation. 348 
Cells can be expanded and frozen for future use. Cells are typically frozen at a density of 2.5x105 349 
cells/mL in a media comprised of 70% FBS, 20% basal (antibiotic free) DMEM F12 and 10% DMSO 350 
in an isopropanol cryochamber at -80 °C for 24 h and moved to the liquid phase of a liquid N2 351 
freezer for long-term storage.  352 



 

 353 
Adipogenic differentiation 354 
Studies were performed in parallel with human bone marrow-derived MSC (Figure 2A,B) and 355 
PVAT-derived progenitor cells (Figure 2C,D). The left panels of Figure 2 show the non-induced 356 
condition, where no lipid accumulation is evident. The right panels show cells following adipocyte 357 
differentiation and staining of neutral lipids with Oil Red O. While the degree of differentiation 358 
in the human aortic PVAT-derived cells is more robust, both human cell sources exhibited the 359 
ability to differentiate towards the adipogenic lineage. 360 
 361 
Osteogenic differentiation 362 
The osteogenic differentiation protocol was used for human bone marrow-derived MSC (Figure 363 
3A–C) and PVAT-derived cells (Figure 3D–F). Non-induced cells (Figure 3A,D) did not stain with 364 
Alizarin Red. After the osteogenic differentiation protocol, the human MSC developed calcified 365 
nodules that stained with Alizarin Red (Figure 3B–C), while human aortic PVAT-derived cells did 366 
not (Figure 3E–F). These data indicate that our preparation of cells from the stromal vascular 367 
fraction of human PVAT lack significant number of progenitors with the ability to undergo 368 
osteogenesis. Depending on the study and time course of differentiation, it is advisable to follow 369 
up standard stains with detection of molecular markers that define osteogenic lineage 370 
commitment (e.g. RUNX2, osterix, alkaline phosphatase) or osteoblasts (osteopontin, 371 
osteocalcin, alkaline phosphatase, BAP1). 372 
 373 
Chondrogenic differentiation 374 
Cells derived from both human bone marrow MSC (Figure 4A) and human PVAT (Figure 4B) 375 
display features characteristic of chondrogenic differentiation, with abundant collagen 376 
accumulation in the micromass. Micromasses formed from human bone marrow MSC and aortic 377 
PVAT-derived cells also exhibited abundant accumulation of glycosaminoglycans (blue) as 378 
indicated by Alcian blue staining (Figure 4C–D, respectively). Morphologically, structures similar 379 
to lacunae were detected with cells sitting in cavities surrounding by collagen deposition (Figure 380 
4, arrows). Depending on the study and time course of differentiation, the detection of specific 381 
chondrogenic markers (aggrecan, collagen type II, osteonectin, Sox9) is useful. 382 
 383 
FIGURE AND TABLE LEGENDS: 384 
 385 
Figure 1: Morphological characteristics of human PVAT. (A) Cartoon depiction of the human 386 
aorta (red) with surrounding PVAT (yellow). Arrow indicates ascending aorta. (B) A 480 mg piece 387 
of human aortic PVAT from a CABG patient in DMEM prior to dissociation. (C) Masson’s trichrome 388 
staining of formalin-fixed paraffin-embedded human PVAT (dark brown/black=nuclei, 389 
blue/purple=connective tissue, pink=cytoplasm; Note, RBC appear reddish-pink. (D) 390 
Representative image of explanted PVAT-stromal cells at 7 days in culture. 391 
 392 
Figure 2: Adipogenic differentiation. (A) Phase microscopy of the human bone marrow MSC in 393 
the non-induced condition shows no evidence of differentiation. (B) Phase microscopy of the 394 
human bone marrow MSC in the induced adipogenic condition shows some differentiation and 395 
immobilization of neutral lipids, stained with Oil Red O after 14 days. (C) Phase microscopy of the 396 



 

human aortic PVAT-derived cells in the non-induced adipogenic condition shows no evidence of 397 
differentiation. (D) Phase microscopy of the human aortic PVAT-derived cells in the induced 398 
adipogenic condition shows robust differentiation and immobilization of neutral lipids, stained 399 
with Oil Red O after 14 days.  400 
 401 
Figure 3: Osteogenic differentiation. (A) Phase microscopy of the human bone marrow MSC in 402 
the non-induced osteogenic condition shows no evidence of differentiation toward an osteogenic 403 
lineage. (B) Phase microscopy of the human bone marrow MSC in the induced condition after 14 404 
days in culture shows evidence of differentiation and formation of calcium deposits stained with 405 
Alizarin Red (arrows). (C) An image of the well containing the human bone marrow MSC in the 406 
induced osteogenic condition following staining with Alizarin Red indicates abundant calcium 407 
deposition, suggesting successful differentiation toward an osteogenic lineage (arrows, calcium 408 
deposition). (D) Phase microscopy of the aortic human PVAT-derived cells in the non-induced 409 
osteogenic condition exhibits no indication of differentiation toward an osteogenic lineage. (E) 410 
Phase microscopy of the aortic human PVAT-derived cells in the induced osteogenic condition 411 
after 14 days in culture shows no evidence of differentiation toward an osteogenic lineage or 412 
deposition of calcium when stained with Alizarin Red, only non-specific staining. (F) An image of 413 
the well containing the human aortic PVAT-derived cells in the induced osteogenic condition 414 
following staining with Alizarin Red shows only non-specific staining. 415 
 416 
Figure 4: Chondrogenic differentiation. (A,B) Light microscopy of a section of the micromass 417 
formed by human bone marrow MSC (A) or human aortic PVAT progenitor cells (B) in the induced 418 
chondrogenic condition after 14 days in culture and subsequently stained with Masson’s 419 
Trichrome, which indicates significant deposition of collagen (blue) and suggests successful 420 
differentiation toward a chondrogenic lineage. (C,D) Light microscopy of a section of the 421 
micromass formed by human bone marrow MSC (C) or human aortic PVAT progenitor cells (D) in 422 
the induced chondrogenic condition after 14 days in culture and subsequently stained with Alcian 423 
blue, which indicates deposition of acidic proteoglycans (e.g. glycosaminoglycans) as are typically 424 
found in cartilage. Counterstain, nuclear fast red; arrows, lacunae-like structures.  425 
 426 
DISCUSSION:  427 
 428 
Adipose progenitor cells from different depots vary widely in phenotype and differentiation 429 
potential9. Culturing PVAT-derived progenitors from a single patient donor in simultaneous 430 
induction down three different lineages, adipogenic, osteogenic, and chondrogenic, allows for a 431 
well-controlled investigation of the pluripotent capacity of this novel population of progenitor 432 
cells. The methodology described in this report can be used to test the differentiation capacity of 433 
progenitor cells from human PVAT and to understand their function in regulating PVAT 434 
pathologies and vascular tone. Some benefits of this technique are its simplicity and use of 435 
primary human tissue from coronary artery bypass patients, thus enabling the investigation of 436 
PVAT progenitor cell function from patients with severe cardiovascular disease. However, 437 
explants from a 500 mg piece of tissue typically yield <1000 adherent cells and thus require 5–7 438 
passages to obtain adequate numbers, highlighting one important caveat to this approach. 439 
Critical for success of the tri-lineage differentiation experiments is the quality of the initial cell 440 



 

explant from donor PVAT. It is essential to finely mince the tissue thoroughly prior to enzymatic 441 
dissociation. Additionally, unlike other explant protocols, we found a dramatic loss of cell 442 
number, viability and overall quality when red blood cell lysis buffer was used prior to plating. 443 
Instead, it is strongly recommended to plate the entire stromal vascular fraction (including red 444 
blood cells). After 24 h, adherent cells will have attached and non-lysed red blood cells can be 445 
removed through repeated washes with HBSS. Passaging of the PVAT-derived stromal cells 446 
should be no greater than 1:2 splits. We observed a reduction in growth rate when the cells were 447 
split 1:3 or greater. 448 
 449 
The most difficult component of the trilineage differentiation assay is the chondrogenic 450 
condition, as it requires a less common method of culturing cells in a “micromass” and 451 
histological embedding and sectioning. Care must be taken to properly plate the 10 µL droplet of 452 
100,000 cells and not disturb the mass on adding culture medium. We found variation between 453 
assays as to whether or not the micromass remained adhered to the plate or suspended in the 454 
medium. Even when the mass did not remain adhered, the micromass structure and cell viability 455 
remained consistent. 456 
 457 
Stem or progenitor cells within the vascular microenvironment are responsible for tissue repair 458 
in response to injury or disease. Most well characterized are populations that derive from 459 
pericyte/adventitial compartments, although there is still controversy about whether there is a 460 
standardized molecular identification of these populations in humans10,11. In this protocol, we 461 
study a progenitor cell population specifically derived from human PVAT to test their propensity 462 
to differentiate to an osteogenic, chondrogenic or adipogenic lineage. Using staining techniques 463 
to define cellular commitment to each lineage, we demonstrate that unlike MSC from human 464 
bone marrow, progenitor cells from human PVAT were not able to differentiate towards an 465 
osteogenic lineage (Figure 3) but exhibit robust adipogenic differentiation. The chondrogenic 466 
differentiation capacity is comparable between bone marrow and PVAT-derived cells. This 467 
suggests that PVAT-derived progenitor cells might be more lineage restricted than bone marrow 468 
MSC or that the PVAT progenitors do not readily differentiate into osteogenic lineages. Future 469 
studies should include an investigation of gene and protein expression of markers for each 470 
lineage to more quantitatively evaluate the differentiation capacity of PVAT-derived cells. 471 
 472 
Adipose-derived stem cells have been a focus for regenerative medicine applications, due to easy 473 
access and the high number of cells that can be derived from adipose tissue12,13. Within the 474 
stromal vascular fraction of adipose tissue, there are vascular cells, inflammatory cells, 475 
fibroblasts, preadipocytes, and adipose-derived stem cells. There are differences in the stem cell 476 
population based on anatomical location of the adipose depot and adipocyte characteristics14. 477 
Most importantly, the adipose-derived stem cell appears to have the capacity not only to 478 
differentiate into mesenchymal lineages15, but also potential to adopt neuronal16,17 and 479 
epidermal18 fates.  480 
 481 
Numerous studies have focused on stem/progenitor cells derived from human subcutaneous 482 
white adipose tissues, but very few studies have addressed characteristics of the progenitor 483 
populations in PVAT. Recent studies have isolated adipocyte progenitor cells from PVAT 484 



 

surrounding mesenteric vessels or thoracic aorta of the rat. These CD34+/CD140a+ populations 485 
differentiated into adipocytes, although the capacity to derive other lineages was not tested19. 486 
We recently characterized adipose progenitor cells derived from the stromal vascular fraction of 487 
human PVAT from patients with advanced coronary artery disease6. These adipose progenitor 488 
cells were CD73+, CD105+, and CD140a+, and efficiently differentiated into adipocytes with 489 
thermogenic characteristics (UCP1 expression)6. In the current work, we found a limited lineage 490 
potency of the PVAT-derived cells compared to bone marrow-derived MSC, suggesting either a 491 
lack or minimal population of adipose-derived stem cells that have been characterized from other 492 
human adipose tissues. A consideration for this protocol is the expected variability between 493 
human specimens, which may affect the number of stem/progenitor cells within the PVAT sample 494 
and their capacity to undergo differentiation to distinct lineages. Age, gender, BMI, medications 495 
and other clinical parameters likely affect the phenotype of progenitor cells within PVAT. Thus, 496 
expected future modifications of this protocol await a more clearly defined progenitor 497 
population within human PVAT, and possibly using cell sorting to isolate specific sub-populations 498 
for lineage studies. 499 
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Name of Material/ Equipment Company Catalog Number

animal-free collagenase/dispase blend I   Millipore-Sigma SCR139

Alcian Blue NewComerSupply 1003A

Alizarin Red Amresco 9436-25G

alpha-MEM ThermoFisher 12561056

Aniline Blue NewComerSupply 10073C

antibiotic/antimycotic ThermoFisher 15240062

Beibrich's scarlet acid fuchsin Millipore-Sigma A3908-25G

b-glycerophosphate Millipore-Sigma G9422-10G

Biebrich Scarlet EKI 2248-25G

biotin Millipore-Sigma B4501-100MG

Bouin's fixative NewComerSupply 1020A

bovine serum albumin Calbiochem 12659

Cell detachment solution Accutase AT104

cell strainer (70mm) Corning 352350

dexamethasone Millipore-Sigma D4902-100MG

DMEM Corning 10-013-CV

DMEM/F12 medium ThermoFisher 10565-042

DMSO Millipore-Sigma D2650

fetal bovine serum Atlanta Biologicals S11550

FGF2 Peprotech 100-18B

formalin NewComerSupply 1090

gelatin, bovine skin Millipore-Sigma G9391-500G

glutamax ThermoFisher 35050061

HBSS Lonza 10-547F

IBMX Millipore-Sigma I5879-250MG

insulin solution Millipore-Sigma I9278-5ML

Oil red O Millipore-Sigma O0625-100G

pantothenic acid Millipore-Sigma P5155-100G

penicillin-streptomycin solution ThermoFisher 15240062

permount Fisher SP15-500
phosphotungstic/phosphomoybdic acid 

solution
Millipore-Sigma

P4006-100G/221856-

100G
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primocin Invivogen ant-pm-1

rosiglitazone Millipore-Sigma R2408-10MG

TGFb1 Peprotech 100-21

Weigert's hematoxylin EKI 4880-100G



Comments/Description

50mg

1% Aqueous solution pH 2.5

stored at 4C

4.5g/L glucose, L-glut and pyruvate

high glucose, glutamax, sodium bicarbinate

glutamine supplement

100ml



Antimicrobial reagent for culture media.
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We appreciate the enthusiasm for our work and the specific feedback from the editors and reviewers to improve upon 

our work. We have listed our responses to comment in blue font below.  

Editorial comments: 

Changes to be made by the author(s) regarding the manuscript: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar 

issues. We have carefully proof-read the manuscript for spelling and grammar issues. 

2. Keywords: Please provide at least 6 keywords or phrases. The following keywords/phrases have been added to the 

title page of the manuscript: 1) human perivascular adipose tissue, 2) adipose progenitor cell, 3) mesenchymal stem cell, 

4) chondrogenesis, 5) osteogenesis, 6) adipogenesis, 7) cell differentiation, 8) cardiovascular disease 

3. Please revise the Introduction to include all of the following: 

a) A clear statement of the overall goal of this method-We have included this information in the first paragraph of the 

introduction. 

b) The rationale behind the development and/or use of this technique We have included this information in the second 

paragraph of the introduction. 

c) The advantages over alternative techniques with applicable references to previous studies We have is discussed this 

throughout the introduction/discussion. 

d) A description of the context of the technique in the wider body of literature We have included this information 

throughout the discussion. 

e) Information to help readers to determine whether the method is appropriate for their application We have included 

this information in the second paragraph of the discussion. 

4. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered 

symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your 

manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of 

Materials and Reagents. You may use the generic term followed by “(see table of materials)” to draw the readers’ 

attention to specific commercial names. Examples of commercial sounding language in your manuscript are: glutaMAX, 

Barnstead-Labline MAX, Peprotech, Accutase, Permount, etc. We have removed commercial language from materials in 

the main text and referenced appropriately in the table of materials.  

5. Please revise the protocol to contain only action items that direct the reader to do something (e.g., “Do this,” “Ensure 

that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid 

usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be 

written in the imperative tense may be added as a “Note.” Please include all safety procedures and use of hoods, etc. 

However, notes should be used sparingly and actions should be described in the imperative tense wherever possible. 

Please move the discussion about the protocol to the Discussion. We have corrected the language to imperative tenses 

and avoided using “could be”, “should be” etc… We have also removed any comments about the protocol from the 

methods steps to the discussion. 

6. Please add more details to your protocol steps. There should be enough detail in each step to supplement the actions 

seen in the video so that viewers can easily replicate the protocol. Please ensure you answer the “how” question, i.e., 
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how is the step performed? Alternatively, add references to published material specifying how to perform the protocol 

action. See examples below. We have added additional citations/detail to adequately describe the protocol. 

7. 2.7: What is used to mince the tissue? We use forceps and dissecting scissors to finely mince the tissue prior to 

enzymatic digestion. This information has been added. 

8. 2.19, 3.1, 5.1: Please specify the culturing conditions (e.g., temperature). Cells are cultured at 37°C and 5% CO2 , This 

information has been added to the methods e.g. line 169. 

9. 4.13: Please provide some guidance on the appropriate number of replicates. We added this information in section 

4.1. 

10. 8.15: How to dehydrate? We added this information (line 254). 

11. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions and maximum of 4 

sentences per step. Steps have been combined to approximately 3-4 sentences, drastically reducing the number of 

steps. 

12. Please include single-line spaces between all paragraphs, headings, steps, etc. We made these formatting changes. 

13. After you have made all the recommended changes to your protocol (listed above), please highlight 2.75 pages or 

less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., 

the steps that should be visualized to tell the most cohesive story of the Protocol. 

14. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part of the step 

includes at least one action that is written in imperative tense. 

15. Please include all relevant details that are required to perform the step in the highlighting. For example: If step 2.5 is 

highlighted for filming and the details of how to perform the step are given in steps 2.5.1 and 2.5.2, then the sub-steps 

where the details are provided must be highlighted. 

16. Figures: Please include a space between numbers and their corresponding units of the scale bars (e.g., 1 cm, 100 µm, 

200 µm). We corrected this. 

17. Discussion: As we are a methods journal, please also discuss critical steps within the protocol, any modifications and 

troubleshooting of the technique, and any limitations of the technique. This is now discussed in the first paragraph of 

the discussion. 

18. References: Please do not abbreviate journal titles. 

19. Table of Materials: Please sort the items in alphabetical order according to the name of material/equipment. We 

have corrected this. 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

This is a clear and simple description of the methodological approach to harvest periaortic adipose tissue from human 

patients to derive perivascular adipose mesenchymal stromal cells. The methods describe both the preparation of the 

Commented [JMB1]: We have highlighted important steps for 
the filming process as indicated by the instructions. 



MSC population and their adipogenic, osteogenic and chondrogenic differentiation under standard inductive conditions. 

The novelty lies in the use of human peri-aortic adipose as the source of MSCs, which is relevant to studying perivascular 

fat and its progenitor cell content in human vascular diseases, including atherosclerosis. I have mainly minor 

comments/questions for the authors to address as listed below: 

Major Concerns: 

The first three sentences of the abstract and opening paragraph of the Introduction both focus on the important 

paracrine role of PVAT in signalling to the vasculature. The rest of the abstract and the main text itself do not dwell on 

this aspect of PVAT again. In my opinion, it would have been ideal if the authors had demonstrated or at the very least 

discussed the appropriate methodology to study the paracrine properties of PVAT, given the context with which they 

introduce the importance of PVAT in their manuscript. As they have not done this, they should consider rewording the 

opening of their Abstract to more closely reflect the subject of this manuscript - i.e. the study of perivascular adipose 

progenitor cells. We thank the reviewer for this suggesting and agree that our wording was off topic to the main focus of 

the paper. We have revised the wording in the abstract to be more focused on the perivascular adipose progenitor cells 

rather than paracrine properties of PVAT. 

Minor Concerns: 

Page 3, L65: change "aortic" to "aorta"-corrected 

Page 4, L123: add "tube" after "conical"- corrected 

Page 5, L146: change "drastic" to "marked"- corrected 

2.18: Do the cells need to be cultured into CFU-F before reaching confluent stromal cultures? No, they are cultured to 

100% confluence and immediately used for one of the three differentiation assays.  

2.18: "confluency" is best replaced by "confluence"- corrected 

What passage(s) of cells would you recommend using for the differentiation assays? We have included this information 

in the manuscript. The PVAT adipose progenitor cells require several rounds of replication to reach sufficient density and 

numbers for experimentation. We utilized cells in passage 5-7. 

Is gelatin required for differentiation experiments? No 

3.1 L164: Please provide a reference(s) for human BM MSC preparation we have included the appropriate reference in 

the manuscript.  Nadri et al. “An efficient method for isolation of murine bone marrow mesenchymal stem cells” The 

International Journal of Developmental Biology”.  51: 723-729 (2007). 

5.2: Why are the non-induced conditions also carried forward until D14 to serve as a more suitable control?- Yes that’s 

exactly correct. It also demonstrates that there is not spontaneous differentiation of control cells into 

chondrogenic/osteogenic/adipogenic lineages. 

Page 10, L371: please add in "to" before "test their propensity"- corrected 

Page 10, L370-2: A mixture of tenses is used in some parts of the discussion - e.g. fluctuating between "we study" and 

"we exhibited" - please use consistent tenses- corrected 

Page 10, line 377: add "more" before "lineage committed than BM MSC"- corrected 

 



Reviewer #2: 

Generally speaking, it is a fair good work. I suggest major revision should be done for the further publication. Please pay 

more attention about the following lists: 

(1) Is it possible to explain the difference of progenitor cells from human thoracic PVAT samples and other species? We 

appreciate this feedback and have made reference to this concern as a discussion point. Adipose progenitor cells are 

highly variable in cell surface protein expression, gene expression and differentiation capacity depending on their depot 

of origin. Given that so little is known regarding the phenotype of progenitor cells from human thoracic PVAT, and the 

high degree of heterogeneity of progenitor cells from other adipose depots, it is not possible at this time to make strong 

conclusions about the differences in the cells types.  

(2) About the figures, the details of the statistical analysis from each lineage differentiation are better than image only. 

The readouts for this body of work were predominantly qualitative to demonstrate feasibility of the approach and 

techniques. 

(3) Line 122, is it possible to define the size of the pieces, not only the weight. Because the shape of the small pieces 

influence the digestion for single cell suspension or tissue dissociation. We have highlighted additional details in section 

2.2. 

(4) Line 123, please define type of the DMEM, high or low glucose. Corrected. 

(5) Line 138, for the cell strainer, do you need to squeeze or only rinse with solution? We rinse the strainer and have 

emphasized this in section 2.4. 

(6) Line 151, please define the solution liquid for the FGF2. Is it culture medium? We have added this information in 

section 2.7. 

(7) Line 156, the authors should provide more details of the confluency. Because in some cases 80-90% confluency are 

more conducive to cell growth for passaging. We have added several pieces of information regarding the confluency and 

passing the cells in the discussion. 

(8) Line 196, "Incubate the micromass cultures for 2h", how to make sure the 10μL droplet would not dry out? Any 

moisturize process? We included in this step that the micromass droplet is in a plate containing PBS to remain 

humidified during formation (section 4.6). 

(9) Line 257, please provide more details about the pre-process of the embedding. Substantial new detail has been 

provided regarding the dehydration, processing and embedding of the tissue/mass. 

 

 

Reviewer #3: 

Manuscript Summary: 

Author describe protocol including three individual assays designed to induce perivascular adipose tissue derived cells to 

differentiate toward adipogenic, osteogenic, or chondrogenic lineages 

 



Major Concerns: 

Authors should provide alternative readout for the differentiation protocol. PCR of specific genes such as PLIN2, PPAR, 

hSox9, Acan, RUNX2, SPP1, Osteonectin may represent an alternative. We thank you for this suggestion and agree that 

analysis of osteogenic/chondrogenic gene expression in the differentiated cells is an important next step. Given that this 

is a methodology paper, we believe that getting into gene expression is beyond the scope of the research. 

For chondrogenic differentiation authors should provide a protocol for Toluidine blue staining. We did Alcian blue for 

the purposes of showing chondrogenic lineage commitment in this report and have provided additional details regarding 

the staining procedure.  

________________________________________ 

In compliance with data protection regulations, please contact the publication office if you would like to have your 

personal information removed from the database. 

 

 


