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Abstract

BACKGROUND—Multipotent stromal cells, also called mesenchymal stem cells (MSCs), are 

potentially valuable as a cellular therapy due to their differentiation and immunosuppressive 

properties. Due to extensive heterogeneity of MSCs, quantitative approaches to measure 

differentiation capacity between donors and passages on a per cell basis are needed.

METHODS—Human bone marrow-derived MSCs were expanded to passages P3, P5, and P7 

from 8 different donors, and analyzed for colony forming unit capacity (CFU), cell size, surface 

marker expression and FSC/SSC analysis by flow cytometry. Adipogenic differentiation potential 

was quantified using automated microscopy. Percent adipogenesis was determined by quantifying 

nuclei and Nile Red positive adipocytes following automated image acquisition.

RESULTS—MSCs varied in expansion capacity, and increased in average cell diameter with 

passage. CFU capacity decreased with passage and varied among cell lines within the same 

passage. The number of adipogenic precursors vary between cell lines, ranging from 0.5% – 

13.6% differentiation at P3. Adipogenic capacity decreased significantly with increasing passage. 

MSC cell surface marker analysis revealed no changes due to passaging or donor differences.

CONCLUSIONS—We measured adipogenic differentiation on a per cell basis with high 

precision and accuracy using automated fluorescence microscopy. We correlated these findings 

with other quantitative bioassays to better understand the role of donor variability and passaging 

on CFU, cell size, and adipogenic differentiation capacity in vitro. These quantitative approaches 

provide valuable tools to measure MSC quality and measure functional biological differences 

between donors and cell passages that are not revealed by conventional MSC cell surface marker 

analysis.
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Introduction

MSCs are multipotent adult cells that possess the ability to differentiate along several 

lineages, including adipogenic (1–5), ostoegenic (6–11) and chondrogenic (12–16) 

pathways. They can be derived from a variety of tissues including bone marrow (17–23), fat 

(24–28), muscle (29–31), umbilical cord blood (32, 33), and placenta (34). MSCs were first 

described by Friedenstein et al. as a fibroblast-like cell derived from the bone marrow with 

adherent properties and colony-forming capacity (20). Today, MSCs are of significant 

clinical interest as potential cellular therapies to treat a variety of diseases due to their 

capacity for tissue repair and immunomodulatory properties. This therapeutic potential is 

possible because of their proliferative capacity and potential for tri-lineage differentiation, as 

well as their immunosuppressive properties (35–40).

Currently, over 250 clinical trials are underway to treat many conditions with MSCs, 

including GvHD, Crohn’s Disease, and multiple sclerosis, among others (41). The 

percentage of MSCs in the bone marrow ranges between 0.001 – 0.01% (42). In order to 

obtain sufficient numbers, MSCs are typically expanded substantially in tissue culture 

before use. Following expansion by cell culture passaging, the biological properties of 

MSCs are often evaluated using qualitative assays to assess differentiation capacity. The 

availability of robust quantitative methods to assess differentiation capacity on a per cell 

basis in heterogeneous cell populations like MSCs would be of great value to assess MSC 

quality during and following the expansion process, and to determine if there are differences 

in the differentiation capacity of MSCs from different donors.

Several studies have examined the role of donor differences and cell passaging on MSC 

proliferation and differentiation capacity. Stenderup et al. studied MSCs from donors 

grouped by age to determine the role of donor age and cell culture expansion on bone and fat 

forming capacity, proliferation potential, and senescence. It was observed that an increase in 

senescence in older donors which was accompanied by a decrease in overall proliferative 

potential. However, no changes were seen in adipogenic or osteogenic capacity based on 

donor age. Following cell expansion, a decrease both in adipogenic and osteogenic potential 

was observed. (43). Bonab et al. also demonstrated this decreased capacity for 

differentiation with cell expansion (44).

While both of these investigators report percent differentiation following adipogenesis, it is 

unclear how these percentages were obtained. Many investigators in the field currently rely 

on qualitative analyses to report adipogenic differentiation capacity simply by demonstrating 

the presence of Oil Red O staining following adipogenic stimulation (2, 4, 18). Others 

employ semi-quantitative analyses by quantifying pixels in an image or using a 

spectrophotometric measurement following isopropanol extraction of Oil Red O dye from 

differentiated adipocytes. A quantitative approach to date to measure adipognenesis of 

adipose derived stromal cells was described by Sen et al., who quantified Nile Red staining 
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by flow cytometry (45). However, we chose to pursue an approach which did not require 

cells to be removed from tissue culture growth surfaces.

Many of these approaches largely disregard the cellular heterogeneity within populations of 

MSCs (46, 47). As reviewed by Pevsner-Fischer et al., intra-population heterogeneities have 

been widely observed in MSCs, and may be in part due to the in vivo microenvironment or 

in vitro expansion. The heterogeneous nature of MSCs may also allow them to efficiently 

respond to a variety of cues seen in vivo, as demonstrated by their role in differentiation, 

tissue regeneration and immunosuppression (48). Quantitative measurements made on a per 

cell basis take into account this inherent heterogeneity observed in MSCs, and will allow for 

quantification of progenitor cells that are capable of carrying out a desired function. Further, 

these assays can be applied beyond measurement of donor- and passage-related differences, 

including use for functional analysis of populations purified by currently available cell 

surface markers (i.e. sorting for STRO-1 (49, 50), CD271 (12, 51), or other newly 

discovered biomarkers (52)), or various MSC sources (bone marrow, adipose tissue, muscle, 

placenta, umbilical cord, etc.).

We have previously used limiting dilution as a technique to quantify adipogenic 

differentiation in MSCs. Following expansion of MSCs from 2 cell lines to passages 3, 5 

and 7, we demonstrated adipogenic precursors can decrease with increasing passage, and 

can vary between cell lines from different donors. We successfully quantified differentiation 

on a per-cell basis with this simple, quantitative assay that can be utilized in almost any 

laboratory (53). In this current study, we have expanded our previously published data, 

using additional cell lines and a novel, automated technique to quantify differentiation 

following adipogenesis using automated microscopy. We have correlated our findings with 

previously-established quantitative assays to better understand the role of donor variability 

and passaging on MSC stemness and differentiation capacity.

Materials and Methods

MSC Expansion, Differentiation and Cell Size Analysis

Human bone marrow-derived MSCs from 8 different donors were purchased from either All 

Cells (Emeryville, California USA) (PCBM1641, PCBM1632, PCBM1662, PCBM1655) or 

Lonza (Walkersville, MD USA) (167696, 110877, 8F3560, 127756) at passage 1 (see Table 

1 for donor specifications). MSCs were plated in T175 flasks (Cellstar) at a cell density of 

60 cells/cm2, and expanded in complete medium containing α-MEM, l-glutamine, 

penicillin-streptomycin (Invitrogen Carlsbad, CA USA), and 16.5% lot-selected fetal bovine 

serum (FBS, JM Bioscience San Diego, CA USA) at 37°C and 5% CO2. All cell lines were 

expanded by plating at 60 cells/cm2 and cryopreserved in the same serum-selected media 

with uniform handling throughout culture, as outlined in Lo Surdo and Bauer (53).

MSCs from each donor were thawed and cultured at passage 1. When the cultures reached 

80% confluence, cells were removed by trypsin (0.25% Trypsin/EDTA, Invitrogen 

Carlsbad, CA USA) and re-plated into flasks at passage 2. Once passage 2 cells became 80% 

confluent, MSCs were trypsinized, and the resulting passage 3 cells were cryopreserved in 

freezing medium containing 30% FBS (JM Bioscience San Diego, CA USA), 5% dimethyl 
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sulfoxide (Sigma-Aldrich St. Louis, MO USA), 1% l-glutamine, and 1% penicillin (100 

units/ml) and streptomycin (100ug/ml; Invitrogen Carlsbad, CA USA). An aliquot of cells 

was removed prior to cryopreservation to allow for continuous expansion to passages 3 (P3), 

5 (P5), and 7 (P7) without any freezing in between. Therefore, once MSCs were expanded to 

a particular passage, they were only frozen one time. Each passage is considered the number 

of times the cells were trypsinized up until cryopreservation. The time to reach 80% 

confluence varied between cell lines and passages, and is reported in Table 2.

Following trypsinization, cells from 5 to 13 flasks (from one cell line and one passage) were 

pooled and an aliquot was counted using an automated cell counter (Nexcelom Cellometer 

Lawrence, MA USA). MSCs were diluted 1:1 in trypan blue, and MSCs from each donor 

were cryopreserved at P3, P5 and P7 at 1×106 cells/ml/vial. Cell lines 127756 and 

PCBM1655 could not be expanded past P5 and P3 respectively. Cell diameters were 

recorded by the cellometer at each passage for all cell lines, as described previously (53)

For automated microscopy experiments, MSCs were thawed, cultured until 80% confluence, 

and plated in 12-well plates at 10,000 cells/well. Following cell adhesion for 24 hours, 

adipogenic differentiation medium (NHAdipoDiff, Miltenyi Biotec Bergisch Gladbach 

Germany) was added to differentiation wells; undifferentiated controls were cultured in 

complete expansion medium. Medium was changed every 3 days and culture was continued 

until day 21. Plate setup for automated microscopy is described in greater detail in Figure 1. 

At day 21, MSCs were fixed with 10% formalin (Sigma-Aldrich St. Louis, MO USA) and 

stained with Nile Red dissolved in DMSO (Sigma-Aldrich St. Louis, MO USA) at a 5ug/ml 

final concentration for 45 minutes at room temperature to visualize lipid droplet formation 

within MSCs. Cells were washed with PBS, and nuclei were stained with 1mg/ml Hoechst 

dissolved in water (Sigma-Aldrich St. Louis, MO USA) for 30 seconds, followed by a rinse 

step with PBS.

Verification of Cell Lines

MSCs were thawed at P3, cultured until 80% confluent, then trypsinized, counted, and 

resuspended in PBS at 1 × 106 cells/ml. 20μl of cell suspension was spotted on FTA sample 

collection cards and were allowed to dry. Sample collection cards were submitted to ATCC 

for their STR-based Cell Authentication Testing Service.

Flow Cytometry and Characterization

MSCs were thawed and cultured to 80% confluence, trypsinized and resusupended in FACS 

Buffer containing 1% FBS and 0.2% sodium azide in PBS. Cells were incubated with 2.4G2 

antibody (ATCC) at 4°C for 30 minutes to block non-specific Fc receptor-mediated binding. 

Cells were then labeled with the following at 4°C for 30 min: positive MSC markers: anti-

CD29-PE-Cy5, anti-CD44-APC, anti-CD73-PE-Cy7, anti-CD90-FITC, anti-CD166-PE (BD 

Pharmingen San Jose, CA USA), anti-CD105-PE (Beckman Coulter Indianapolis, IN USA); 

and negative MSC markers: anti-CD14-Alexa Fluor 488, anti-CD34-PE, anti-CD45-PE, 

HLA-DR-FITC (BD Pharmingen San Jose, CA USA), anti-CD79α-PE-Cy5, anti-CD117-

APC (Beckman Coulter Indianapolis, IN USA). Flow cytometry data was recorded using the 

FACS Canto II (BD Biosciences San Jose, CA), and analysis was completed using Flow Jo 
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Analysis Software (TreeStar Ashland, OR USA). Forward (FSC) and side scatter (SSC) data 

was recorded and analyzed to determine changes in cell size and granularity, and percent 

positive cells was measured for all markers mentioned above.

Colony Forming Unit Assay

MSCs were plated at 100 cells/dish in 10-cm dishes (BD Falcon San Jose, CA USA) in 

triplicate for all cell lines and passages. Cells were cultured for 14 days at 37°C and 5% CO2 

with no media changes. At day 14, plates were washed with PBS, and stained with 3% 

Crystal Violet (Sigma-Aldrich St. Louis, MO USA) in 100% methanol for 10 minutes at 

room temperature. Plates were rinsed with tap water until clear then allowed to dry. 

Colonies that were greater than 2mm in diameter were counted, and the percent CFUs was 

reported per 100 cells seeded.

Microscopy

Widefield fluorescence microscopy was performed on a Nikon Ti-S inverted microscope 

with the addition of a Prior automated stage, excitation and emission filter wheels, episcopic 

shutter, and remote focus attachment. Acquisition of all datasets utilized a 10x, Plan Fluor 

objective, and Nikon Intensilight widefield illumination source. Filtering of excitation and 

emission wavelengths for both Hoechst and Nile Red fluorophores was accomplished using 

the appropriate filters of a Sedat Quad filter set from Chroma Technology (Hoechst 

Excitation Filter: 350nm peak, 50nm bandpass. Hoechst Emission Filter: 457nm peak, 50nm 

bandpass. Nile Red Excitation Filter: 490nm peak, 20nm bandpass. Nile Red Emission 

Filter: 617nm peak, 73nm bandpass). Acquisition of frames was accomplished with a 

Photometrics CoolSnap EZ, cooled, interline CCD. Multi-dimensional acquisition (intra-

well, inter-well, multi-channel, and autofocus) was accomplished through NIS-Elements 

software. Sampling of each 12-well plate was employed by an acquisition routine such that 

each well would be imaged randomly in 25 locations, which excluded the outer 15% of each 

well (to exclude edge- effects). This randomly generated pattern was replicated (same 

locations with respect to each well) in the following wells to ensure that the gradient (from 

edge-to-center) was equally sampled in all wells and did not bias the resultant analysis. 

Order of acquisition proceeded to ensure the accuracy of the stage locations (with respect to 

channel registration) by capturing both channels before proceeding to the next location, as 

well as focal plane, by implementing an autofocus routine at each stage location. The 

autofocus routine utilized both Hoechst and Nile Red as reference channels, as the focal 

plane differed slightly in each channel.

Image Analysis

Image analysis was accomplished using NIS-Elements software, post-acquisition, by 

generating an analysis routine (macro) designed to automate the use of segmentation tools 

rather than performing a more manual, step-by-step analysis of each image. Once generated, 

the macro was run across an entire plate’s dataset (300 images per plate) or further 

streamlined by running across multiple plates in sequence. After each plate, the data was 

exported to Microsoft Excel for further data sorting and analysis. The goal of the 

segmentation routine was to count, in an automated fashion, the number of total nuclei (per 

10x field) as well as the number of those nuclei that had an associated adipocyte marker 
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(positive for Nile Red). The number of those positive for Nile Red could then be normalized 

to the number of total nuclei per image, which varied dramatically as the sampling location 

moved from edge to center. The normalized value was averaged across the 25 images in 

each well, and then averaged across 3 wells for n=3 for each donor at each passage. Data 

was plotted as the percentage of Nile Red positive cells. A detailed description of the macro 

commands and an explanation of each step can be seen in Table S1.

To ensure the accuracy of the generated macro, as well as demonstrate the variability of 

manually counting, an entire plate’s data set was counted manually by utilizing a taxonomy 

count option of NIS-Elements, whereby each of 3 separate users would click each individual 

nucleus, as well as those positive for Nile Red stain, as the software tallied the numbers. The 

manual analysis was completed for donor PCBM1632 at P3, P5 and P7.

Statistics

Statistical analyses for percent CFUs and percent Nile Red positive data were completed 

using GraphPad Prism 5. Data was grouped for comparisons between cell lines and between 

passages. For colony forming unit (n=3) and adipogenesis quantification (n=3), two-way 

ANOVA was preformed with a Bonferroni post-hoc analysis. CFUs and percent positive 

Nile Red data were expressed as the mean ± standard deviation. Statistical analyses for 

average cell diameter measurements (n≥6) were completed in statistical software IBM SPSS 

using one-way ANOVA followed by a Bonferroni post-hoc analysis to assess differences 

within cell lines relative to P3. Average cell diameter data was expressed as the mean ± 

standard error of the mean. P-values < 0.05 were considered significant.

Results

Verification and Expansion potential of MSCs

STR profile testing reports indicated all cell lines were human and did not match any profile 

in the ATCC 8-loci STR database. MSCs were cultured from donors ranging in age from 22 

to 47 years old (Table 1), and were expanded to 80% confluence under identical growth 

conditions to ensure continuity between cell lines and passages. There were significant 

differences in growth potential between different cell lines and passages. Six out of eight 

lines were able to expand in cell culture to P7. In contrast, MSCs from 127756 (43 y/o) and 

PCBM1655 (47 y/o) was limited, as they were not capable of expansion beyond passage 5 

and passage 3, respectively. However, PCBM1632 (24 y/o) shows limited growth potential 

by passage 7, requiring 17 days to become 80% confluent (Table 2). Other cell lines display 

a general trend such that more time is required to reach 80% confluence with increasing 

passage.

MSC phenotype by surface marker expression

MSCs have been characterized by their positive expression profile, including but not limited 

to, CD29, CD44, CD73, CD90, CD105 and CD166 (54). MSCs for all cell lines and 

passages were analyzed by flow cytometry based on this set of markers, to determine any 

changes in expression as a function of donor variability or culturing. All staining was done 

with the same antibodies, and events for all cell lines and passages were collected using the 
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same cytometer settings. Gating analysis was based on unstained controls for each donor 

and each passage, to account for changes in forward and side scatter properties that are seen 

with increasing passage. The average percent positive expression for all cell lines within a 

passage was not significantly different between passages. Expression of CD44, CD73 and 

CD105 were consistently greater than 95% positive, while expression of CD29 remained 

above 90%. Slightly lower expression of CD90 was seen in PCBM1632 at 88.9%, 91.6%, 

and 92.4% at P3, P5, and P7 respectively; all other cell lines and passages showed greater 

than 95% expression. Cell line 127756 showed decreased expression of CD166 by passage 5 

at 89.8%, however all other cell lines remained above 90% expression (Figure 2).

Cell size analysis

Acquisition of forward and side scatter data using flow cytometry allows for cell size (FSC) 

and granularity (SSC) parameters to be measured. We have extended our previous findings 

(53), and applied this analysis to additional cell lines. FSC/SSC quadrant gating was 

determined for P3 MSCs, and then applied to P5 and P7 for that same cell line; therefore, 

each cell line has its own individual P3 gate. The percent positive cells with high forward 

and side scatter in the upper right quadrant (URQ) was recorded, and plotted as seen in 

Figure 3A (n=1). An example of the FSC/SSC gating can be seen for cell line 167696 at P3 

(left), P5 (center) and P7 (right) in Figure 3B. Most cell lines showed a trend toward 

increases in FSC and SSC with increasing passage. Both 127756 and PCBM1655 showed a 

higher percentage (11.2 and 17%, respectively) at P3 than the other cell lines. 8F3560 

remained at a relatively stable value, varying between 8.4% (P3), 10.1% (P5) and 9.7% (P7).

Changes in cell size were also measured using a Cellometer, which measures the area of the 

cells in pixels, converts this measurement to a cell diameter, and then calculates the cell 

diameter assuming the cells are circular, as described in Lo Surdo and Bauer (53). During 

expansion of each cell line, cell numbers and diameters were recorded immediately prior to 

cryopreservation. As seen in Figure 4, all cell lines showed an increase in cell diameter from 

P3 to P7 (where applicable), and this increase in cell size is highly significant (p<0.01 

8F3560, p<0.001 for all other cell lines). The increase in cell size with increasing passage as 

measured by the Cellometer is consistent with findings in Figure 3 as measured by flow 

cytometry.

CFU Assay

Percent colony forming units (CFUs) are associated with stemness in populations of MSCs 

(55). Percent CFUs are highest at P3 for most cell lines, and decreased with increasing 

passage. Percent CFUs ranged from 10.7% (PCBM1655) to 45% (167696) at P3, and from 

5.7% (PCBM1632) to 21.7% (110877) at P7. The cell lines that could not be cultured 

beyond P3 (PCBM1655) and P5 (127756) had the lowest CFU percentages at P3 at 10.7% 

and 19% respectively (Figure 5A). All cell lines showed a significant decrease in percent 

CFUs from P3 to P7, with the exception of 8F3560, which remained fairly constant between 

passages (Figure 5A). Statistical analyses between cell lines at P3 revealed highly significant 

(p<0.001) differences in most donor comparisons (Figure 5B).
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Quantification of adipogenesis and growth potential using automated microscopy

The application of automated microscopy as a high-throughput tool to quantify 

differentiation in MSCs is a novel approach in the field. We applied this technology to 

measure changes in adipogenic differentiation potential between cell lines and passages in 

MSCs. Following staining for differentiated adipocytes, images were acquired for all cell 

lines and passages using automated image capture techniques. Image acquisition for each 

plate (1 donor per 12-well plate, 2 fluorescence channels per image, 300 images per plate) 

required approximately 2 hours of imaging time. Once image sets were acquired for all cell 

lines, the macro analysis was run to quantify Nile Red positive and nuclei counts for each 

image. Figure 6 shows an example of Nile Red staining (A) and the same image following 

macro detection of differentiated adipocytes in a field of undifferentiated cells (B). Nile Red 

counts were normalized to nuclei counts in that image, averaged within one well and 

subsequently across three wells, and reported as a percentage of Nile Red positive cells. As 

seen in Figure 7A, adipogenic potential varies greatly between cell lines and consistently 

decreases as a result of passaging. 13.6% of MSCs from cell line PCBM1632 were capable 

of adipogenic differentiation at P3. This is in contrast to its 2.7% Nile Red positive cells at 

P7, indicating a 5-fold drop in adipogenic potential from P3 to P7, the largest drop in 

potential among all cell lines tested. Cell lines 127756 and PCBM1655, the cell lines that 

senesced by P5 and P3 respectively, demonstrated the 2nd and 3rd highest P3 adipogenic 

potential at 10.3% and 6.8% respectively. Donor 8F3560 had the lowest levels of percent 

positive Nile Red cells, where at all passages MSCs showed less than 1% adipogenic 

potential. Except for 8F3560, all cell lines showed a decrease in adipogenesis with an 

increase in passage, when cells were available to analyze. With the exception of 8F3560, 

this is highly significant with p≤0.001 when comparing P3 v. P7 (Figure 7A). The extent of 

variability between cell lines within a particular passage is seen in Figure 7B. While most 

donor comparisons at P3 are significant (p<0.05), MSCs converge to a low level of 

adipogenic potential by P7, as indicated by non-significant donor differences at P7 between 

most cell lines.

To examine the accuracy of the macro in detecting Nile Red positive cells, three individual 

users manually counted the same image set used for automated quantification for cell line 

PCBM1632. Mean Nile Red positive cells at each passage were averaged across the three 

counters, indicated as the manual count (n=3), and plotted with the automated count (n=1) 

(Figure 8). With the assumption that the manual count is the accurate representation of the 

data, the automated counts by the macro come very close at P5 (10.52% manual v. 10.53% 

automated) and P7 (2.89% manual v. 2.68% automated), while the automated measurement 

at P3 is slightly higher in comparison to the manual count (13.62% automated v. 12.55% 

manual). These results indicate that the macro automated count is an accurate representation 

of what a user would identify as a differentiated adipocyte. In addition, when considering 

computation time, each user spent, on average, greater than 8 hours of counting time to 

count a single plate of 300 images. The software’s macro required less than 4 minutes to 

count a single plate with 92 %, or greater accuracy.

While the objective of this work was to quantify adipogenesis, the total nuclei counts 

harvested from the data sets also provide useful information when considering proliferative 
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capacity in expansion medium vs. differentiation medium, but also as a comparison between 

cell lines and passages. As seen in Figure 9, following the addition of adipogenic 

differentiation media for 21 days, there is a decrease in proliferation compared to the 

corresponding passage controls within a particular donor, as indicated by the average nuclei 

count per image. This trend is seen in all cell lines and passages, and indicates MSCs 

decrease in proliferation following adipogenic stimulation. Further, this also demonstrates 

the decrease in the overall proliferative capacity with increasing passage, both following 

culture in normal expansion medium as well as in adipogenic differentiation medium.

Discussion

MSCs are of great interest because of their potential clinical application in treating many 

diseases due to both their immunosuppressive properties as well as application in tissue 

regeneration (56). Because MSCs exist at low levels in the bone marrow (0.001 – 0.01%) 

(42), extensive passaging will often be required to achieve numbers necessary for clinical 

use. In addition, it will be useful to screen for differentiation capacity of MSCs from 

different donors. Therefore, establishing the role of passaging and donor differences through 

the use of quantitative bioassays will be necessary to measure these changes. Here, we have 

expanded upon our previously published work that quantified adipogenesis using a limiting 

dilution assay. Limiting dilution was used successfully to detect changes in adipogenic 

potential following differentiation between 2 cell lines at P3, P5, and P7 (53). The simplicity 

of the limiting dilution assay also allows for its use in almost any laboratory. However, this 

assay is subjective due to its reliance on an individual to discern between an adipocyte and 

an undifferentiated MSC. Further, because limiting dilution requires a dilution of MSCs as 

part of the assay setup and analysis, it may inherently ignore community effects, as 

Schinkothe et al. have demonstrated cytokine secretion profiles of MSCs include factors 

involved in proliferation and differentiation (57). Lastly, the time required for an individual 

to scan each well of three, 96-well plates for each experiment is significant. Automated 

microscopy addresses these concerns with limiting dilution, as MSCs are plated at an 

identical cell density, while also introducing an efficient, automated measurement that 

mitigates subjectivity in the analysis. We have taken advantage of these desirable features of 

automated microscopy to quantify adipogenic differentiation potential as a function of cell 

line and passage. In addition, we have correlated adipogenic progenitors with colony 

forming unity capacity and cell size, to further understand the role of donor differences and 

passaging on MSCs.

Automated microscopy is inherently precise, as identical parameters are used during each 

analysis to quantify differentiated adipocytes using the same automated procedure (macro). 

We applied automated microscopy to eight cell lines following differentiation to quantify 

adipogenic potential at P3, P5 and P7 where applicable. On the identical image set acquired 

for PCBM1632, we manually counted adipocytes to determine the accuracy of the macro in 

quantifying true differentiated cells. As seen in Figure 8, the macro is an accurate 

representation of the number of differentiated cells, based on very similar measurements at 

P5 and P7 between the automated and manual counts, while still close at P3. As can be seen 

in Figure 6, sometimes overlapping cells were observed, particularly in P3 where there were 

more cells per image than in subsequent passages (Figure 8). Although the issue of 
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overlapping staining patterns due to high cell density was taken into account and adjusted 

for during development of the macro, the higher manual counts at P3 may nonetheless be 

due to conditions of high cell density, in which the macro was not always able to distinguish 

between overlapping cells. Taken together, this demonstrates both the precision and 

accuracy of automated microscopy in quantifying differentiated MSCs following adipogenic 

differentiation. Further, when considering computation time, the macro closely predicts 

actual values in close to 1% of the time it takes to manually count an image set. This result 

points to the utility of automated microscopy as a high-throughput tool to quantify 

adipogenic differentiation in MSCs.

A quantitative approach to measure adipogenesis of adipose-derived stromal cells was 

previously described by Sen et al., who quantified Nile Red staining by flow cytometry 

following 14 days of adipogenic stimulation then trypsin/EDTA removal of cells from tissue 

culture vessels (45). We have attempted this approach with bone marrow derived MSCs 

following 21 days of adipogenic stimulation, however fully differentiated adipocytes from 

MSCs derived from bone marrow were difficult to detach while maintaining the 

morphological integrity and intactness of the cells. This led us to adopt a method that would 

leave cells in situ before quantification.

The decreases we observed in proliferation and adipogenic capacity with passage, also 

correlate with the decrease in percent CFUs, as seen in Figure 5A. As outlined by Prockop et 

al., MSCs capable of clonal expansion are more proliferative and have a greater capacity to 

differentiate (22). Interestingly, cells from the 2 oldest donors (127756 and PCBM1655), 

which were not capable of expansion beyond P5 and P3 respectively, both had the lowest 

CFU percentage at P3 (Figure 5A), and also had the lowest proliferation potential as shown 

in Figure 9. In addition, both of these cell lines had the largest average cell diameters 

(Figure 4) which also correlated their respective FSC/SSC size data (Figure 3A). This 

suggests donor age may play a role in growth potential and CFU capacity, which in turn 

correlates with cell size. Others have shown the function of cell size as well, as Colter et al. 

demonstrated a high correlation with recycling stem cells (a subpopulation of small, 

agranular, rapidly proliferating cells) and CFU capacity compared to the large, granular 

mature MSCs that are a slow growing subpopulation (55). Stenderup et al. also showed 

MSCs from younger donors had improved proliferative capacity over older donors based on 

higher cumulative population doublings and a lower percentage of senescence-associated 

beta-galactosidase (43). However, despite the decrease in percent CFUs and increase in cell 

size seen in both of these cell lines at P3, both cell lines 127756 and PCBM1655 had the 2nd 

and 3rd highest percent adipogenic differentiation when compared to cells from other 

younger donors at P3. While this finding goes against our hypothesis that those MSCs with 

the lowest CFU capacity and largest cell diameters would be less likely to differentiate, there 

may be multiple factors at play. Many have hypothesized a shift from high osteogenic and 

low adipogenic capacity in young donor MSCs to a low osteogenic and high adipogenic 

capacity in older donor MSCs due to the downregulation of osteogenesis-associated genes 

with age (58, 59). In many cases, aging leads to a decrease in bone mass, as seen in 

osteoporosis, while typically accompanied by larger number of adipocytes in the bone 

marrow (60). This proposed inverse relationship between adipogenesis and osteogenesis has 
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been reviewed extensively by Kim et al (61). Almeida et al. have suggested that this shift 

may be in part due to oxidative stress during aging, through the involvement of FoxO 

transcription factors that are cellular mediators of oxidative stress (62). Taken together, this 

paradigm describing the shift from osteogenesis to adipogenesis in the bone marrow as we 

age, may explain our findings described here.

Both researchers and manufacturers of MSCs use cell surface markers to characterize MSCs. 

As outlined in a white paper published by the International Society for Cellular Therapy, it 

is accepted in the field that MSCs should be plastic-adherent cells that are positive for 

CD73, CD90 and CD105, negative for CD14, CD34, CD45, CD79a, and HLA-DR, and 

capable of tri-lineage differentiation (63). Our findings demonstrate that while MSCs from 

different donors and passages maintain expression of CD73, CD90, CD105, and other 

relevant MSC markers (Figure 2), this maintenance of positive expression does not correlate 

with their decreased functionality/differentiation capacity. In particular, expression of these 

cell surface markers does not correlate with maintenance of adipogenic precursors through 

passaging. Further, it is widely accepted that trilineage differentiation is a required 

characteristic of MSCs, but quantitative assessments of this capacity are not often reported. 

To date, it has been acceptable in the literature to show differentiation by simple staining 

techniques, or by semi-quantitative methods that do not take into account the inherent 

heterogeneity of MSCs by quantifying on a per cell basis. Here, we have developed an 

efficient method to quantify adipogenesis while also assessing the effects of passaging and 

donor variability on differentiation capacity in vitro. By quantifying differentiation capacity, 

we are also able to correlate these findings with other quantitative bioassay readouts to 

provide an overview of donor variability while also assessing the effects of culturing on 

MSC stemness and potency.

It is important to point out that the methods we describe here provide precise measurements 

of adipocyte precursors that arise under specific culture conditions and using a specific 

adipogenic induction protocol. The in vivo biological ability of MSCs to give rise to 

adipocytes cannot be determined by this approach. However, this method provides a precise, 

quantitative measurement that can compare biological characteristics of cells grown in vitro 

in the same conditions. This method could be used to make precise measurements that allow 

for comparisons of adipogenic potential in a variety of different in vitro growth conditions 

and determine the influence of many other factors that could affect MSC growth and 

differentiation.

Conclusions

We have expanded MSCs from several cell lines to P3, P5, and P7 to demonstrate the role of 

donor variability and passaging on MSCs using automated microscopy as a quantitative 

readout of adipogenic differentiation on a per cell basis. We have successfully quantified 

adipogenesis in MSCs to demonstrate variability between cell lines and decreased 

adipogenic potential with increasing passage. Although we could reproducibly measure 

differences in adipogenesis and other biological functions in cells from different donors and 

passages, MSC cell surface marker analysis revealed no changes. We hope to use these 

quantitative bioassays to better understand how adipogenic capacity relates to CFU, overall 
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proliferative capacity and cell size in different populations of MSCs. Using these 

quantitative approaches, we have introduced methods that can be used to better understand 

heterogeneity of MSCs and to address issues of inconsistency in experimental outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of plate setup for automated microscopy experiments
The outer 15% of each well was excluded from analysis to eliminate edge effects as noted 

by the dashed line. 25 random positions per well, indicated as blue dots, were selected by the 

software, and all wells were imaged at those identical positions. Imaging was completed at 

10X magnification. Approximately 4% of the specified area was imaged for analysis. n=3 

per passage per donor received adipogenic stimulation (pink wells); n=1 for undifferentiated 

controls (yellow wells).
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Figure 2. MSCs maintain expression of cell surface markers through passages
MSCs were stained for CD29, CD44, CD73, CD90, CD105 and CD166 at P3, P5 and P7. 

Gating was applied to unstained controls at each passage for each donor, and the percent 

positive was reported. Data is grouped by passage number, and horizontal bars indicate the 

average percent positive expression of all (applicable) cell lines at that passage. Each donor 

is represented as a unique symbol and color, as seen in the figure legend.

Lo Surdo et al. Page 17

Cytotherapy. Author manuscript; available in PMC 2015 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. MSCs increase in forward and side scatter with increasing passage
(A) FSC/SSC quadrant gating was applied to each individual dot plot at P3. The P3 gates 

were applied to P5 and P7 for each particular cell line. Changes in percent positive cells in 

the Upper Right Quadrant (URQ) were recorded, plotted, and grouped by cell line; n=1. 

Purple bar = P3; orange bar = P5; green bar = P7. (B) Example of quadrant gating analysis 

on FSC/SSC dot plots from donor 167696 at P3 (left), P5 (center) and P7 (right). Percent 

positive in URQ is shown in the red dashed line following gating analysis.

Lo Surdo et al. Page 18

Cytotherapy. Author manuscript; available in PMC 2015 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. MSCs increase in cell size with increasing passage, and vary between cell lines
Bars represent average cell diameter (μm) counts of varying sample sizes (n ≥ 6), as 

determined by Cellometer measurements. Statistical comparisons were made within cell 

lines, relative to P3. Error bars represent standard error of the mean. Purple bar = P3; orange 

bar = P5; green bar = P7. ***p<0.001, **p<0.01, *p<0.05.
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Figure 5. Percentage of Colony Forming Units (CFUs) tend to decrease with increasing passage, 
and varies between cell lines
(A) CFUs were calculated as a percentage by quantifying the number of colonies, and 

normalizing to the number of plated cells at Day 0. Error bars represent standard deviation; 

n=3. Purple bar = P3; orange bar = P5; green bar = P7. Statistical comparisons were made 

within cell lines, relative to P3. (B) Statistical analysis of CFU data for comparison between 

cell lines. Purple shading = P3, orange shading = P5, green shading = P7. For (A) and (B), 

***p<0.001, **p<0.01, *p<0.05, ns = not significant, n/a = not applicable.
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Figure 6. Example of Nile Red staining and adipocyte quantification
(A) Image of differentiated adipocytes following 21 days induction. Nile Red positive 

staining (green) visualized as lipid vesicles indicating a differentiated adipocyte; nuclei 

staining with Hoechst (blue). Image taken during automated imaging at 10X magnification. 

(B) Following analysis by the macro, Nile Red positive cells were indicated with a green 

transparent overlay plus associated nuclei (orange). Nuclei not associated with Nile Red 

staining are shown as blue areas. As an example, the software detected 9 adipocytes in this 

image. Further analysis would include normalization of this value to total number of nuclei 

in this image to determine a percent of differentiated cells.
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Figure 7. Adipogenesis can be quantified by automated microscopy, and demonstrates both 
donor variability and decreased adipogenic potential with increasing passage
(A) Nuclei plus Nile Red objects were normalized by the total nuclei count per image to 

report a percentage of differentiated cells (% Nile Red positive) as a function of passage and 

cell line. Purple bar = P3; orange bar = P5; green bar = P7. Error bars represent standard 

deviation; n=3. Statistical comparisons were made within cell lines, relative to P3. (B) 

Statistical analysis of percent adipogenesis data for comparison between cell lines. Purple 

shading = P3, orange shading = P5, green shading = P7. For (A) and (B), ****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05, ns = not significant, n/a = not applicable.
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Figure 8. Manual quantification of percent positive Nile Red cells is in line with automated 
measurements in cell line PCBM1632
The number of nuclei and Nile Red positive cells were quantified manually in cell line 

PCBM1632 by 3 different users (n=3). The same image set was used to quantify manually 

as was used in the automated macro count. The red bars indicate the manual counts (n=3) 

and the blue bars indicate automated counts (n=1). Error bars indicate standard deviation for 

the manual counts, n=3.
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Figure 9. Proliferative potential decreases with increasing passage, and decreases upon 
adipogenic stimulation
The number of nuclei were quantified for each image, averaged across 25 images per well, 

then and averaged across 3 wells (n=3) following adipogenic stimulation. Nuclei were 

averaged in 1 well (25 images/well) following expansion in complete medium (n=1). The 

purple, orange, and green bars to the left within a cell line grouping indicate unstimulated 

controls for P3, P5 and P7 respectively, n=1. The light purple, orange and green bars to the 

right indicate adipogenic stimulation for P3, P5 and P7 respectively. Error bars on 

differentiated data points indicate standard deviation, n=3.
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Table 1

Summary of cell line specifications

Designation Gender Age

PCBM1632 M 24

110877 M 22

167696 F 22

PCBM1641 F 23

PCBM1662 F 31

8F3560 F 24

127756 M 43

PCBM1655 F 47
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Table 2

Time in culture to reach 80% confluence for all cell lines at passages 3, 5 and 7.

P2 → P3 P4 → P5 P6 → P7

PCBM1632 7 8 17

110877 8 9 10

167696 8 10 12

PCBM1641 7 8 8

PCBM1662 10 9 12

8F3560 9 10 9

127756 9 11 n/a

PCBM1655 14 n/a n/a
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