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Wong MN, Nguyen TP, Chen T, Hsu JJ, Zeng X, Saw A, Demer
EM, Zhao X, Tintut Y, Demer LL. Preferred mitotic orientation in
pattern formation by vascular mesenchymal cells. Am J Physiol Heart
Circ Physiol 303: H1411–H1417, 2012. First published October 12,
2012; doi:10.1152/ajpheart.00625.2012.—Cellular self-organization
is essential to physiological tissue and organ development. We pre-
viously observed that vascular mesenchymal cells, a multipotent
subpopulation of aortic smooth muscle cells, self-organize into mac-
roscopic, periodic patterns in culture. The patterns are produced by
cells gathering into raised aggregates in the shape of nodules or ridges.
To determine whether these patterns are accounted for by an oriented
pattern of cell divisions or postmitotic relocation of cells, we acquired
time-lapse, videomicrographic phase-contrast, and fluorescence im-
ages during self-organization. Cell division events were analyzed for
orientation of daughter cells in mitoses during separation and their
angle relative to local cell alignment, and frequency distribution of the
mitotic angles was analyzed by both histographic and bin-free statis-
tical methods. Results showed a statistically significant preferential
orientation of daughter cells along the axis of local cell alignment as
early as day 8, just before aggregate formation. This alignment of
mitotic axes was also statistically significant at the time of aggregate
development (day 11) and after aggregate formation was complete
(day 15). Treatment with the nonmuscle myosin II inhibitor, blebbi-
statin, attenuated alignment of mitotic orientation, whereas Rho ki-
nase inhibition eliminated local cell alignment, suggesting a role for
stress fiber orientation in this self-organization. Inhibition of cell
division using mitomycin C reduced the macroscopic pattern forma-
tion. Time-lapse monitoring of individual cells expressing green
fluorescent protein showed postmitotic movement of cells into neigh-
boring aggregates. These findings suggest that polarization of mitoses
and postmitotic migration of cells both contribute to self-organization
into periodic, macroscopic patterns in vascular stem cells.

mitosis; vascular cells; reaction-diffusion; migration

IN THE EMBRYO, mitosis and cell movement are required for cells
to self-organize into the complex patterns needed for shaping
organs and tissues (2). Such self-organization requires coordi-
nation among cells that extends beyond immediate neighbors,
often several cell diameters (10). In the adult, cellular self-
organization is evidenced in vivo by alignment of smooth
muscle cells around the artery wall and the graded orientation
of layers of cardiac myocytes from endocardium to epicar-
dium. In mutants lacking oriented cell division, kidney tubules
grow by increasing diameter rather than length (6). Oriented
cell division has a role in development of organ-shape defini-

tion (1). Hence, self-organization is significant in development
and adult organ morphology.

Macroscopic pattern formation and self-organization have been
shown to occur in cultured vascular cells in the form of evenly
spaced aggregates that form stripe or spot patterns and that closely
resemble, at the microscopic level, the atherosclerotic plaques
found in the artery wall and on cardiac valve surfaces (8). Schor
and colleagues (14) showed that vascular pericytes aggregate into
raised, multicellular nodules that undergo coordinated contraction.
Similar in vitro pattern formation occurs in vascular mesenchymal
cells (VMCs; also known as calcifying vascular cells or vascular
stem cells), which we isolated from bovine aortic smooth muscle
cells by dilutional cloning (3). We further demonstrated that they
have left-right chirality in migration (5) and the capacity to
differentiate spontaneously along osteogenic, chondrogenic, myo-
genic, and marrow stromal lineages (19). Such multipotent vas-
cular stem cells have been identified in vivo and may contribute to
vascular remodeling and neointimal hyperplasia (17). However, it
is unclear whether the macroscopic patterns of aggregates are
formed by a local increase in mitotic activity or whether they are
formed by oriented cell division. In the present study, we tested
the relationship between mitotic orientation and local cell align-
ment, using phase-contrast and fluorescence time-lapse videomi-
crography with automated detection of the long axes of cells.

METHODS

Cell culture. VMCs were harvested, cultured, and passaged from
bovine aortic media explants. Clones of VMCs were subcultured from
these cells by dilutional cloning, as described previously (3, 20). We
characterized these cells for expression of smooth muscle �-actin,
calponin, caldesmon, myosin heavy chain, and antisurface ganglioside
antibody 3G5, as described previously (3, 19). VMCs (passages
15–21) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) containing 15% heat-inactivated FBS (Hyclone) and sup-
plemented with sodium pyruvate (1 mmol/l), penicillin (100 U/ml)
and streptomycin (100 U/ml), all from Invitrogen or Irvine Scientific.
For phase-contrast time-lapse experiments, cells were plated at 3 �
105 cells/well in 30-mm dishes. For inhibitor experiments, the cells
from passage 15 were plated at 5 � 104 cells/well in 24-well plates
with 15% DMEM.

Time-lapse digital videomicroscopy. VMC cultures were incubated
in a microscopic thermal stage (HCS60, Instec) at 37°C with a
continuous supply of premixed 5% CO2. Images of the 6 � 4.5-cm
visual field were captured with a �10 objective using a charge-
coupled device (Coolsnap ES, Photometrics) along with an inverted
phase-contrast microscope (Eclipse TE2000, Nikon). Time-lapse vid-
eomicroscopic imaging was initiated on days 4 or 5 after plating,
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Fig. 2. Alignment of mitoses with one another and with local cell orientation. A: phase-contrast image of VMC culture (day 8) with superimposed schematic
defining the mitotic separation angle �, subtended by the local reference axis (dashed line), the prevailing orientation of local cell alignment, and the mitotic axis
(solid line), defined by the line intersecting the center of two daughter cells from a given mitotic event. Scale bar � 100 �m. B: frequency histograms (top) and
kernel density estimate distributions (bottom) of mitotic separation angle � in VMC cultures. Horizontal lines in B, bottom, denote the upper 97.5 and lower 2.5%
confidence bounds for the null hypothesis. Vertical axis units are probability/degree, and horizontal axis is mitotic angle measured in degrees. Statistical
significance is indicated by the extension of the distribution curve above the upper line in all 3 panels. *P � 0.025.

Fig. 1. Cell alignment. A: phase-contrast im-
age of vascular mesenchymal cells (VMCs) at
�3 to 4 days in culture, showing swirling into
regions of local alignment (near horizontal in
top areas, near vertical in bottom, and diag-
onal at middle, as indicated by dashed lines).
B: phase contrast image of VMC mitosis,
showing alignment of mitotic axis (solid line
determined by connecting the centers of the
daughter cells) with the axis of local cell ori-
entation. Both axes tend to orient toward the
nearest forming aggregate (asterisk). Image
width � 600 �m.
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acquired every 5 min for 24 –72 h, and repeated approximately
every 3 days through day 15. The resulting images were saved as
TIFF files and converted into an AVI file, using Windows Live
Movie Maker.

Image analysis. The local reference axis was defined as the mean
angle of individual cell long axes in a given region such as the area
surrounding a given mitosis. Individual cell axes were determined by
automated edge-detection software. After the image contrast was
adjusted, the images were made binary and the cells were identified
using size and intensity thresholds. The mitotic axis was defined as
that intersecting the centers of the daughter cells (Fig. 1B). From these
two axes, we defined the mitotic separation angle, �, as that subtended
by the reference and mitotic axes (Fig. 2A). Mitoses within aggregates
were excluded because they lack local alignment. Additional analyses
were performed to test whether mitotic alignment depends on pres-
ence of aggregates by separately analyzing mitoses that occurred
before (day 8), during (day 11), and after (day 15) aggregate forma-
tion. For the remaining experiments using different clones and those
with inhibitor treatments, multiple days were combined in the anal-
ysis.

Treatment. The nonmuscle myosin-II inhibitor blebbistatin (10
�M, Sigma-Aldrich, St. Louis, MO) and the Rho kinase inhibitor
Y-27632 (10 �M, Ascent Scientific) were used to perturb cell mitotic
organization. Mitomycin C (1 �g/ml; Sigma) was used to inhibit cell
division. These inhibitors were added at the time of plating and
replenished with each media change.

Transfection and fluorescence time-lapse videomicroscopic imaging.
For experiments using green fluorescent protein (GFP), VMCs from
passage 20 were plated at 2 � 105 cells/well in 60-mm dishes with

15% DMEM. Approximately 1 �g of plasmid carrying GFP was
transfected 1 day after plating using the Effectene transfection reagent
(Qiagen, Valencia, CA) to achieve a transfection efficiency of 1–3%
to allow tracking of single cells. The media were changed 24 h after
transfection and every 3 to 4 days afterward. Time-lapse imaging in a
humidity, CO2, and temperature-controlled stage was started 11 days
after plating and continued for 3 days. Three GFP-labeled cells were
examined in this manner.

Statistical analysis. Results of the image analysis were first dis-
played as frequency histograms for � in bins of 10° width for the
mitoses recorded in each culture. For typical data, histogram-based
methods suffer from artifacts because of the arbitrary nature of bin
size and location. To eliminate these potential artifacts of binning, we
assessed statistical significance of clustering using a bin-free ap-
proach, specifically, kernel density estimation (15). In this approach,
many small elementary functions centered at the data values are used
to build up a continuous estimate of the distribution of the data, which
is independent of any bin-size choice. As the kernel functions, we
used von Mises distributions, i.e., Gaussian distributions modified for
circular or angular data. The width of the kernel functions was chosen
to maximize the power of our statistical test against an equal mixture
of the uniform distribution and the cosine distribution. For each data
set, we estimated its probability density function and found its
maximum and minimum values. These values were then compared
with the maxima and minima of 50,000 similar curves constructed
with similarly sized samples from the uniform distribution, using
Monte Carlo simulation implemented in Python (routines available on
request). If a maximum exceeded the 97.5th percentile of the simu-
lated maxima or a minimum was less than the 2.5th percentile of the
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Fig. 3. Blebbistatin treatment. Frequency his-
tograms for cells treated with control me-
dium or blebbistatin (10 �M), including mi-
toses occurring from days 8–15, showing
significantly different indexes of dispersion
for control vs. treated cultures (nonoverlap-
ping 95% confidence intervals; *P � 0.05).

Table 1. Frequency table for the angle of mitotic axis

Experiment Bin Given Angle Range, °
Expected Number of Cells/Angle-Interval

Mean, 95% Confidence Interval
Observed Number of
Cells/Angle Interval

I A 1–36 4.6 (1.0–8.5) 1
B 37–72 4.6 (1.0–8.7) 12*
C 73–108 4.6 (1.0–8.7) 6
D 109–144 4.6 (1.0–8.7) 1
E 145–180 4.6 (1.0–8.5) 3

II A 1–36 8.4 (3.7–13.7) 6
B 37–72 8.4 (3.8–13.9) 17*
C 73–108 8.4 (3.8–13.8) 10
D 109–144 8.4 (3.9–13.8) 4
E 145–180 8.4 (3.7–13.7) 5

III A 1–36 6.0 (2.0–10.4) 4
B 37–72 6.0 (2.0–10.6) 3
C 73–108 6.0 (2.0–10.6) 2
D 109–144 6.0 (2.0–10.6) 9
E 145–180 6.0 (2.0–10.4) 12*

*Observed value outside the 95% confidence interval.
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simulated minima, we considered the deviation, i.e., the degree of
clustering, to be statistically significant at the P � 0.05 level.

For comparison of treated versus untreated cultures, we used an index
of dispersion (ID) (22), which is defined as the variance of bin counts
divided by the mean bin count of a histogram. For data with low co-
herence (clustering), the index is ��1. For data with high coherence, the
index was ��1. For data randomly distributed by a Poisson process, the
index is �1. To assess statistical significance of different indexes, we
used resampling “bootstrap” analysis to determine confidence intervals.
Each data set was randomly resampled 1,000 times, and the indexes of
dispersion for the random samples were used to calculate 95% confidence
intervals around the observed ID.

RESULTS

Cell alignment. At �3 to 4 days in culture, VMCs showed
local cell alignment in regions measuring �2 � 2 cm. This
local cell alignment, described using the local reference axis
(dashed lines, Fig. 1A) was defined as the mean angle of
individual cell axes in a given region, where individual cell
axes were determined by automated edge-detection software.
At �2 wk after plating, cell divisions appeared to orient such
that the line connecting daughter cells (“mitotic axis”; solid
line, Fig. 1B) was typically parallel to the local cell alignment
(supplemental video 1). Both the mitotic axis and the local
reference axis were typically oriented toward the nearest ag-
gregate (asterisk, Fig. 1B).

Alignment of mitotic axes with one another. To determine
whether the mitoses within a given field of view were aligned
with one another, we determined the angle of the mitotic axis
relative to the edge of the field of view for each of 23 to 42
mitoses in time-lapse videomicroscopy. This was repeated in
three different cultures from one clone. Results of the image
analysis are displayed as a frequency table for the angle of the
mitotic axis in bins of 36° width. By comparison with the
expected number of cells per angle-interval for the theoretical
case of completely random orientation, the observed numbers
of cells per angle-interval showed statistically significant clus-
tering for each of the three cultures (*P � 0.05; Table 1).

Alignment with local reference axes. To determine whether
the mitotic axes aligned with the local reference axes, we
determined � (the angle separating the mitotic axis from the
local reference axis; Fig. 2A) for 12–40 mitoses from time-
lapse videomicroscopic images from two different cultures
from a second clone. If the axes are in alignment, the values of
� should cluster around zero. To determine whether the clus-
tering is statistically significant, we used a bin-free approach,
kernel density estimation (15), to avoid artifacts because of
choice of bin size and location. Data are displayed as both
conventional histograms, using bins of 10° width, and Kernel
Density Estimation distributions (Fig. 2B, top and bottom,
respectively).

Fig. 5. Time-lapse, fluorescence microscopic images of VMCs expressing green fluorescent protein (GFP) at low efficiency. A–E: sequence showing two
GFP-positive cells at 2 wk of culture. One GFP-positive cell (bottom right corner) is located within an aggregate that shifts out of the field of view in later images.
The other GFP-positive cell migrates toward an aggregate (top left corner), leaving behind a cytoplasmic fragment. Scale bar � 100 �m.

Fig. 4. Angle of daughter-cell migration. Phase-contrast, sequential, time-lapse, videomicrographic images from VMC cultures, showing representative mitotic
events (circled) where daughter cells separate in opposite directions along an axis parallel to the mitotic separation angle and nearly parallel to the reference axis
of local alignment. Scale bar � 100 �m.
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Results showed that the clustering of � values around zero
(indicating alignment of mitotic axes with one another and with
the local reference axis) was statistically significant at day 8
(n � 40; *P � 0.025; Fig. 2B, left). To determine whether the
results were consistent over time in culture and whether they
were dependent on presence of aggregates, we repeated the
analysis on days 11 and 15, during which time aggregate forma-
tion occurs. Results showed that the clustering of � values around
zero was also statistically significant during aggregate formation
(day 11; n � 28; *P � 0.025; Fig. 2B, middle) and after aggregate
formation (day 15; n � 12; *P � 0.025; Fig. 2B, right), suggest-
ing that the mitotic axes were aligned with one another and with
the local reference axis.

Inhibition of stress fiber orientation. To assess whether the
alignment of mitotic axes with each other and with the local
reference axis was dependent on stress fiber orientation, we

compared the findings with cells treated with the nonmuscle
myosin II inhibitor, blebbistatin, or the Rho kinase inhibitor
Y-27632 (21). For statistical comparison, we used an ID (22) that
is defined as the variance of bin counts divided by the mean bin
count of a histogram. For data with low clustering, the index
is ��1. For data with high clustering, the index is ��1. Results
showed that the ID was significantly greater in the control,
pooled data than in cultures treated with blebbistatin [ID �
12.7; 95% confidence interval (7.6, 20.7) vs. 2.6; 95% confi-
dence interval (1.4, 6.2)] (Fig. 3), suggesting a loss of mitotic
alignment with blebbistatin treatment and a role for nonmuscle
myosin II in the process. Cultures treated with Y-27632 ex-
hibited no defined local cell alignment (data not shown, since
� is undefined in the absence of local alignment), suggesting
a role for Rho kinase in self-organization of the cells in gen-
eral.

Fig. 7. Schematic diagram showing relation-
ships between axes of local cell alignment,
mitoses, daughter cell separation, and aggre-
gates. In a given local domain, the long axes
of cells tend to align in parallel with each
other, forming an “axis of local cell align-
ment.” Within the same domain, the mitoses
are oriented in parallel with each other and
with the axis of local cell alignment, forming
a “mitotic axis.” When the daughter cells
separate, they tend to migrate apart along an
“axis of daughter cell separation,” parallel to
the mitotic axis where they join cells from
neighboring domains in aggregates.

Control Mitomycin C

Fig. 6. Effect of mitosis inhibition on pattern
formation. Light microscopic hematoxylin-
stained images of VMCs treated with vehicle
control (left) or mitomycin C (1 �g/ml, right)
at day 8. Magnification, �40.
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Migration path. Following mitosis, the daughter cells were
observed to migrate in opposite directions along the local ref-
erence axis (Fig. 4, A–H). Systematic analysis was not per-
formed because the daughter cells quickly spread and lost
phase-contrast refractility as they migrated. To observe migra-
tion of individual cells, we transfected a culture of VMCs with
a plasmid carrying GFP at low transfection efficiency. By
time-lapse fluorescence microscopy, we tracked a GFP-posi-
tive cell migrating to the edge of an aggregate, where it
appeared to extend and slide into a thin cytoplasmic projection
(Fig. 5; supplemental video 2). To determine whether the
inhibition of mitosis affects cell migration, cells were continu-
ously treated with the mitosis inhibitor mitomycin C (1 �g/ml).
Since pattern formation occurs over days, a lower concentra-
tion of mitomycin C was used to avoid the toxicity seen with
chronic treatment at higher concentration. This concentration
partially blocked mitosis and partially blocked macroscopic pat-
tern formation, suggesting that cell division contributes in part to
the mechanism of self-organization of these cells (Fig. 6).

Altogether, these observations suggest that mitotic orienta-
tion is coordinated and aligned with local cell axes, raising the
possibility that it contributes to self-organization of VMC into
macroscopic patterns.

DISCUSSION

These findings indicate that when VMC divide, mitotic
orientation is coherent within local domains (Fig. 7). This
alignment correlates with the long axes of cells in that region,
and the daughter cells separate along that same axis toward
macroscopic aggregates. This aggregate formation is inhibited
by blocking mitosis with mitomycin C.

Evidence supports an in vivo role for mitotic orientation in
determining the shape of structures and/or organs. For exam-
ple, mutations affecting orientation of cell division disrupt
organ morphogenesis in drosophila, resulting in dysmorphic
features, such as loss of wing elongation (1). Similarly, over-
duplication of centrosomes, which is likely to disrupt mitotic
orientation, leads to formation of abnormal vasculature when
induced by treatment with vascular endothelial growth factor
(18). Our findings suggest that alignment of mitotic orientation
underlies cellular self-organization by orienting daughter cells
to migrate in a particular direction in a coordinated manner and
that it contributes to the formation of periodic patterns of
multicellular aggregates by organizing cell migration. This
raises the possibility that local disruption of mitotic alignment
may mitigate pathological forms of cellular aggregation, such
as nodules in calcific aortic valve stenosis.

In our studies, the alignment of mitotic orientation persisted,
though somewhat diminished, with inhibition of nonmuscle
myosin-II kinase, suggesting a small role of for this factor. The
diminished pattern formation with mitomycin C-induced mi-
totic arrest suggests a role of cell division in self-organization,
although we cannot exclude the possibility that cell density
confounded this result. The finding that alignment remains
consistent before, during, and after aggregate formation sug-
gests that contraction of mature aggregates is not required.
However, it remains possible that synchronized contraction
and extracellular matrix wrinkling occur before distinct aggre-
gates are visible.

A number of mechanisms may explain oriented cell division.
Pattern formation in VMCs and other cells appears to be
governed by reaction-diffusion phenomena that provide chem-
ical gradients in prepatterns in embryonic tissue formation (4,
7, 9, 16). Chemical gradients also drive cell alignment as in
Drosophila (11). Mechanical factors, such as the cell traction
phenomenon (12), substrate interfaces (5), and cell chirality
(13), may also contribute. In the cell traction phenomenon,
extracellular matrix is deformed by the traction forces of motile
cells, and this anisotropic “wrinkling” guides cell movements
in a preferred direction, as wheels in “ruts.” Overall, these
findings suggest that nonrandom orientation of mitoses, align-
ment of mitotic orientation with local cell alignment, and
postmitotic migration may all contribute to the formation of
macroscopic periodic patterns in vascular cells.

Overall, these findings are relevant to disease in that this
culture model may be used to study atherosclerotic plaque,
such as determinants of mechanical vulnerability. They also
may provide an in vitro model for developmental embryogen-
esis, allowing study of the mechanisms driving cellular self-
organization required for embryogenesis. In addition, the find-
ings are relevant to tissue regeneration engineering, because
they add to our fundamental understanding of cellular self-
organization and provide a potential approach for coaxing cells
into macrostructures that recapitulate the architecture of nor-
mal tissues.
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