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Pleomorphism in Biological Units of Life: Morphological
Heterogeneity in Cells Does Not Translate Uniformly to Subcellular
Components
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ABSTRACT: The interplay of the three-dimensional (3D) distribution of various
subcellular components and their interactions are expected to control overall cellular
morphology in biology. In this study, we aimed to determine whether the pleomorphy
observed at the whole-cell level is being reflected by the components constituting the cells by
focusing on the 3D distribution of pixel intensities at the single-cell level of the whole (cell)
and its parts (the seven subcellular components of the cells—self-assemblies of smaller
units). We rigorously acquired and analyzed the image data of RAW264.7 cells at the single-
cell level. We report asymmetries in the spatial distribution of pixel intensities at the whole-
cell and subcellular component levels along with the occurrence of alterations when
pleomorphism is reduced by synchronization of the cell cycle. From our repertoire of seven
subcellular components, we report ER, mitochondria, and tubulin to be independent of whole-cell apico-basal heterogeneity of
optical density while nuclear, plasma membrane, lysosomal, and actin fluorescence distributions are found to contribute to the apico-
basal polarity of the whole cell. While doing so, we have also developed an image analysis algorithm utilizing 2D segmentation to
analyze the single cells in 3D using confocal microscopy, a technique that allows us to analyze cellular states in their native hydrated
state.

Bl INTRODUCTION and metabolism, and protein synthesis factors. However,
despite having the same genetic makeup, the naturally
emergent systems, cells, have been known to depict the
heterogeneities at various mechanistic and molecular levels,
with the most observable heterogeneity being morphological
heterogeneity.” In biology, cell morphology is known to be
highly characteristic of its tissue and organelles and the
constituents of cells are spatially and temporally regulated to
be specialized for the shape, symmetry, and function of cells.”
At any given moment, cells within a population are involved in
diverse biochemical processes. In order to attribute the
observed morphological heterogeneities at the population
level to this diversity in biochemical processes taking place in
different cells at a given point in time, it becomes imperative to
examine the spatial organization of subcellular components
and correlate them with linked biochemical processes. Despite
advances in three-dimensional cellular architecture analysis
using sophisticated imaging techniques, our study focuses on
leveraging 3D spatial information to explore how phenotypic
plasticity at the subcellular level contributes to the observed

“In the case of all things which have several parts and in which
the totality is not, as it were a mere heap, but the whole is
something besides the parts, ..,” an Aristotle quote' has been
inspiring numerous researchers to delve into the areas of the
emergent nature of various systems in pursuit of understanding
the origin of life to ultimately construct an artificially emergent
system.” Apart from numerous lipid-based vesicles,” nonlipids
are also being used to study the emergent behavior of
biological systems while attempting to define an application
area of such systems.”® We earlier studied the structural
characteristics of reversible self-assemblies of bispidine
pseudopeptides, the vesicle of which found their use in the
cellular uptake of therapeutic molecules.” However, it is
imperative to study readily accessible naturally emergent
systems, cells (the basic functional units of life), and their
components thoroughly to gain better insights into the
emergence of collective structural properties of biological
systems, which recent advances in the field have demonstrated.
At a molecular-assembly level, a successful attempt at J.
Craig Venter Institute toward the construction of an artificial
cell, JCVI syn 3.0, using a minimum of 493 mycoplasmal genes
as essential survival genes is a big step toward synthetic Revised:  April 13, 2024
biological system construction.” JCVI syn 3.0 is a culmination Acce_Pted‘ May 14, 2024
of DNA, RNA (including tRNA, mRNA), lipid plasma Published: May 20, 2024
membrane, ribosomes, membrane-spanning proteins, enzymes
involved with DNA (such as topoisomerases and polymerases)
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whole-cell morphological heterogeneity in populations using a
technique that is commonly used as a 2D tool to enhance the
signal:noise ratio in fluorescence images.” A variety of methods
can be used to study the cellular architecture at the whole-cell
level and at the subcellular component level, with image-based
analyses largely dominating the field with various microscopy
techniques, such as light microscopy (shapes and sizes of cells),
confocal microscopy (three-dimensional morphology of cells),
and electron microscopy (ultrastructure of cells), data from
which can be used to quantify various morphological
features.' "'

In this study, we explore the nature of three-dimensional
spatial morphological pleomorphism at a single-cell level and
whether the pleomorphism observed at the whole-cell level is
being reflected by or translated into the pleomorphism at the
level of subcellular compartments. In other words, whether the
whole is indeed something other than its parts. Morphological
heterogeneity in any cell population across random time points
is dynamic and time-dependent, driven by diverse biochemical
processes. Therefore, we set up a control condition when the
dynamics of morphological changes are minimized, which we
achieve by synchronizing the cell cycle at the G2/M phase to
validate our findings while demonstrating that observed
morphological diversities (result of averaging the observations
made in an asynchronous population) already encompass
variations expected across different phases, reinforcing the
robustness of our initial observations. To this end, we
employed murine macrophage-like cells, RAW264.7 cells.
These cells have two distinct well-established morphologies:
irregular, spindle-shaped and rounded, spherical-shaped;
hence, the population was categorized into asymmetric and
symmetric subsets to study pleomorphy within the two subsets.
The study aims to utilize the cellular image data to quantify the
differences between 3D geometric sections using pixel
intensities for the whole cell as well as for various subcellular
components in their native hydrated states using well-
established organelle-specific fluorescent chemical agents
through confocal microscopy.

B EXPERIMENTAL SECTION

Cell Culture and Synchronization. RAW264.7 cells were
cultured in T25 Nest cell culture flasks in complete media
comprising Dulbecco’s modified Eagle's medium (Gibco, Cat.
No.: 12430-054), 5% fetal bovine serum (Gibco, Cat. No.:
10270106), and 1% penicillin—streptomycin (5000 U/mL)
(Gibco, Cat. No.: 15070063) in 5% CO, at 37 °C. The cells
were passed using 0.25% trypsin (Gibco, Cat. No.: 25200072).
At passage 4, the cells were counted on a hemocytometer after
trypsinization and 2 mL of suspension (~50,000 cells +
complete media) was placed in a coverslip-containing 35 mm
petri dish. Cells were allowed to attach to the coverslip and
grow at 37 °C in 5% CO, for 12 h. For cell cycle
synchronization, thymidine (Sigma-Aldrich, Cat. No.:
T1895) containing complete media (with the final thymidine
concentration at 2 mM) was added in the petri dish and cells
were incubated for 20 h. After 20 h, thymidine-containing
media were removed and cells were washed twice with 1X
PBS. The cells were allowed to grow in complete media for §
h. After S h, the cells were incubated in complete media
containing S0 ng/mL nocodazole (Sigma-Aldrich, Cat. No.:
M1404) for 11 h. After 11 h, the nocodazole-containing media
werelgemoved and the cells were washed three times with 1X
PBS.

Organelle-Specific Fluorescence Staining. The staining
of the seven subcellular assembly components, nucleus, cell
membrane, mitochondria, endoplasmic reticulum, lysosome,
actin, and tubulin, was carried out using well-established
organelle-specific fluorescent dyes. The staining protocols of
the organelles were optimized. Cells were stained with Hoechst
33342 (Thermo Fisher Scientific, Cat. No.: H21492) (15 ug/
mL) for 15 min at room temperature in 1X PBS to stain
nucleus. For the plasma membrane, cells were stained with
wheat germ agglutinin fluorescein conjugate (Thermo Fisher
Scientific, Cat. No.: W834) (S pg/mL) for 30 min at room
temperature in 1X HBSS. For mitochondrial staining, cells
were stained using MitoTracker Orange CMTMRos (Thermo
Fisher Scientific, Cat. No.: M7510) (50 nM) for 10 min in
serum-free DMEM at room temperature. For staining
endoplasmic reticulum, cells were kept in 1X HBSS solution
containing ER-Tracker Blue/White DPX (Thermo Fisher
Scientific, Cat. No.: E12353) (100 nM) for 30 min at 37 °C.
Cells were stained using LysoTracker Deep Red (Thermo
Fisher Scientific, Cat. No.: L12492) (1 M) in 1x PBS for 30
min at 37 °C to label lysosomes. For labeling actin, cells were
stained using BODIPY Phalloidin (Thermo Fisher Scientific,
Cat. No.: B3475) (30 U) for 30 min in 1X PBS after fixation
with PBS containing 2% paraformaldehyde (Sigma-Aldrich,
Cat. No.: TCL119) and 0.05% glutaraldehyde solution
(Sigma-Aldrich, Cat. No.: 340855) and permeabilization with
0.1% Triton X-100 (Sigma-Aldrich, Cat. No.: X100) for 3 min
at room temperature. Cells were stained using Paclitaxel
Oregon Green 488 (Thermo Fisher Scientific, Cat. No.:
P22310) (1 uM) for 90 min in serum-free media at 37 °C to
fluorescently label tubulin. A detailed experiment protocol is
shown in Figure S2.

Confocal Microscopy and Image Acquisition. After
staining, the samples were washed three times with the
corresponding staining medium without the fluorescent stain
and then kept in serum-free media. The slides were prepared
for imaging using serum-free medium as the mountant. The
imaging of the samples was done in an FV1200 Olympus
Confocal microscope in LUCPLFLN 60X objective, and
images were captured using a Photometrics Evolve Delta
camera. The fluorescence was obtained using 405, 473, and
548 nm laser at 30, 44, and 48% transmissivity, respectively,
and 2 ps/Pixel frame rate. Unstained cells were used as a
negative control to set imaging parameters. Different fields
representing different microenvironmental areas were cap-
tured. The image data was exported in .tif format for further
image processing and analysis.

Image Analysis and Quantification. The image data
analyzed are a culmination of data gathered on different days
to represent different random time points in the cell cycle as
well as from various duplicate sets of RAW264.7 cells to
include as many heterogeneous cells as possible. The images
were imported in MATLAB 2021a, and the middle image of
the z-section was used to define the ROI manually based on
the assumption that the best-focused image in the z-section
will be the center image. If N is the number of DIC images in a
z-section, then the N/2™ image is the middle image if N is even
and the (N + 1)/2% image when N is odd. ROI was defined
around the cell boundary manually, the ROI array was saved at
the image folder location, and the centroid and circularity
values of each cell were retrieved and saved in Excel for further
segregation into asymmetric and symmetric shapes. Pixel
coordinates and corresponding pixel values of each ROI were
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Figure 1. (A) Division of 3D space into octants around the centroid (marked in red) and the sides associated with octants along the three axes. (B,
C) Representative asymmetrical and symmetrical cells, respectively, with overlaying ROI (blue boundary) of asynchronous RAW264.7 cell
population. (D) Dot plot of the circularity value and the threshold for classifying the cells into asymmetrical and symmetrical subsets. The inset
shows that the circularity values are discrete and not continuous. (E) Percentage of asynchronous asymmetric (dark orange, ~21%) and symmetric
(light orange, ~79%) RAW264.7 cell population (N = 1124). (F) Top view of the asymmetric cell divided into quadrants around the centroid (red

"+”). (G, H) Frame reading pattern along the x- and y-axes.

further used for the image analysis. The segregation of pixel
coordinates was done in all three directions with a 0.1 ym step
size between XY planes along the z-axis and a 0.4 ym distance
between YZ and XZ planes along the x- and y-axes,
respectively, and into the eight octants around the centroid
of a single-cell z-stack. An average pixel value of each octant for
each cell is calculated and saved in MS Excel for further
analysis. A detailed image data processing flowchart is shown
in Figure S1. A MATLAB code has been provided as a
Supporting Information file titled “Image_Processing_code” in
.pdf format. Normalization of the data (APV) was carried out
for each field to remove any technical variations, such as
transmissivity power of the laser, PMT (photomultiplier tube)
voltage, gain, offset, and other parameters, including handling
errors during the staining process.'” The highest APV from the
octant data for a field was equated to one, and the other values
were calculated accordingly.

Having used well-established organelle-specific fluorescent
labels as the reporters of three-dimensional distribution of
organelle-specific fluorescence and assuming they uniformly
stain the organelles in different cells, we further evaluated the
total pixel value for each cell in a field to check for uniform
staining and further the average pixel value for each octant for
each cell to check if the fluorescence intensities are uniformly
distributed in the 3D space of the cell. Based on the initial
result, the distribution of APVs along the three axes was
plotted after segregating the 3D space into apical (octants 1—
4) and basal (octants S—8) sections, progressive (octants 1, 2,
S, 6) and regressive (octants 3, 4, 7, 8) sections along the y
axis, and progressive (octants 2, 3, 6,7) and regressive (octants
1, 4, S, 8) sections along the x-axis (Figure 1A) to analyze the

organelle distribution variability in a cell population. The
population distribution for APVs in each octant was plotted
after frequency normalization to determine the APV
distribution uniformity in a population in asynchronous and
synchronized conditions.

Setting the circularity value filter at 0.8, the cells were further
segregated into symmetric cells (for values greater than or
equal to 0.8) and asymmetric cells (for values less than 0.8). A
threshold of 0.8 was chosen based on a 1971 study stating a
value of 0.79 to be a regular square and 0.61 to be triangular.'*
The cells with values 0.8 and above have been categorized as
circular in shape, which led us to set the threshold at 0.8 to
consider the cell as circular and therefore symmetrical and the
value was further confirmed by visually examining the whole-
cell images."*

The quantification of cell neighbors was carried out by
labeling individual cells as either asymmetric or symmetric
based on circularity index using the image processing algorithm
and counting the number of cells (along with subset category)
with a particular number and type of neighbor. The cells that
have their cell boundaries (defined by region of interest)
touching are classified as neighbors of each other.

Statistical Analysis. Data are shown in mean + SE. The
processed data were subjected to a two-tailed unpaired
Student’s t test to derive the significance of the differences
seen in the data set in Microsoft Excel. A p-value of less than
0.05 was considered significant. t-test was applied between
APVs of different sections to check for significant differences
between intensity signals of different sections as well as
between asymmetric and symmetric cell data sets along with
asynchronous and synchronous data sets. Depending upon a
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Table 1. List of Fluorophores, the Respective Organelle Stained, the Mechanism of Staining, and a Representative Captured
Image
Component - as -
Fluorophore Imaged Mechanism of Staining Representative Image
Hoechst binds inte the minor groowve of DITA and
Hoechst Nucleus exhibits distinct fluorescence emission spectra that are

dependent on dyebase pair ratios

WGA-Fluorescein conjugate Cell Membrane

“Wheat germ agglutinin  selectively binds to
IN-acetylglucosamine and M-acetylneuraminic acid

(sialic acid) residues

Passively diffise across the plasma membrane and

MitoTracker CMTMRoOS Mitochondria .
accumulate in active mitochondria
3 Endoplasmic
ERTracker Blue-White DPX h Selectively labels Endoplasmic Reticulum membrane
Reticulum
IysoTracker ILysosome Fluorophore ].mkfad to‘ z.uwaak base and selectively
stain acidic organelles
Fluorophore is attached to the 7-carbon of the
Paclitaxel Oregon Green Tubulin aclitaxzel that permits selective binding of the probe to
microtubules
BODIPY Phalloidi Actin Phalloidin binds F—acng with high selectivity and
fluorephore prowvides bright red color.
Not Applicable Whole cell Mot Applicable

significant p-value, the difference between the vertical apical
and basolateral sections and lateral regressive and progressive
sections was considered as significant, and the existence of
heterogeneity in signal distribution was concluded. Insignif-
icant p-values led us to conclude the absence of any
considerable differences between sections and hence the
polarity of the signal distribution.

B RESULTS

Well-established fluorophores known to specifically label
subcellular components were used to fluorescently label the
seven subcellular components in RAW264.7 cells. Table 1 lists
the commercially available fluorophore names, the components
they label, the mechanism of labeling, and a representative
image of the fluorophore labeled specific component of
RAW264.7 cells.

The DIC (differential interference contrast) images,
captured alongside organellar fluorescent images, were used
to define each cell's ROI (region of interest) based on the
outline visible to the naked eye for the asynchronous and
synchronized RAW264.7 population, and all the further image
processing and analysis were confined to the ROI of each cell.
A total of 1124 asynchronous and 563 synchronized cells have
been imaged with the organelle-specific number mentioned in
Table 2. The 3D space of the cells was divided into the eight
octants around the centroid of the cell’s z-stack, as shown in
Figure 1A. The cells in the populations were categorically
subdivided into asymmetric and symmetric cell categories for
further analysis based on a cutoff criterion. Figure 1B,C shows
representative asymmetrical and symmetrical cells. The
circularity value of the midsection image cell was derived.
The cells with values equal to or greater than 0.8 were
categorized as symmetric, while the cells with values less than
0.8 were categorized as asymmetric (Figure 1D). Notably, the
number of asymmetric cells is less than the number of
symmetric cells, with asymmetric cells comprising 21% of the

23380

Table 2. Number of Cells Imaged for Each Organelle in
Asynchronous and Synchronized RAW264.7 Cell
Populations”

S. no. organelle asymmetric cells  symmetric cells  total
Asynchronous
1 nucleus 35 (13%) 228 (87%) 263
2 plasma membrane 28 (24%) 91 (76%) 119
3. mitochondria 44 (17%) 213 (83%) 257
4, ER 39 (32%) 83 (68%) 122
S lysosome 36 (27%) 98 (73%) 134
6 actin 53 (32%) 113 (68%) 166
7 tubulin 13 (6%) 187 (94%) 200
Synchronized
1. nucleus 23 (18%) 103 (82%) 126
2. plasma membrane 9 (11%) 73 (89%) 82
3. mitochondria 3 (2%) 150 (98%) 153
4. ER 3 (2%) 150 (98%) 153
S. lysosome 9 (11%) 73 (89%) 82
6. actin 13 (12%) 94 (88%) 107
7. tubulin 3 (3%) 107 (97%) 110

“The cells were stained for multiple organelles at a time. Hence, some
of the numbers are repeated twice.

population (240 out of 1124) while symmetric cells make up
79% of the population. However, the number of pixels
occupied by asymmetric cells is larger (Figure 1E).

The “average pixels” of each plane in the Cartesian
coordinate system’s three directions and the APVs of each
octant (defined around the centroid of the cell) were
calculated (values in Supplementary Excel Files). The
segregation of the pixels into quadrants and subsequent
octants is shown in Figure 1F, along with the frame reading
pattern along the x- and y-axes in Figure 1G and H,
respectively. We analyzed raw, unprocessed images to
minimize human interference that might affect data inter-
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Figure 2. Three representative asymmetrical (A) and symmetrical (B) RAW264.7 cells in an asynchronous population. (C) Representative apical
and basolateral sections of a single cell showing different optical intensities in the sections. (D) APV distribution bars in z-sections along the z-axis
in the DIC images of the asynchronous RAW264.7 cell population (mean =+ SE). Solid bars represent an asymmetric subset of cells, and patterned
bars represent a symmetric cell subset. The apical sections are depicted by dark-orange bars, and the basolateral areas are depicted by light-orange
bars. The level of significance is shown by *. (E) Normalized frequency distribution of the total pixel number of the asynchronous RAW264.7 cells
[asymmetric cells—dark orange, symmetric cells—light orange]. (F) Normalized cumulative frequency distribution of the number of cells for DIC
images at different APVs in each octant for the asynchronous RAW264.7 cell population.

pretation. Hence, all of the calculations were done on raw data,
including pixel intensities in DIC images. During analysis, the
data for each field were normalized to minimize the technical
variations occurring during the image acquisition process. For
this, the highest average pixel value was equated to 1 and the
rest were derived relatively.

The Pleomorphic Nature of the Cell Population. The
DIC images of the cells were visualized to assess the differences
visible to the naked eye. We observed differences in the shapes
of the cells (Figure 2A and B). Some cells had a rounder shape
categorized as symmetric, while others appeared to be spread
out with no representative shape, which we refer to as
asymmetric. Even within the subcategories, the differences in
the optical densities of different parts of the cells were
observable within the same section of the same z-stack (Figure
2A,B). The circularity plot shows that none of the circularity
values were overlapping and were indeed discrete rather than
continuous (Figure 1D). The number of unique circularity
values was equal to the number of cells. Upon visual
examination, we can also observe the variation in the pixel
intensities in the z-stack from the apical (brighter) to the
basolateral (darker) section (Figure 2C).

Impact of Neighborhood on Cellular Morphology.
The fields were carefully analyzed to study the impact of the
nature of the surrounding cells on cellular morphology. Figure
S3 shows the asymmetric and symmetric cells surrounding
environments with respect to the surrounding cells’ morpho-
logical subset, respectively, and the numbers pertaining to that
subset are shown in the insets. While the probability of either
morphological subset to be surrounded by a symmetric cell is
considerably higher than either having an asymmetric subset or

no neighbor at all, the probability of a symmetric cell to be
surrounded by a symmetric cell is highest at 0.74. Analysis of
the number of neighbors of either morphological subset
sharing a boundary with an asymmetric or symmetric cell
showed that most of the cells shared their boundaries with only
one cell of either morphological subset (insets in Figure S3);
that is, if sharing a boundary, most cells would exist in duo
rather than clusters, which can be attributed to the cell type
rather than a generalized statement applicable to majority of
cell types. A maximum of five symmetric and three asymmetric
neighbors can surround a cell of either morphological subset.

Quantitative Image Analysis of 3D Geometric Space
of Cells. After visual examination, we aimed to define the
differences observed quantitatively. For this, we studied the
pixel intensity distribution along the three axes: z, y, and x. The
average pixel values were plotted for asymmetrical and
symmetrical cells for the apical and basolateral sections of
the z-stack and regressive and progressive sections along the x-
and y-axes (Figure 2D and Figure S6 I-A and II-A). The raw
APVs for DIC image z-stacks captured in correspondence to
fluorescent image z-stacks are listed in Table S6. In DIC
images, the pixels in the denser area of the image will have
values lesser than the pixels from a nondense area. As expected,
the cells’ basolateral adherent side was denser in both the
asymmetric and symmetric cells. The percentage differences
between the apical and basolateral sides of the two subsets
were approximately 3 and 6% in asymmetric and symmetric
cells, respectively. The normalized cumulative frequency
distribution of the octants in both the asymmetric and
symmetric cell subsets showed a varying trend in the two
subsets (Figure 2F). For asymmetric cells, the difference
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Figure 3. (A, B) Three representative asymmetric and symmetric RAW264.7 cells in the synchronized population. (C) Bar graphs showing the
average total pixel number of the RAW264.7 cells in the asynchronous (orange) and synchronized (green) populations (mean + SE). (D)
Normalized frequency distribution of the total pixel number of the asynchronous (orange) and synchronized (green) RAW264.7 cells. (E)
Percentage of asymmetric (dark green, ~9%) and symmetric (light green, ~91%) cells in the synchronized RAW264.7 cell population (N = 578).
(F) Dot plot of the circularity value and the threshold for classifying the cells into asymmetrical and symmetrical subsets. (G) APV distribution bars
in z-sections along the z-axis in the DIC images of the synchronized RAW264.7 cell population (mean + SE). Solid bars represent an asymmetric
subset of cells, and patterned bars represent a symmetric cell subset. The apical sections are depicted by dark-green bars, and the basolateral areas
are depicted by light-green bars. The level of significance is shown by “*”. (H) Normalized cumulative frequency distribution of the number of cells
for DIC images at different APVs in each octant for the synchronized RAW264.7 cell population.

between the basolateral octants 5—8 showed a marked curve of the TPN values shows the shift in the frequency
frequency difference at a single APV of 0.7, while in the case toward the right upon cell cycle synchronization of the
of the symmetric cell subset, the frequency distribution population (Figure 3D). While the average APV plots of the
between the apical and basolateral octants was consistent apical and basolateral sections of the asymmetric and
throughout. Visual examination showed the asymmetric cells to symmetric cells (both 3% denser on the basolateral side)
be more spread out and hence to be in possession of more showed no difference from the trend observed in the
surface area. This was quantitatively verified by a normalized asynchronous population, the cumulative frequency distribu-
frequency distribution of the total pixel number occupied by tion of the APV values of the octants for the asymmetric and
each cell in the z-stacks, which showed a right shift from the symmetric subsets of the synchronized population was
symmetric cell subset (Figure 2E). observed to possess the same trend, but the trend had altered
Effects of Cell Cycle Synchronization. We synchronized from the trends observed in asynchronous population (Figure
the population of the cells to the G2/M phase using the 3G,H). The raw APV values for the same are given in Table
thymidine/nocodazole treatment. The treatment leads to 85% S8.
of the population being synchronized at the G2/M phase, Visual examination of the synchronized cells showed that the
which gradually drops after nocodazole release.'” Therefore, asymmetric cells were devoid of protrusions, as seen in the
the imaging was done within 4 h after the nocodazole release. asynchronous population (Figure 3A). The symmetric cells
Two of the many morphological changes that occur as the cells were also found to possess a denser round structure within the
are about to enter the M phase of the cell cycle are that the cells, which was absent in the asynchronous population (Figure
cells reportedly attain a rounded morphology and become 3B). Based on the DIC-based observations at 60X at the
bigger in size."” The image-based analysis performed to check whole-cell level, we can say that “no two cells are identical”.
for these two changes confirms the synchronization of the cell The variations in the percentage of cells in each shape subset
population at the G2/M phase using a thymidine/nocodazole and the cell size were the two parameters observed, which
treatment. Change in cell shape, along with the change in cell themselves were liable to change upon a change in the cell
size, were considered indicators of the successful synchroniza- cycle.
tion of the population at the G2/M phase. We observed that Analyzing the type and number of neighbors of an
the percentage of the asymmetric cell reduces to 9% from 21% asymmetric or symmetric cells shows an increase in the
upon synchronization while the cell size increases by 78%, the probability of a cell being surrounded by a symmetric cell while
indicator for which is the total number of pixels (TPN) in the the probability of a cell having only one neighbor is still the
z-stack of each cell (Figure 3C,E). The frequency distribution highest (Figure S3C,D) while the maximum number of
23382 https://doi.org/10.1021/acsomega.3c10062
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Figure 4. (A) 7 X 7 panel of fluorescent images of different organelles in a single cell both in the asynchronous RAW264.7 population. The first
image of each panel is a midsection image of a single-cell organelle fluorescence from a z-stack, followed by representative images of one of the
apical sections of a z-stack of three single cells, followed by their corresponding basolateral section images. APV distribution bars (B, C) in z-
sections along the z-axis and (D, E) laterally along the y- and x-axes, respectively, in the asynchronous RAW264.7 cell population (mean = SE).
Solid bars represent an asymmetric subset of cells, and patterned bars represent a symmetric cell subset. The apical (B, C) and regressive (D, E)
sections are depicted by dark-orange bars, and basolateral (B, C) and progressive (D, E) areas are depicted by light-orange bars. The level of
significance is shown by “*”. The absence of “*” is considered a lack of polarity. (B) (Blue) Cell-shape-dependent variations in polarity in
mitochondria (n = 257), endoplasmic reticulum (n = 122), and tubulin (n = 200) fluorescence. (C) (Red) Polarity independent of cell shape in the
nucleus (n = 263), plasma membrane (n = 119), lysosome (n = 134), and actin (n = 166) fluorescence. (D) Polarity in nuclear fluorescence along
the x-axis. (E) Polarity in lysosomal fluorescence along the y-axis. (F—I) Representative diagrams of fluorescence distribution of the organelles
along the z-axis (F, G), from apical to basolateral surfaces, and the y- and x-axes (H, I), from regressive to progressive surface, respectively, in
asymmetric (F) and symmetric (G—I) cell subsets, respectively. The organelles, from left to right, are the nucleus (blue), plasma membrane (dull
green), mitochondria (orange), endoplasmic reticulum (pink), lysosome (light red), actin (bright red), tubulin (bright green), and DIC image

intensities (gray).

neighbors a symmetric cell can have is 5 and an asymmetric
cell has a maximum of 4 neighbors.

Pleomorphy at the Subcellular Level. Moving forward
to the subcellular level, since we cannot observe the subcellular
compartments in DIC images, we fluorescently labeled
subcellular components with commercially available and
scientifically reported organelle-specific fluorophores to visual-
ize the distribution of different subcellular compartments
within the cells to determine the degree of variations in their
three-dimensional placement within the cells of a population.
The most obvious variation we observed by visual examination
of the fluorescent images was the vertical variation in the
fluorescence signals (Figure 4A). Few organellar fluorescence
signals (nuclear and lysosomal) also showed differential lateral
polarity.

To quantify these observations, pixel intensity analysis was
carried along the three directions of the Cartesian coordinate
system. Preliminary analysis of pixel intensities carried out for
nuclear fluorescence highlights the significance of utilizing the
APV values to study the 3D distribution of organelles. Figure
S4 shows that while the pixel values for nuclear fluorescence in
the nine cells were similar, their 3D distribution in the eight
octants varied for all nine cells, leading us to proceed further
with plotting the APVs for different sections of the cell. The

raw APV values for fluorescently labeled organelles in the
asynchronous RAW264.7 cell population are mentioned in
Table SS5. The fluorescence intensity distributions of seven
subcellular compartments, namely, the nucleus, plasma
membrane, mitochondria, endoplasmic reticulum, lysosome,
actin, and tubulin, were studied. Our primary objective was to
determine the number of directions in which the polarity in
fluorescence distribution exists. While for most of the
organelles, polarity existed along the z-axis, planar polarity
was observed in the case of nuclear (8.7% greater regressive
fluorescence than progressive fluorescence intensity distribu-
tions along the x-axis, Figure 4D) and lysosomal (11.5% more
regressive section fluorescence than progressive fluorescence
intensity distributions along the y-axis, Figure 4E) pixel
intensity distributions, which were also shape-dependent with
the geometrical polarities existing only in the symmetric cells.
The nuclear, plasma membrane, lysosome, and actin
fluorescence intensity distributions were independent of the
cell shape, with the average pixel intensities being higher on the
basolateral side than on the apical side (Figure 4C) resembling
the DIC pixel intensity distribution preference of basolateral
sections. The APVs of the asymmetric and symmetric cells'
nuclear fluorescence were 38 and 9% higher for the basolateral
section than apical section of the cell The average pixel
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intensities of plasma membrane fluorescence were approx-
imately 291 and 161% higher on the basolateral side for
asymmetric and symmetric cells, respectively. Similarly, the
lysosomal fluorescence intensity distributions show an 87 and
40% greater fluorescence in the basolateral side of the z-stack
for the asymmetric and symmetric cells, respectively. Figure 4C
also shows 76 and 23% increases in the basal average pixel
intensities of actin fluorescence for asymmetric and symmetric
cells, respectively.

Cell-shape-dependent variations in geometrical polarities
were observed in the fluorescence distributions of mitochon-
dria, endoplasmic reticulum, and tubulin (Figure 4B).
Mitochondrial fluorescence distribution shows that the APVs
in the basolateral section of the z-stack are 50% greater than
the APV in the apical section of the asymmetric cells. The
endoplasmic reticulum, on the other hand, shows that the cell
shape causes significant alteration of fluorescence distribution
patterns in the cells with asymmetric cells showing 73% more
fluorescence in the basolateral section of the z-stack while
symmetric cells show 21% more fluorescence in the apical
section of the z-stack. Tubulin fluorescence intensity
distribution shows asymmetric fluorescence distribution in
the symmetric cells, which show 37% higher fluorescence
intensities in the basolateral section of the z-stack. Figure 4F—I
and Figure S6A,B show diagrammatic representations of
fluorescence distribution along the z-, y-, and x-axes in the
two cell types in the asynchronous population.

Next, we aimed to determine specific geometrical occur-
rences and specifically to identify the contributing octants
behind the observations. For this, we plotted the normalized
frequency distribution of the two subsets of cells for each
organelle’s fluorescence intensities for each cellular octant
(Figure S7). Table 3 summarizes the octants identified to vary
from the regular trend observed for the two subsets of the
organellar fluorescence distribution.

Table 3. Type of Polarity in APV Distribution in the
Asymmetric and Symmetric Cells and Contributing Octants
in 3D Geometric Space of Cells in an Asynchronous
RAW264.7 Population

asymmetric cell symmetric cell

polarity
type octant polarity type octant
whole cell basolateral 5-8 basolateral 5-8
nucleus basolateral 6,8 basolateral, 7,8
X-regressive
plasma membrane basolateral S, 6, 8  Dbasolateral 5-8
mitochondria basolateral 5,6,8 nil
endoplasmic basolateral 5, 8 apical 1-4
reticulum
lysosome basolateral 7,8 basolateral, 6,7
Y-regressive
actin basolateral 5-8 basolateral 5-8
tubulin nil basolateral 5-8

Effects of Cell Synchronization on Subcellular
Component Fluorescence Distribution. The variations in
polarity were observed upon population synchronization at the
G2/M phase, which was broadly categorized into three
categories: (1) Preservation of polarity as is seen in DIC
image analysis and induction of (2) alteration in polarity and
(3) absence of polarity (Figures 3G and SB,C). The nuclear
fluorescence intensity distribution upon synchronization shows

a shift toward the apical section of the z-stacks in both
asymmetric (75% more in the apical section) and symmetric
cells (24.5% more in the apical section), as shown in Figure
SD. The alterations observed in the analysis of plasma
membrane, endoplasmic reticulum, and actin show cell-shape
dependency (Figure SC). The polarity in fluorescence intensity
distribution is preserved as well as altered, and this can be
correlated with the two cell shapes categorized based on the
cell curvature. The plasma membrane shows significant
alteration in the trend with the pixel intensity favoring the
apical sections by 39%. Similarly, the endoplasmic reticulum
shows the basolateral section preference in symmetric cells by
8.7%. This is significantly altered from the trend observed in
the symmetric cells of the asynchronous population, where we
observed the apical section preference. Furthermore, the same
trend can be seen in the case of actin fluorescence intensity
distributions, where asymmetric cells show 102% higher
basolateral preference for fluorescence accumulation (a
preservation phenomenon from the asymmetric cells from
the asynchronous population) while symmetric cells show
9.6% higher apical section preference for the same, which
contrasts with the trend seen in the symmetric cells of the
asynchronous population.

A complete absence of polarity is a cell-shape-dependent
occurrence in the plasma membrane, endoplasmic reticulum,
and lysosome fluorescence (where the absence of geometric
polarity is observed in the case of asymmetric cells for plasma
membrane and endoplasmic reticulum and in symmetric cells
in lysosomal fluorescence distribution upon synchronization, as
shown in Figure SB,C) while cell-shape independency is seen
for mitochondria and tubulin where the geometrical polarities
existing in the asynchronous population “disappear” on
synchronization of the population cell cycle in both
morphological subsets. DIC image analysis of the synchronized
population reveals the preservation of the trend, with the cells
still favoring the basolateral section of the z-stack (Figure 3G).
The planar polarities earlier observed in the nuclear and
lysosomal fluorescence of the symmetric cells of the
asynchronous population also “disappear” upon synchroniza-
tion (Figure SS). Figure SD,E and Figure S6C—F show
diagrammatic representations of fluorescence distribution
along the z-, y-, and x-axes in the two cell types in the
synchronized population. Table S7 shows the raw APV values
of fluorescently labeled organelles in synchronized RAW264.7
cell population.

Furthermore, to study which of the octants contributes to
the distribution polarities observed, we plotted normalized
frequencies of the number of cells against APVs in each octant
(Figure S8). Table 4 summarizes the octants identified to vary
from the regular trend observed for the two subsets of the
organellar fluorescence distribution and shape of the
distribution observed.

All the observations were subjected to a two-tailed unpaired
Student’s t test using MS Excel 2016 to check the significance
level of the observed differences. Tables S1, S2, and S3
mention the p-values of the t tests of different pairs. A p-value
<0.05 was considered significant.

B DISCUSSION

The study presents a comprehensive analysis of structural
pleomorphism in a naturally emergent system, a cell, while
focusing on the whole (the cell) and its parts (subcellular
components) (Figure 6). We have also delved into intricacies
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Figure 5. (A) 7 X 7 panel of fluorescent images of different organelles in a single cell both in the synchronized RAW264.7 population. The first
image of each panel is a midsection image of a single-cell organelle fluorescence from a z-stack, followed by representative images of one of the
apical sections of a z-stack of three single cells, followed by their corresponding basolateral section images. (B, C) APV distribution bars in z-
sections along the z-axis in the synchronized RAW264.7 cell population (mean = SE). Solid bars represent an asymmetric subset of cells, and
patterned bars represent a symmetric cell subset. The apical sections are depicted by dark-green bars, and basolateral areas are depicted by light-
green bars. The level of significance is shown by “*”. The absence of “*” is considered a lack of polarity. (B) (Blue) Absence of polarity in
mitochondria (n = 153), lysosome (n = 82), and tubulin (n = 110). (C) (Red) Induction of alteration of polarity in the nucleus (n = 126), plasma
membrane (n = 82), endoplasmic reticulum (n = 153), and actin (n = 107). (D, E) are representative diagrams of the fluorescence distribution of
the organelles along the z-axis, from the apical to basolateral surfaces, in asymmetric and symmetric cell subsets, respectively. The organelles, from
left to right, are the nucleus (blue), plasma membrane (dull green), mitochondria (orange), endoplasmic reticulum (pink), lysosome (light red),

actin (bright red), tubulin (bright green), and DIC image intensities (gray).

Table 4. Type of Polarity in APV Distribution in the
Asymmetric and Symmetric Cells and Contributing Octants
in 3D Geometric Space of Cells in Synchronized RAW264.7
Population

asymmetric cell symmetric cell

polarity type  octant  polarity type  octant

whole cell basolateral 5-8 basolateral 5-8
nucleus apical 1 apical 4
plasma membrane nil apical 4
mitochondria nil nil

endoplasmic reticulum nil basolateral 5-8
lysosome basolateral 6,7 nil

actin basolateral 6—8 apical 1,24
tubulin nil nil

of cell population pleomorphism with the well-established
heterogeneous cell shape subsets along with trying to answer
how the whole-cell pixel distribution pleomorphy is being
reflected in or translated into the pleomorphism of its parts.
Even though there is limitation of optical resolution associated
with the technique used for imaging, which does not allow
accurate reflection of size and proportions of the individual
subcellular organelles, the pixel information within the images
still serves as a data mine to quantitatively analyze the
intracellular molecular density distributions using well-
established commercially available organelle-specific fluores-

cent reporters. To this aid, we have tried to examine the cells in
their live hydrated state using confocal microscopy except in
case of actin-labeled samples where the fixation was an
essential step in the staining protocol.

We observed structural pleomorphism at both the whole-cell
level and the subcellular compartmental level. The observa-
tions showed cell-shape dependency in the apico-basal
direction in the case of mitochondrial, endoplasmic reticulum,
and tubulin fluorescence distributions and laterally in nuclear
and lysosomal fluorescence analysis. Nucleus, plasma mem-
brane, lysosome, and actin distributions are observed to be
cell-shape independent, and the whole cell's pixel spatial
pleomorphy trend of basolateral preference is being reflected in
these organelles. In other words, we can say that these four
organelles might be contributing toward a 3—6% pixel
distribution difference between the apical and basolateral
sections observed in DIC image analysis.

Having studied the morphological heterogeneity in the
RAW264.7 cells at random points of time in culture, we
acknowledge that the morphological changes are time-
dependent and highly dynamic and vary over short intervals
of time owing to different biochemical processes that occur at
different levels of hierarchy within the cells and can be studied
in detail using the advanced techniques that allow the real-time
imaging. However, we have worked on a popular assumption
that the ensemble average at a particular time point
encapsulates the variations occurring within the ensemble
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Figure 6. A schematic overview of the work highlighting the 3D pleomorphism at the whole-cell and subcellular component levels in the
asynchronous (A) and synchronized (B) RAW264.7 population. Small 2D snippets show a single-cell representative image of the nucleus (blue),
plasma membrane (green), mitochondria (red), endoplasmic reticulum (magenta), lysosome (cyan), actin (orange), and tubulin (yellow). The
scale bar of the small images is 2 ym. The whole-cell 3D projections (white) are prepared using DIC images for the corresponding nuclear
projections (in blue), showing how the variation in pleomorphism at the whole-cell level is translated at the organelle level (nucleus). The scale bar
of the projections is 10 ym. It is important to note that proper interpretation of the scale bar is suggested only in images containing whole cells in
3D (i.e., white composites created from DIC images). For fluorescence images, the scale bars are for general reference only.

across different time points.16 For instance, consider the
scenario where a single cell is observed continuously for 10 h
compared to observing 10 cells simultaneously for 1 h. The
latter approach effectively integrates all potential observations
that could be made on a single cell over 10 h, albeit with
reduced effort. In addition, to further validate our findings, we
conducted a control experiment where we synchronized the
cell cycle at the G2/M phase using thymidine/nocodazole
treatment that has been reported to synchronize 85%
population at the G2/M phase, thus allowing maximum
control over the biochemical and thereby morphological
dynamics.'*"> Upon synchronization, we still observed the
heterogeneities (for instance, lysosomal and actin asymmetric
cell polarities) previously identified in the population. This
observation implies that the earlier observed morphological
diversities already encompassed the variations one would
expect to observe if all cells were in a single phase of the cell
cycle. Thus, our results reinforce the robustness and validity of
our initial observations regarding cellular and subcellular
heterogeneities. Furthermore, upon synchronization at the
G2/M phase, we also observe alterations in the APV
distributions of nuclear, plasma membrane, lysosomal, and

actin fluorescence amounting to only a 3% decrease in the
basolateral preference of the symmetric cells which in our case
study validates that the whole is something else besides its
parts.

The questions arise as to whether the heterogeneity
observed in the component fluorescence distribution and in
turn the distribution of the organelle is on the whim of the cell
or has a biological relevance. Our search of RAW264.7 specific
literature led us to find the functional relevance of differential
placements of organelles in the three-dimensional space of the
cell but not specifically in RAW264.7 cells. Macrophages have
been reported to possess planar polarity with respect to nuclear
placements, which further confirms our finding.'” The
presence of the CSEs might be one of the reasons for our
observation of higher fluorescence distribution in the baso-
lateral section of the z-sections.'® Apically placed mitochondria
have been reported to serve as a firewall against excess entry of
Ca®" ions in secretory cells.'” Another study on epididymal
cells suggests the apical mitochondrial population to be
involved in holocrine secretion, cooperation with the principal
cells in epididymal reabsorption of testicular fluid, and
acidification of epididymal fluid.”® A hair cell study also
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reports distinct apical and basolateral mitochondrial popula-
tions.” In MDCK cells, polarized exocytosis of lysosome to
the basolateral membrane occurs under the influence of
calcium ionophores.”” Actin has been reported to play a role in
planar polarity of subcellular components like lysosomes.””**
An in-depth analysis of octant APV frequency distributions
shows that actin fluorescence peaks in octants contribute to the
planar polarity of nucleus and lysosome. Actin has been known
to form a cortex that governs cell shape and function®**%
hence, the independent but similar changes in polarity of APV
distributions of plasma membrane and actin supports our
observation.

Few studies have highlighted the impact of cell-to-cell
interactions between RAW264.7 cells and other cell types,
leading to diverse biochemical responses such as M2
phenotype induction, polarization, differentiation, plasticity,
and apoptosis, all known to influence cellular morphol-
ogy.”’~* Our study aimed to investigate, through image data
analysis, whether intrapopulation cell-to-cell interactions
influence the overall morphological symmetry of RAW264.7
cells, a morphometric parameter used to categorize the cell as
either symmetric or asymmetric. This would have further
indicated toward an underlying mechanism influencing the
neighboring cells’ morphology. While our findings suggest that
whole-cell morphological symmetry remains unaffected by
neighboring cell symmetry, the presence of studies implicating
cell-to-cell interactions in various biochemical processes in
RAW264.7 cells underscores the necessity for further
exploration into the influences of cellular contacts in this
context.

In Table S4, we have listed studies that have utilized optical/
light microscopy data to morphometrically analyze the cells to
gain a better understanding of structure and function of cells.
While quite rigorous in nature, none of the studies have been
able to report any subcellular components contributing/
opposing the whole-cell optical densities polarities, which we
have attempted to answer for the first time to our knowledge.
Even so, we have barely been able to scratch the surface of a
very vast field of natural emergence phenomenon and further
in-depth studies using high-throughput technology are
required to gain advancement in this field.

Translational Potential of the Work. Significant efforts
have been invested in developing tools for understanding
correlations between single-event and population observations,
as well as extrapolating from single-cell to population
characteristics (or vice versa interpolating), especially involving
imaging data.**~*® While there is an increasing appreciation for
cellular heterogeneity in biology from evolutionary, energetic,
and morphological perspectives, it is mostly phenomenology/
feature/ event—speciﬁc.37—47 However, how the oldest form of
observed heterogeneity, i.e., pleomorphism of individual cells
in (populations of) cell cultures, translates to or is reflected in
subcellular structures has not been systematically studied until
date. This work fills that gap. Utilizing optical sectioning in
confocal microscopy, this work presents a major step toward
understanding the impact of overall morphological variations
in cells, both at 2D and 3D levels, on subcellular components
and their distribution within the cells. The image-based
analyses of cell populations, while capturing details at a
single-cell level, presented here can not only be translated to
cell cytometry using sophisticated imaging techniques but also
be applied to microtome-sectioned histological sections. The
quantitative analyses developed here allow rigorous quantifi-
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cation of morphological variations in subcellular components
while accounting for the overall morphological heterogeneity
in cells. The present study is one of the pioneering techniques
that has exploited a tool usually employed to study 2D image
data with a better signal:noise ratio to transition to 3D
interpretations by developing an image processing algorithm
that has minimized manual interventions within the limits of
the technique. Further involvement of the machine learning
techniques to the image processing algorithm developed in this
work will allow tracking changes in ROIs around a cell leading
to automation and thereby analysis with almost negligible
manual interventions when similar studies are conducted using
the real-time imaging techniques.””*” While research is being
carried out to develop automated image-based diagnostic
techniques, this would enable development of image-based
diagnostics that involve separate subcellular compartments.””"
This work also lays the foundations for further development of
cellular and subcellular “heterogeneity indices”. Proper
analyses of “heterogeneity indices” at both the subcellular
and whole-cell levels hold the promise of providing insights
into cellular origins of various (clinical) pathologies, including
diagnostics pertaining to compartment-specific issues. The
morphological impact of potential therapeutic treatments (e.g.,
incubation with drug molecules) on whole cells and subcellular
compartments can also be rigorously studied. In summary, the
biggest translational potential of this work is the possibility of
enabling rapid and rigorous “differential diagnosis” of
“symptoms” at the cellular level.

B CONCLUSIONS

While the literature is rich with studies visualizing single cells
and their respective organelles using many high-resolution
and/or throughput imaging techniques, we, for the first time,
capture the independence of three components/organelles
(ER, mitochondria, and tubulin) from whole-cell pleo-
morphism. We also report heterogeneity in 3D distribution
of nucleus, plasma membrane, lysosome, and actin in the
context of pleomorphism observed at the whole-cell level—this
may be interpretable as either dependency of these subcellar
components on whole cells OR reflection of whole-cell
morphological variations on subcellular components. Interest-
ingly, nonbiological and artificial emergent systems lack such
variations in independent or dependent relations of the “parts
with the whole”.>"> As we delve deeper into the intricacies of
cellular structure, our study lays the foundation for future
explorations into the emergent properties of natural biological
systems toward a holistic understanding of cellular life.
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