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Abstract

3T3-L1 cells serve as model systems for studying adipogenesis and research of adipose tissue-related diseases, e.g. obesity and diabetes. Here,
we present two novel and complementary nondestructive methods for adipogenesis analysis of living cells which facilitate continuous mon-
itoring of the same culture over extended periods of time, and are applied in parallel at the macro- and micro-scales. At the macro-scale, we
developed visual differences mapping (VDM), a novel method which allows to determine level of adipogenesis (LOA)—a numerical index
which quantitatively describes the extent of differentiation in the whole culture, and percentage area populated by adipocytes (PAPBA)
across a whole culture, based on the apparent morphological differences between preadipocytes and adipocytes. At the micro-scale, we
developed an improved version of our previously published image-processing algorithm, which now provides data regarding single-cell
morphology and lipid contents. Both methods were applied here synergistically for measuring differentiation levels in cultures over multiple
weeks. VDM revealed that the mean LOA value reached 1.11 + 0.06 and the mean PAPBA value reached >60%. Micro-scale analysis revealed
that during differentiation, the cells transformed from a fibroblast-like shape to a circular shape with a build-up of lipid droplets. We predict
a vast potential for implementation of these methods in adipose-related pharmacological research, such as in metabolic-syndrome studies.
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Introduction

Cell cultures of adipocytes frequently serve as model systems for
the research of adipose tissue-related diseases, such as obesity
and diabetes and in tissue engineering studies seeking reconstruc-
tion (Patrick, 2000; Steppan et al., 2001; Furukawa et al., 2004;
Choi et al., 2010). 3T3-L1 is a mesenchymal cell line that is com-
monly used to study transcription regulation and cell-cell/cell-
substrate interactions that are required for adipogenesis (Poulos
et al,, 2010). In vitro analysis of these cells employs staining tech-
niques, for instance—lipid droplet (LD) staining using reagents
such as Oil-Red O, BODIPY 493/503 on fixed cultures, providing
a snapshot of the specific time point (Ramirez-Zacarias et al.,
1992; Ross, 2000; Murphy et al., 2010; Harris et al., 2013; Qiu
& Simon, 2016). The stained cultures are typically used for eval-
uating the extent of adipocyte differentiation (Deutsch et al.,
2014). Adipogenesis can be also evaluated indirectly by extraction
of the lipid content using spectrophotometer analyses of dye color
absorbance (Choi et al., 2009). The measurements of lipid content
or LDs quantitation (number and size) are important features that
allow us to follow and analyze various drug effects on
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adipogenesis (Ejaz et al., 2009; Lin et al.,, 2009; Or-Tzadikario
et al,, 2010; Levy et al., 2012; Shoham et al., 2012; Shoham &
Gefen, 2012a, 2012b; Mor-Yossef Moldovan et al., 2018; Lustig
et al,, 20184, 2018Db).

When examining the level of adipogenic differentiation in cul-
tures using any of the methods described above, the cultures need
to be fixed and terminated. Hence, further or ongoing observa-
tions are not feasible past the time point of measurement,
which is clearly counterproductive in terms of statistical power
and hence cost management of experiments. Our group previ-
ously presented an image-processing-based technique for objec-
tively and quantitatively measuring LD sizes in adipocyte
cultures, monitored using digital phase-contrast microscopy
over time (Or-Tzadikario et al., 2010). This aforementioned
method measures the amount of lipid contents per field of view
(FOV), and further assesses numbers and sizes of LDs; however,
the program is not designed to extract morphological data.

In this article, we build upon our previous research record
in the field of adipocyte research (Or-Tzadikario et al,
2010; Shoham & Gefen, 2011, 2012a, 2012b; Levy et al., 2012;
Shoham et al, 2012, 2014, 2015; Ben-Or Frank et al,
2015; Katzengold et al, 2015; Mor-Yossef Moldovan et al,
2018; Lustig et al., 2018a, 2018b) and present progress in the
form of two innovative and complementary nondestructive meth-
ods that are applied at the macro- and micro-scales for adipogen-
esis analysis. At the macro-scale, we developed a new method for
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mapping the level of adipogenesis (LOA) on a whole culture based
on the morphological changes that are apparent between differen-
tiation stages of adipogenesis. At the micro-scale, we present
an improved version of the image-processing algorithm (Or-
Tzadikario et al., 2010), which offers substantially greater accuracy
when analyzing lipid content and the ability to extract data regard-
ing single-cell shape, which are important features characterizing
the differentiation process. Both techniques facilitate objective
quantification of adipocyte cultures monitored using phase-
contrast microscopy over time. To demonstrate the utility and
versatility of the two methods described here, we employed both
in measuring differentiation levels in 3T3-L1 cells over 19 days.

Development of in vitro methods that enable the study of living
model systems (including cell culture models) allow for better
design of experimental protocols in adipose cell research and tissue
engineering, and is eventually useful for gaining clearer under-
standing of the pathophysiology of diseases, such as type II diabetes
or osteoporosis. We therefore see the present work as one which
may ultimately pave the way for clinical management and drugs
development for these conditions, through statistically powered,
cost-effective quantitative methodological research.

Materials and Methods
Cell Cultures

Mouse embryonic 3T3-L1 preadipocytes (American Type Culture
Collection, Manassas, Virginia, USA) were cultured on square-
shaped glass coverslips (2 cm x 2 cm) at a density of 1 x 10* cells/
cm®. The growth medium consisted of high-glucose Dulbecco’s
modified Eagle’s medium (450 mg/dL; Biological Industries,
Kibbutz Beit-Haemek, Israel), 10% fetal bovine serum
(Biological Industries, Kibbutz Beit-Haemek, Israel), 1% L-gluta-
mine (Biological Industries), 0.1% penicillin-streptomycin
(Sigma, Sigma-Aldrich, Rehovot, Israel), and 0.5% 4-(2-hydrox-
yethyl)-1-piperazineethane-sulfonic acid (Sigma). The GM was
changed twice a week (Shoham et al., 2012, 2015).

Differentiation was induced when the cultures reached a con-
fluence of ~90% based on a protocol as previously published
(Shoham et al., 2012, 2015).

Macro-Scale, Visual Differences Mapping

3T3-L1 cells are fibroblast cells that change phenotype during dif-
ferentiation; the cells become round and are occupied mostly with
LDs, as is characteristic to adipogenic differentiation. The accu-
mulation of LDs in the adipocyte cells was noted and quantified
at the macro-scale throughout the entire culture period using a
new adipogenesis mapping method, developed as described
here. Visual differences mapping (VDM) allowed for the evalua-
tion of LOA in the living cultures over the period of experimenta-
tion, using phase-contrast microscopy (TMS-F; Nikon, Tokyo,
Japan). Triplicates were used in all these experiments (n = 3).

Transparent millimetric (grid/matrix) stickers were pasted on
the outer bottoms of tissue culture plates to introduce identical
observation squares of 1 mm x 1 mm area, in which the cells
and grid lines could be viewed in one focal plane and the whole
observation square is in the same FOV when observing the cul-
ture at a microscope magnification of x40. Mapping of the cell
cultures was performed continuously throughout the culturing
period to analyze the levels of differentiation from fibroblasts to
adipocytes (Figs. 1la-c).
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Culture Mapping and Evaluation

The mapping process relies on quantitative evaluation of cell
states at each of the 1 mm x 1 mm squares, which yields the
local LOA grading and the distribution of grades as follows.
Evaluation grades are defined between 0 and 4, with a grade of
“0” denoting only fibroblasts in the square and no differentiated
adipocytes (Fig. 1d). A grade of “1” indicates that more than
0% and up to 25% of the square area (inclusive) is covered by dif-
ferentiated adipocytes. A grade of “2” indicates that more than
25% and up to 50% of the square area (inclusive) is covered by
differentiated adipocytes. A grade of “3” indicates that more
than 50% and up to 75% of the square area (inclusive) is covered
by differentiated adipocytes. A grade of “4” indicates that more
than 75% of the square area is covered by differentiated adipo-
cytes, and the remaining area is covered by fibroblasts (Fig. 1d).
Following this mapping, an adipogenesis-map is created; the
resulting map displays the LOA in the culture throughout the
experiment. The diagram illustrates the location and proportion
of areas covered by differentiated adipocytes in the culture at dif-
ferent time points.

Additionally, a square area solely containing fibroblasts is con-
sidered as “NO”, while a square area containing adipocytes at any
differentiation level is considered as “YES” (Fig. le), consistent
with the ranking system.

The above mapping over the whole culture is performed con-
tinuously without the need to take photographs of the culture.
The examiner observes the culture and assigns suitable grades
to each square delineated by the grid. In order to minimize vari-
ability across examiners (i.e., inter-rater variability), the grades
were determined as follows: 20 photographs of sampled squares
were taken (e.g., as in Fig. 1b), each picture representing a differ-
ent level of adipogenic differentiation. Five examiners were indi-
vidually asked to rank the area populated by differentiated
adipocytes in each photographed square. According to these rank-
ing assignments, LOA values were classified into five evaluation
options.

It is worthwhile to note that there is a major visual difference
between fibroblasts and adipocytes, even at an early stage of dif-
ferentiation; during differentiation, the cells change their shape
from a spindle fibroblast-like shape to a round adipocyte with
accumulated LDs (Mor-Yossef Moldovan et al., 2018; Lustig
et al., 2018a, 2018b). The visual differences between these two
cell types was apparent at all light intensities of the microscope
and this is consistent with our earlier studies (Or-Tzadikario
et al, 2010; Shoham & Gefen, 2011, 2012a, 2012b; Levy et al,
2012; Shoham et al., 2012, 2014, 2015; Ben-Or Frank et al., 2015;
Katzengold et al., 2015; Mor-Yossef Moldovan et al., 2018; Lustig
et al,, 20184, 2018b).

Mean level of adipogenesis. A mean value for the LOA is calcu-
lated for each culture using the following (weighted average) equa-
tion [Equation (1)]:

Z?:o (i-Ny)

mean LOA = s
N

(6]

where N; is the number of squares with the LOA grade i and N is
the total number of squares.

The mean LOA value provides an evaluation of adipogenic dif-
ferentiation of an entire culture. The LOA evaluation values of
each square (ranged between 0 and 4) are recorded in Excel
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Fig. 1. The visual differences mapping (VDM) facilitates a macro-scale assessment of cell cultures, specifically in mapping the propagation of the adipogenesis
differentiation pattern. a: An illustration of a cell culture, seeded on a glass coverslip placed in a dish. b: The cell culture with the VDM gridded sticker pasted
on the outer bottom of the dish; the grid lines are visible through the transparent glass coverslip. Micrograph at x40 magnification: The differentiated/nondiffer-
entiated cells are visible between the grid lines. Mature adipocytes (containing lipid droplets, LDs) at x400 magnification; fibroblasts are also visible in the vicinity. c:
The resulting adipogenesis map, obtained using VDM. d: VDM data analysis: Grading the level of adipogenesis (LOA); values are between 0 and 4, the specific value
indicates the extent of the area covered by differentiated adipocytes. e: Percentage area populated by adipocytes (PAPBA), which is the percentage of squares that

contain differentiated cells out of the culture area.

spreadsheets (Microsoft Co., Redmond, Washington, USA). At the
completion of the mapping process, computer diagrams of the
distributions of the LOA grades are generated for further analyses.

Percentage area populated by adipocytes. Another variable which
was analyzed is the percentage area populated by adipocytes
(PAPBA). PAPBA is the percentage of squares that contain differ-
entiated cells (i.e., with a LOA grade other than zero, at the entire
culture area). The PAPBA value is calculated for each culture
using the following equation [Equation (2)]:

4
SN
PAPBA[%] = :Tl - 100, )

where N; is the number of squares with LOA grade i and N is the
total number of squares.

All analyses were performed using a sample size of three dif-
ferent cultures. For each time point (days: 9, 12, 16, and 19
after differentiation induction), the average and standard error
of the LOA and PAPBA parameters in each of the three cultures
were calculated.

Micro-Scale, Monitoring Adipocyte Differentiation at the
Single-Cell Level

The cultures were digitally photographed (DS-Fil camera; Nikon,
Tokyo, Japan) using a phase-contrast microscope (Eclipse
TS100; Nikon) at a microscope magnification of x400 (FOV of

Downloaded from https://www.cambridge.org/core. Architectural Library, on 07 Feb 2019 at 09:11:20, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/51431927618015520


https://doi.org/10.1017/S1431927618015520
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

220 x 165 um?). Images were taken every 3-4 days, starting one
day after the cells were seeded (days: 0, 9, 12, 16, and 19 after
differentiation induction). We used triplicates of cultures (n = 3)
and the experiment was repeated twice.

Image-Processing Algorithm and Data Analysis

A custom-made MATLAB (MathWorks, Natick, Massachusetts,
USA) code was developed for extracting the LD and cell morphol-
ogy data from the digital micrographs. The algorithm of this code,
provided in detail in the Supplementary Appendix, is based on a
previous algorithm developed by our group (Or-Tzadikario et al.,
2010); however, the new algorithm provides enhanced accuracy
regarding the LDs content and the ability to quantify cell shape,
which is of prime importance throughout the differentiation pro-
cess from fibroblasts to mature adipocytes.

The algorithm converts a microscope image (Fig. 2a) from a
red-green-blue image to a grayscale image, filters for random
noise, and then converts to a binary (black/white) image (based
on a predetermined threshold). The outcome of these image-
processing steps is that the LDs are colored white and all other
components are blackened (Fig. 2b). Artifact cavities in the LDs
are filled and white structures occupying <5 pixels (0.15 ym?)
are considered to be noise, and are therefore blackened as well'
(Fig. 2¢, Or-Tzadikario et al., 2010).

In the present algorithm, an overlay of the binary image and
the grayscale processed image is presented to the user (Fig. 2d).
The overlay image allows for both LDs and cellular margins to
be clearly visible. An individual cell can be manually selected
by marking its exact margins based on the original image in gray-
scale [using the “roipoly” function in the Image Processing
Toolbox of MATLAB (The Mathworks, Inc., 2016) for further
calculations].

The user should select cells of two types: (A) clearly visible cells,
where the boundaries of the cell are easily noticeable in the image,
and (B) cells that are not clearly visible, where the cell boundaries
are obscured. Cells of type A provide LD and cell morphology
information. Because cells of type B are not clearly visible, the
data extracted from these cells contribute to “lipid area per FOV”
data only, and not to any other measurements. By using a custom-
ized graphical user interface in MATLAB, a user may distinguish
and make a selection from these two photographed cell types.

Final outcome measures, obtained per each experimental con-
dition and time point, were as follows:

Cell morphological parameters.

i. Cell projected area—the area contained in the marked region
representing the cell, automatically calculated in pixels and
converted to um>.

ii. Cell circularity—measure of how closely the shape of the
marked region approaches that of a circle. Circularity can
be valued between 0 and 1 inclusively, where 1 is the circu-
larity value of an ideal circle [Equation (3)].

47A
= 3)

Circularity =

where A is the area and P is the perimeter of the cell.

"The 5 pixels size was determined in preliminary studies, where employing this value
in the automatic image-processing code resulted in a best match to human observations
(Or-Tzadikario et al., 2010).

Maayan Lustig et al.

iii. Cell eccentricity—measurement of how close the shape of
the marked region approaches that of a line or a circle.
Eccentricity varies between 0 and 1 inclusively, where 0 is
the eccentricity value of an ideal circle shape and 1 is the
eccentricity value of a line segment [Equation (4)].

Eccentricity = E, 4)
a

where c is the distance between the foci of the ellipse and a is the
major axis length.

In realistic experimental measurements, as opposed to theory,
cell circularity and eccentricity are never assigned the extreme “0”
or “1” values; real values may be anywhere within that range, but:
0 < circularity < 1 and 0 < eccentricity < 1 always applies.

LD parameters.
i. Lipid area per FOV [Equation (5)]

N, white

%Lipid Area Per FOV = N
total

(€))

where Nyp;ce 18 the number of white pixels only, in marked cells,
and Ny, is the total number of pixels in a FOV.

White pixels not internalized in the marked regions representing
cellular margins are not considered as being LDs and, therefore,
are excluded from the calculation of this variable (the white pixels
represent bright areas in the image which are clearly not LDs
given that they are not located within cell bodies).

ii. Mean LD radius per cell [Equation (6)]

R= \/E, (6)
T

where S is the mean LD area per cell (for calculating S, the area of
all LDs is extracted, per cell, followed by calculation of mean LD
area).

iii. Number of LDs per cell—the count of LDs for each clearly
visible cell is performed automatically by the image-
processing code.

Measurements were calculated for all clearly visible cells and time
points. The mean value and standard error of each parameter
were analyzed (for each time point, the number of clearly visible
cells is noted in the text below).

Additionally, a “single-cell analysis” was performed in order to
examine the variance (o) of each parameter at different time
points. In the single-cell analyses, the scattering of each parameter
at each day has been analyzed and compared with the scattering
of the same parameter across the other time points.

For cells in experimental day 0, only the fibroblastic cell mor-
phology parameters were calculated. In days after differentiation
induction, only adipocytes were analyzed. The principals and
key steps of the image-processing algorithm were verified in pre-
vious published work (Or-Tzadikario et al., 2010).
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Lipid Droplet

Fig. 2. Main steps in the image-processing algorithm used for monitoring adipocyte differentiation. a: The original image. b: The image is filtered for random noise
and converted into a binary image. c: Artifact cavities in the lipid droplets are filled. d: Overlay of the binary image and the grayscale processed image; an individual

cell is selected for further calculations.

Statistical Analysis

Statistical analysis was performed using one-way analysis of vari-
ance for the factor of time in order to identify significant changes
in the values of the outcome measures, if such were detected, dur-
ing the entire experimental period. A p<0.0001 was considered
statistically significant.

Results
Macro-Scale, Visual Differences Mapping

Mesenchymal 3T3-L1 cells were cultured and differentiated
toward the adipocyte lineage. We tracked differentiation levels
at different time points up to day 19 on the macro-scale using
the VDM (Figs. 3a-d). The adipogenesis maps display the differ-
entiation propagation in the culture throughout the experiment
(Fig. 3a). At day 9, the differentiated adipocytes were visibly dif-
ferent from the fibroblastic cells based on the cell shape alteration
associated with differentiation. Out of the measured area, 5% were
graded “17; as differentiation progressed, the number of squares
graded “1” increased, followed by gradual increases in the “27,
“3”, and “4” grades since the cells continued to differentiate fur-
ther as time elapsed (Fig. 3b). The analyzed LOA and PAPBA val-
ues were calculated at each time point and both increased over the
experimental days, reaching 1.11 +0.06 and 62.65% * 0.03% on
day 19, respectively (Figs. 3¢ and 3d).

Micro-Scale, Monitoring Adipocyte Differentiation at the Single
Cell Level

We monitored differentiation over 19 days (Fig. 3e) and analyzed
the accumulation of LDs and cell morphological changes. Before
inducing differentiation (day 0, n = 69), the initial mean cell pro-
jected area was measured at ~ 1,570 ym? (Fig. 3f). On day 9 (n=
99), when beginning of the differentiation process was observed,

the cells became smaller and the mean cell projected area
decreased to ~380 ym”. From that time point and onwards, the
mean cell projected area increased gradually, and was measured
to be ~1,470 um* by day 16 (n=66) and ~1,800 um” by day 19
(n=99). The single-cell analyses (Fig. 3g) clearly demonstrate
that on day 9 the variance of the cell projected area parameter
was the lowest (o= 244 ym®), denoting that at the beginning of
the differentiation process, the projected area of the differentiated
cells was relatively uniform, and hence those cells initiated the dif-
ferentiation process at the same time and were the first cells to dif-
ferentiate. On the following experimental days, the variance of cell
projected areas increased [e.g., day 12, n="71, o= 1,121 (um?)],
indicating that the projected areas of the cells in the culture was
less uniform. In other words, the culture was composed of cells
with small projected areas, together with cells with large projected
areas, which points to variable levels of adipogenesis in the cul-
ture. It is reflected that, as the mean cell projected area initially
decreased and then with LDs accumulation the mean cell pro-
jected area increased by fivefold on day 19 as compared with
day 9 (p <0.0001) (Figs. 3f and 3g).

As adipogenesis progressed, LDs accumulated in the cells
which gradually increased. The % lipid area per FOV was <2%
on day 9 and increased gradually, reaching ~18% by day 19
with a significant difference between the measured time points
(p<0.0001) (Fig. 3h).

The differentiation is associated with changes of cell morphol-
ogy, measured by circularity and eccentricity. On day 0, where all
cells are of fibroblastic shape, the mean of cell circularity value
was <~0.5 (Fig. 4a), and the mean cell eccentricity value was
~0.9 (Fig. 4b), both indicating an elongated (spindle-like) cell
shape. From day 9, the mean circularity value increased and sta-
bilized at ~0.86, and the mean cell eccentricity decreased and sta-
bilized at ~0.65. The aforementioned evolution of the circularity
and eccentricity values indicate that cells were transforming
from a fibroblast-like shape to a more circular shape, which are
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Fig. 3. Macro- to micro-scale results: (a) Adipogenesis maps for each time point, showing the level of adipogenesis (LOA) value in each square in the evaluation
process, the maps demonstrate the progression of adipogenesis in the same culture, extracted by the visual differences mapping (VDM). b: Distribution of eval-
uation grades in the cultures, i.e. how many squares are covered by a specific evaluation value. c: Mean LOA value in the cultures per each time point. d: Mean
percentage area populated by adipocytes (PAPBA) in the culture, at each specific time point. e: Micrographs of cell cultures seeded on glass coverslips and sub-
jected to adipogenic differentiation at days 0, 9, 12, and 19 after differentiation induction. There are noticeable morphological changes in the cells due to the
differentiation process—at the first stages of differentiation, cell projected area decrease and the cells become more circular in shape. As differentiation progresses,
the cell projected area increases alongside lipid accumulation. f: Mean cell projected area. g: Distribution of the cell projected area value along the experiment.
h: % lipid area per field of view (FOV). Error bars are the standard error, statistical significance between time points (using analysis of variance): p <0.0001.

characteristic to the adipocyte lineage. Single-cell analysis of cir-
cularity and eccentricity (Figs. 4c and 4d) revealed that for the cir-
cularity value, the variance was the greatest on day 0 (o=0.15;
dimensionless), and then gradually decreased with respect to
day 0 (e.g., day 9, 0=0.13). The variance of the eccentricity
value was the lowest on day 0 (c=0.11), and the greatest on
day 9 (0=0.20), and from day 9 the variance decreased (e.g.,
day 12, 0=0.17). These parameters also confirm that at the
onset of differentiation, the cells are rather homogenous in
shape, and as differentiation progresses, additional cells differen-
tiate; thus, the culture is less homogeneous. For both the circular-
ity and eccentricity, there was a significant difference between
days 0 and 9 (p<0.0001), but the data were indistinguishable
later on and the values remained relatively constant (Fig. 4).
Initial mean LD radius per cell measured on day 9 was
~1.2 ym (Fig. 5a); the value then increased gradually during the
differentiation process, until reaching twofold (~2.2 ym) on day

19. The mean number of LDs measured on day 9 was 11 LDs/
cell (Fig. 5b); the value then increased by fourfold on day 19
(41 LDs/cell). Single-cell analyses revealed that heterogeneity
was the greatest on day 19 (Figs. 5¢ and 5d) for LD radius (o=
1.1 ym) and number of LDs (o=27 LDs/cell). For both values,
there were statistically significant differences throughout the entire
experimental period (p <0.0001).

Discussion
Visual Differences Mapping

We described here the VDM, a novel method to analyze adipo-
genic progression in living cell cultures at the macro-scale. The
adipocytes were visible in the cultures and the morphological dif-
ferences in cell appearance were used to evaluate differentiation
progression in the cultures. The VDM is a grid-based method,
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Fig. 5. Adipogenesis parameters: (a) Mean lipid droplet (LD) radius. b: Mean number of LDs per cell along the time course of experiment. c: Single-cell analysis of
the LD radius versus the cell projected area. d: Single-cell analysis of the number of LDs per cell versus the cell projected area along the entire time course of
experiments. Error bars represent the standard error. Statistical significance between time points is tested using an analysis of variance (p <0.0001).

which is different but adopts concepts from other commonly used
techniques applied in quantitative biology, e.g. a hemocytometer
to determine the number of living cells in a culture (Strober,
1997) and pre-engraved gridded plates or gridded stickers
(Weinmeister et al, 2008; Finlayson & Freeman, 2009;
Neubrand et al., 2010; Doerner et al.,, 2015; Kraus et al., 2016;
Macias-Romero et al., 2016; Thompson et al., 2016; Toneff
et al., 2016) for locating, identifying, counting, and tracking
movement of cells, cell clusters, or of other organisms. These
devices are not used or provide the option to map or estimate
the adipogenic propagation.

Here, we monitored the adipogenic differentiation of living cell
cultures and were able to continuously quantify, for the first time in
the literature, the adipogenesis of entire cultures. As expected, val-
ues of the LOA and PAPBA parameters increased during the exper-
iment. The fundamental idea behind the VDM is that evaluation of
the differentiation progression in living cultures can be measured
based on morphological differences between adipocytes and fibro-
blasts, due to differences in their shape and LD accumulation that

are observable through optical (phase-contrast) microscopy
(Fig. 3). This mapping of cell differentiation states at the macro-
scale facilitates continuous monitoring of the same culture at differ-
ent time points and along extended periods, unlike observations
performed following fixation and cell staining. Obviously, such
an approach contributes substantially to the statistical power of
experiments and to time/resource management. Hence, the impor-
tant benefits of the VDM are its cost-effectiveness and simplicity in
quantifying adipogenesis throughout the differentiation process in
living cell cultures, particularly without the need for methods that
compromise viability or are totally destructive.

Monitoring Adipocyte Differentiation at the Single-Cell Level

Following the macro-scale analysis of a whole culture using the
VDM, we presented an enhanced image-processing algorithm,
building-upon our previous work, intended for quantitative mon-
itoring of adipocyte differentiation through measurements of LD
accumulation and morphological changes at the single-cell level.
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Fig. 6. Schematic illustration of differentiation in cultures exposed to adipogenic differentiation media. During the differentiation process, the cells change their
shape from a spindle fibroblast-like shape to round adipocytes that acquire the spherical shape as they accumulate lipid droplets.

Other than analysis of LD accumulation which was offered by the
previous algorithm (Or-Tzadikario et al., 2010), we have now
added new critical features that characterize adipogenesis over
time at the cell scale. The enhanced algorithm specifically facili-
tates analyses of intracellular parameters, such as LD size and
cell morphology, which, as the present data indicate, substantially
evolve as cells mature (Figs. 3-5). Hence, for the first time, the
relation between LD production and cell morphological changes
in individual cells can be obtained quantitatively, which adds to
the innovation in this work. In addition, the parameters extracted
semi-automatically from the image-processing program allow for
the quantitative classification of cells, i.e. cells in primary or
advanced stages of differentiation (Fig. 6), based on the single-cell
analysis presented here, cell morphology and LD accumulation at
different time points (Figs. 3-5).

Adipogenesis is recognized with significant morphological
changes; thus, measuring such parameters of the cells is remark-
ably important. Cell shape changed from elongated fibroblast-like
to smaller, round adipocytes with small and few LDs at the begin-
ning of differentiation. As the experiment progressed and the LDs
accumulated further, the mean cell projected area increased
(Figs. 3f and 3g). The LD accumulation results presented here
are in agreement with previous data published by our group
(Or-Tzadikario et al., 2010; Levy et al, 2012; Shoham et al,

2012; Mor-Yossef Moldovan et al., 2018; Lustig et al., 20184,
2018b). The lipid contents in a specific FOV increased during
the differentiation process (Fig. 3h), and likewise, the mean LD
radius increased (Fig. 5a). However, here we present a more pre-
cise algorithm for quantitative analysis of measurable adipogenic
variables (as explained in the “Methods” section).

The results of this study demonstrate the aforementioned
alterations in adipocyte morphology discussed widely in the liter-
ature, but more importantly and innovatively from a quantitative
point of view, through continuous numerical evaluations of
observed changes and comparisons across different time points
in living cell cultures. A potential area of further study may be
the use of measured morphological differences of cells cultured
under various conditions or drug treatments to alter adipogenesis.
The morphological parameters of adipocytes, in particular, can
also provide information regarding a specific stage in the differen-
tiation process for single cells analyzed (e.g., early or advanced
differentiation, Fig. 6), as it is evident that each differentiation
stage is characterized by distinct morphological properties.

Conclusions

Cell research requires the ability to distinguish between the differ-
ent properties of adjacent cultured cells. In this study, we
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introduced two complementary methods for continuous research
of living cultures’ adipogenesis. One is the VDM, at the macro-
scale (of a whole culture), and the second is for micro-scale,
single-cell level analyses of adipocytes, in terms of LD accumula-
tion and morphological changes, using an image-processing algo-
rithm. The main advantage of using these two complementary
methods for the same experimental protocol is that they can be
conducted in parallel, in living cultures, continuously, for
extended periods of time and are not a snapshot observation.
Our new approach eliminates the need for culture distortion or
destruction as done by others for LD staining, gene expression
detection, etc. We predict vast potential for implementation of
the research approaches described here in adipose tissue-related
research, such as obesity-diabetes studies, and hence we have
described the experiments in great detail and included the rele-
vant MATLAB code in the Supplementary Appendix for the
research community to adopt, and perhaps develop further.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/51431927618015520
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