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Abstract. Mitotic apparatus, which comprises hundreds of microtubules, plays an essential role in cell division,
ensuring the correct segregation of chromosomes into each daughter cell. To gain insight into its regulatory
mechanisms, it is essential to detect and analyze the behavior of individual microtubule filaments. However,
the discrimination of discrete microtubule filaments within the mitotic apparatus is beyond the capabilities of
conventional light microscopic technologies. Recently, we detected three-dimensional (3-D) microtubule growth
dynamics within the cellular cytoplasmic space using lattice light-sheet microscopy in conjunction with micro-
tubule growth marker protein end-binding 1, a microtubule plus-end-tracking protein, which was fused to green
fluorescent protein (EB1-GFP). This technique enables high-resolution 3-D imaging at subsecond intervals. We
adapted mathematical computing and geometric representation techniques to analyze spatial variations in
microtubule growth dynamics within the mitotic spindle apparatus. Our analytical approach enabled the different
dynamic properties of individual microtubules to be determined, including the direction and speed of their growth,
and their growth duration within a 3-D spatial map. Our analysis framework provides an important step toward a
more comprehensive understanding of the mechanisms driving cellular machinery at the whole-cell level. © The
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1 Introduction
The nature of the actuating mechanism that drives the mitotic
apparatus remains an important unresolved question despite
extensive investigation in this field spanning more than a century.
The concept of a mitotic apparatus was originally based on
microscopy studies performed in the late 1800s.1,2 In early stud-
ies, images of cells and subcellular organelles were produced
from fixed specimens. Such fixatives often introduced artifacts
and consequently the existence of macromolecular structures
within cells remained controversial. The first observation of a
spindle apparatus within a living cell was made using polarizing
light microscopy by Schmidt and Inoué.3–5 Inoué5 built an
improved polarizing microscope that could image weakly bire-
fringent materials and demonstrated for the first time the filamen-
tous nature of the mitotic spindle within living cells using
time-lapse imaging. Subsequently, Inoué and Sato et al.6,7 dem-
onstrated that microtubules were the sole constituent of spindle
fibers and established a basis for understanding how microtubule
dynamics generate the forces for chromosome movement.

The discovery and practical application of green fluorescent
protein (GFP) by Shimomura8 and Chalfie9 as well as the
development of color variations by Tsien10,11 has revolutionized
the field of live imaging, by enabling the engineering and
expression of chimeric fluorescent proteins in target cells
(reviewed in Ref. 12). Microtubules are 25-nm diameter tubular
polymers composed of two proteins, α- and β-tubulin. GFP-
fused tubulin can be incorporated into microtubules without
disrupting their function in many cell types, allowing the visu-
alization of both cytoplasmic and spindle microtubules.13,14 In
in vitro studies using purified proteins, microtubules exhibit
repeated stochastic growth and shortening, a behavior referred
to as “dynamic instability.”15,16 Visualization of microtubule
behavior in living cells with GFP-tubulin or microinjected flu-
orescently labeled tubulin has proven that dynamic instability is
a general property of microtubules and is fundamental in gen-
erating various cellular microtubule network patterns (reviewed
in Refs. 17–20). However, owing to the performance limitations
of fluorescence microscopes, the detection of discrete filaments
has been limited to thinner regions of the cell, such as flattened
membranous lamellipodia, or the imaging of small organisms
such as yeasts, which only contain a few microtubule filaments.
Although imaging methods such as poleward flux detection
using photoactivatable fluorescent probes21 and fluorescent
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speckle microscopy22 have enabled the indirect observation of
microtubule dynamics within the mitotic spindle, the direct
observation of all the individual filaments within the spindle
apparatus has never been achieved.

We have previously generated a GFP fusion of the EB1 pro-
tein (EB1-GFP), which localizes to microtubule plus-ends
[Fig. 1(a)],23,24 and demonstrated its utility as an analytical tool
for the study of microtubule dynamics.25,26 Live-cell imaging
revealed that EB1-GFP binds selectively to the growing ends
of microtubules, forming a comet shape with a short axis diam-
eter of approximately 25 nm and an anteroposteriorly elongated
tail of up to 500 nm.23,25,27 EB1 functions as a hub, tethering
microtubule ends to various subcellular structures generating
an asymmetric filament network.17,28–30 Fluorescently tagged
EB1 family proteins, including both EB1 and EB3, faithfully
mark the growing portions of microtubules, even within the
dense microtubule networks of the cell interior such as those
found in columnar-shaped epithelial cells25 and neuronal
filaments.31 Time-lapse imaging and tracking of EB1-GFP com-
ets allows the generation of microtubule growth trajectories and

the measurement of growth speed.32 However, until recently,
image acquisition and analysis has been predominantly limited
to a two-dimensional (2-D) plane, because the spatiotemporal
resolution of conventional fluorescence microscopes is insuffi-
cient to follow the three-dimensional (3-D) motion of EB1-GFP
comets that can move at several hundreds of nanometers per
second.

Recently, we succeeded in the 3-D tracking of EB1-GFP
movement throughout the cell cytoplasm using the recently
developed lattice light-sheet (LLS) microscope, which enables
3-D scanning at subsecond intervals with high-spatial
resolution.33 This technology is an advanced type of light-sheet
microscopy, which uses a separate excitation lens perpendicular
to the wide-field detection lens to confine the illumination to the
focal plane.34,35 In contrast to the conventional light sheet cre-
ated with several-micron-thick Gaussian beams, the lattice light
sheet is generated from a massive parallel array of nondiffracting
light beams that mutually interfere to create an ultrathin light
sheet extending over cellular dimensions.33,36 Spreading the
excitation light across many foci greatly reduces the intensity
at any single focus, and in turn, reduces fluorescence photo-
bleaching and phototoxicity. This strategy allowed us to image
whole cells for hundreds of volumes at subsecond intervals.

LLS technology generates thousands of numerical data sets
containing far more information than can be practically analyzed
using conventional approaches. Therefore, automated computa-
tional strategies are required to extract biologically significant
information in an efficient and reproducible manner. To analyze
the 3-D motion of particles, automated object tracking methods
by digital image processing have been developed and their
application in biology is becoming popular.32,37 However,
many challenges still exist regarding the interpretation of 3-D
data. These challenges include the classification, selection, or
grouping of objects of interest and the geometric presentation
and interpretation of volumetric data. To this end, computational
3-D geometry and geometric modeling techniques are also nec-
essary. In addition, the analysis of biological image data, which
may be very noisy and is often multidimensional, requires
improvement. Morita et al.38 established a computing system
for the processing and visualization of large numbers of 3-D
images, which can be offered through cloud-based platforms.
Combining this system with mathematical computational tech-
niques, we analyzed 3-D time-lapse images of EB1-GFP
obtained with LLS microscopy to gain new insights into micro-
tubule dynamics.

Our analysis enabled both the microtubule growth speed and
direction to be identified within the mitotic spindle apparatuses
in 3-D. These observations support recent hypotheses emphasiz-
ing the important contribution of noncentrosomal microtubules,
which cannot be detected using conventional light microscopy
techniques, in spindle organization and chromosome segrega-
tion. The observations presented in this study push the limits of
conventional microscopic analysis and demonstrate the power of
this analysis framework, which we believe will be applicable
and of benefit in a wide range of research fields.

2 Image Acquisition and Processing

2.1 Image Acquisition of Cultured HeLa Cells by
Lattice Light-Sheet Microscopy

To analyze microtubule dynamics within the mitotic apparatus at
high-spatiotemporal resolution, mitotic HeLa cells (clone A1)33

Fig. 1 (a) Distribution of EB1-GFP in a mitotic HeLa cell at meta-
phase. HeLa cells (clone A1) stably expressing EB1-GFP (green)
and H2B-TagRFP (magenta) were fixed and immunostained with
an anti-α-tubulin antibody (red) to enable the position of microtubule
ends to be identified. Images were collected with a LSM780 laser
scanning confocal microscope. Examples of EB1-GFP comets at
the ends of astral microtubules are indicated with arrowheads.
Scale bar: 5 μm. (b) An example of a lattice light-sheet (LLS) micro-
scope image. The image was imported into Imaris 8 software and
displayed in three-dimensional (3-D) space. The image was rotated
horizontally about 90° from one direction (left) to another (right).
At both angles, discrete EB1-GFP comets were visible at the tips
of astral microtubules growing radially toward the cell cortex and
within the spindle apparatus. Scale bars: 5 μm. See also Video 1
(QuickTime, 8 MB) [URL: http://dx.doi.org/10.1117/1.JBO.20.10
.101206.1].
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stably expressing EB1-GFP and histone H2B-TagRFP, markers
for growing microtubule ends and chromatin, respectively, were
observed by LLS microscopy [Fig. 1(b)]. HeLa cells have more
than 60 chromosomes, in excess of the standard human chromo-
some number of 4639 and dense spindle microtubules, which
makes detailed observation of the spindle apparatus difficult.
When the performance of light microscopy is insufficient
for analysis, sometimes large cell types such as the PtK1 rat
kangaroo cell line, containing large spindles with fewer numbers
of giant chromosomes, are selected for mitosis research.40,41

However, in solution-oriented science, we often need to observe
smaller cells including cancer cells and differentiated/undiffer-
entiated induced pluripotent stem (iPS) cells. Therefore, we used
HeLa cells as a model to test our analysis capabilities.

Cells were seeded on coverslips and maintained at 37°C
throughout the observation period. Cells in mitosis were iden-
tified by the shape of their condensed chromosomes. Details of
microscope optics, sample preparation, and imaging conditions
have been previously described.33 For HeLa cell imaging, data
were acquired in the dithered (faster) mode and deconvolved
using an experimentally measured point spread function for
each emission wavelength as previously described.33 All 3-D
data sets acquired via sample scanning in the x, y, and s
(skewed) coordinate system were transformed (“deskewed”)
to the more conventional x, y, and z coordinates before visuali-
zation. The voxel size of images used in this study was

0.100 × 0.100 × 0.217 μm3. Dual- and single-color images
were collected at 1.510- and 0.755-s intervals, respectively.

2.2 Image Visualization

Images were imported into Imaris 8 software (Bitplane, South
Windsor, Connecticut). LLS microscopy provides a high-defi-
nition 3-D image that can be observed from any angle with sim-
ilar resolving power,33 which is largely beyond the capabilities
of conventional laser confocal fluorescence microscopes,
enabling the discrimination of detailed structures in 3-D space
within cells. Importantly, individual EB1-GFP comets were
detectable even deep within the mitotic spindle apparatus
[Fig. 1(b); Video 1], which is in sharp contrast to conventional
confocal images in which the spindle structure appears as a sin-
gle fluorescent mass [Fig. 1(a)].

LLS microscopy also provided a detailed view of the inter-
action of microtubule ends with the cell cortex. When an image
of an anaphase cell was rotated and observed from the side,
many EB1-GFP comets reaching the cell cortex were detected
[Fig. 2; Videos 2 and 3]. In particular, at the basal cortex where
the cell was attached to the substratum, EB1-GFP comets often
ran along the plane of the surface [Fig. 2(c), arrowheads], which
was in contrast to other regions, where the majority of EB1-GFP
comets disappeared shortly after reaching the cortex [Fig. 2(b),
arrows]. These observations suggest the nonuniform regulation

Fig. 2 Observation of interactions between EB1-GFP comets and the cell cortex. (a) Side view of
an anaphase cell. The plane of the coverslip (xy direction) is indicated. (b) Superimposition of
EB1-GFP trajectories generated by automated 3-D comet tracking. Arrows indicate trajectories that
disappeared shortly after reaching the cortex. (c) Enlarged time-lapse images of the boxed area in
(b). Some trajectories run along the basal cell cortex (white and yellow arrowheads). Time is shown
in s:ms. Scale bars: 5 μm (b), 2 μm (c). Color bar: time (s:ms). See also Video 2 (QuickTime,
5.1 MB) and Video 3 (QuickTime, 9.9 MB). [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.2].
[URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.3].
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Fig. 3 Effects of drift correction. (a) Time-lapse images of a HeLa cell (clone A1) acquired with an LLS
microscope (1.510-s interval, 50 frames) were imported into Imaris 8 software and displayed in 3-D
space. The first frame is shown on the left. The middle and right panels show the maximum intensity pro-
jection (MIP) of all 50 frames. The spindle apparatus can often rotate in any direction in cells as shown in
the middle panel. This rotational drift was corrected for by using the positions of the two centrosomes as a
reference (right). Scale bar: 5 μm. See also Video 4 (QuickTime, 8.2 MB) [URL: http://dx.doi.org/10.1117/1.
JBO.20.10.101206.4]. (b) SumSlice projection (SSP) imagesgenerated from30 framesof ametaphase cell
before and after drift correction. After the drift correction, spots estimated to be kinetochore-associatedEB1-
GFP signals (arrowheads) and bundle of trajectories toward the kinetochores became visible. (c) Enlarged
MIP images of astral EB1-GFP. MIP images of two-increment 11th to 31th time-lapse images (10 frames) of
a metaphase cell before and after drift correction to observe the shape of an individual comet. The shape
change of each comet was not evident, but the image was somewhat blurred after correction.
(d) Comparison of EB1-GFP intensity profiles. The line profiles of two EB1-GFP comets (0.53-μm width,
shown in the left panels) were obtained and plotted in the right panel. The results are shown as relative
intensity (right top)andnormalized intensity standardized to the peak intensity (right bottom). Thepeak inten-
sity was reduced by approximately 10% while the full width at half maximum of normalized intensity was
increased by approximately 10% after drift correction. Scale bars: 5 μm (a), (b), 3 μm (c), (d). All the above
images were created by capturing the Imaris screen view presenting objects in 3-D space.
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of microtubule activity within different cortical regions of the
cell. Observation of the detailed behavior of fine structures
inside cells and the overall picture concurrently is a major
advance in the whole-cell imaging by LLS microscopy because
previously we were only able to observe cellular components
from a fixed angle [optical axis direction (z)] and in a limited
area (due to the limitation of imaging speed) in live imaging.

2.3 Image Preprocessing for Quantitative Analysis

For the quantitative and statistical analysis of microtubule
growth, especially inside spindles, we tried automated 3-D
tracking of EB1-GFP comet movements throughout the cell
using only single-channel images for GFP that were collected
using the fastest acquisition mode. Subsequent analysis of
EB1-GFP trajectory data in 3-D space enabled the quantification
of microtubule growth within the cell. All images used were col-
lected at 0.755-s intervals over a 56.625-s duration (75 frames)
at different mitotic phases after nuclear membrane breakdown,
i.e., during prometaphase, metaphase, anaphase, and telophase
[for typical mitotic figures, see Fig. 5(a)]. Detailed procedures
for image processing are described in the Appendix.

2.3.1 Drift correction of spindle position

We performed several steps of image preprocessing to facilitate
the high-precision tracking of EB1-GFP comets. First, we cor-
rected for the movement of spindles. The spindle apparatus can
serve as a useful frame of reference during cell division; how-
ever, it often rotates and changes orientation during division,
which can reduce the accuracy of the positional measurements
obtained for each EB1-GFP comet and can make interpretation
of the results difficult. Consequently, in order to compare all
datasets under a common reference frame, changes in the angu-
lar orientation of the spindle were compensated for using a drift
correction method. The positions of the two centrosomes were
automatically tracked and their displacements then used to cor-
rect for orientational and rotational drift for the whole data set
using the Correct Drift function in Imaris software. As shown in
Fig. 3(a) and Video 4, drift correction reduced changes in the
positions of the spindle and chromosomes.

After drift correction, the repetitive appearance of EB1-GFP
along the same trajectories toward kinetochores aided the visu-
alization of the paths of growth of kinetochore microtubules in
the Sum Slice projection (SSP) image [Fig. 3(b), arrows] and
spots adjacent to the kinetochores [Fig. 3(b), arrowheads],
which were observed in PtK1 cells.42 These observations indi-
cate that fast 3-D scanning of mitotic HeLa cells by LLS micros-
copy faithfully captures common mitotic processes in a smaller
cell type.

In the drift corrected images, the change in shape of each
EB1-GFP comet was not evident, but the images were blurred
[Fig. 3(c)]. Therefore, we compared intensity profiles of isolated
EB1-GFP comets and found that the peak intensity was reduced
by approximately 10% while the full width at half maximum of
normalized intensity was increased by approximately 10% in the
drift corrected image [Fig. 3(d)], although we were not able to
know what kind of method Imaris software applied. This may
affect the EB1-GFP comet detection capability, especially for
small, low-intensity comets. Nonetheless, we used the drift cor-
rection procedure because quantification of microtubule behav-
ior (growth angle and position of EB1-GFP trajectories) is the
main purpose of this study. It should be also noted that in the

drift corrected images, information regarding the relative posi-
tion of microtubule ends and cell cortex could not be retained.

2.3.2 Intensity equalization and signal enhancement

We performed two-step image quality improvement processing
of the drift-corrected data to compensate for the effects of chan-
nel bleed-through and photobleaching. Only the signal from the
green (EB1-GFP) channel from the dual-labeled HeLa cells was
required for automated tracking. However, bleed-through from
the red channel [Fig. 4(a)] as well as the time-dependent photo-
bleaching of the signal in the green channel [Fig. 4(c)] were
apparent from the analysis of image data. To reduce these
unfavorable effects, images were subjected to both (1) intensity
equalization and (2) small target enhancement by top-hat
transformation, using VCAT5 software.38 (1) For intensity
equalization, the intensity of a 3-D image at each time point was
normalized using the average intensity value for the whole xyz
volume [Fig. 4(c)]. (2) To enhance EB1-GFP comet signals,

Fig. 4 Effects of image preprocessing. After intensity equalization,
the images were processed for image enhancement by top-hat
transformation (opening radius R ¼ 2.0 pixels in the xy plane and
R ¼ 1.0 pixel because the voxel pitch is 0.100 × 0.100 × 0.217 μm3).
An example of the resulting image (a) and a line profile [3 pixel line
width, indicated with yellow lines in (a)] of signal intensity (b) are
shown. Arrowheads in (a) indicate the bleed-through from the red
channel labeling chromosomes. (c) Effect of intensity equalization
and top-hat transformation on the 3-D volume intensity. Examples
of a metaphase cell and a telophase cell are shown. Average inten-
sities of 3-D volume at each time point before and after preprocessing
are plotted. See also Videos 5 (QuickTime 3.3 MB) and 6 (QuickTime
3.1 MB) [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.5].
[URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.6].
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we employed a top-hat transformation, an image processing
technique for extracting small elements from images with a var-
iable background.43 In acquired images, the area occupied by a
single EB1-GFP comet ranged from 3 × 3 pixels in the case of
a small comet to 7 × 10 pixels for the largest comets. We used
opening radius R ¼ 2.0 pixels in the xy plane and R ¼ 1.0 pixel
in the z direction taking into account the 3-D voxel pitch
(0.100×0.100×0.217 μm3), and its effect is shown in Figs. 4(a)
and 4(b); Videos 5 and 6.

2.4 Automated tracking of EB1-GFP movement

The preprocessed images were imported into Imaris 8 software.
EB1-GFP comets were automatically detected by local contrast

mode and automated tracking was subsequently executed using
the Autoregressive Motion algorithm, which predicts that the
spot will move again the same distance and in the same direc-
tion. To eliminate possible tracking errors, several filter algo-
rithms, including Max speed, track duration and straightness,
were applied based on the assumption that microtubule growth
is essentially straight with a variable, but limited elongation rate.
We needed to adjust the parameters in different mitotic phases
(for detailed procedures, see Appendix).

Examples of the resultant trajectories are shown in Fig. 5(b)
and Videos 7–12. Several cells in different mitotic phases
[Fig. 5(a)] were analyzed, and a statistical summary of the dis-
tribution of microtubule track speeds for each phase are shown in
Fig. 6. Consistent with our original observation using conventional

Fig. 5 Automated tracking of EB1-GFP comets. (a) Typical patterns of microtubule and chromosome
organization at each indicated mitotic phase. HeLa cells (clone A1) were fixed and immunostained
for microtubules and examined by confocal microscopy. Microtubule and histone H2B-TagRFP are
shown in white and red, respectively. (b) Representative images of EB1-GFP trajectories in HeLa
cells (clone A1) at different mitotic phases. The trajectories were generated by automated tracking.
Results from the first 40 frames of a corrected 75-frame sequence are shown with a color code designating
the moving speed. The color bar indicates the speed range for the instantaneous speed of EB1-GFP com-
ets (0.3 to 0.6 μm∕s). See also Videos 7–12 [QuickTime, 7.1 MB (7); 7.0 MB (8); 7.7 MB (9); 7.5 MB (10);
7.7 MB (11), 7.4 MB (12)] [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.7]. [URL: http://dx.doi.org/
10.1117/1.JBO.20.10.101206.8]. [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.9]. [URL: http://dx.
doi.org/10.1117/1.JBO.20.10.101206.10]. [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.11].
[URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.12]. Scale bars: 5 μm.
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2-D timelapse imaging23 and previous observation by LLS
microscopy, in which EB1-GFP comet speed was measured
using different software,33 the population of fast-growing micro-
tubules grew toward the prometaphase and metaphase where it
peaked, then decreased gradually toward the telophase.

2.5 Analysis of Spatial Variations in Microtubule
Dynamics

The dynamic and spatial properties of EB1-GFP trajectories
were further analyzed by mathematical computing techniques
and the calculated results were geometrically represented in
3-D space by developing a pipeline implemented in MATLAB®

R2012a software (The Mathwork Inc., Natick, Massachusetts).

2.5.1 Classification of trajectories by growth speed

First, mean travel speeds were grouped into 0.1-μm∕s intervals
bins and displayed separately for each range [Fig. 7]. The trend
showed a good correlation with the distribution of movement
speeds plotted in Fig. 6, in which the high-speed population
was largest in prometaphase and metaphase, with mean speeds
decreasing toward telophase. An interesting feature that this pre-
sentation method highlights is the trend for trajectories with fast
or slow migration speeds to be associated with particular regions
of the cell. Fast trajectories often originated near the centro-
somes, while slowly migrating ones tended to accumulate at
the intercentrosome region, considering the slowly moving
EB1-GFP comet traveling along microtubules associating with
kinetochores. Because spindle microtubules exhibit poleward
flux caused by their depolymerization at the minus ends,21 it is
reasonable that a net movement of the comet is underestimated
in the kinetochore fibers. In addition, it is possible that separa-
tion of the centrosome during anaphase/telophase affects meas-
urement of the comet speed. In the data used, variations in the
centrosome separation distance were less than 1 μm during the

observation period (56.625 s) (data not shown). Therefore, its
effects are likely to be negligible.

2.5.2 Analysis of growth angle and location of trajectories

We also measured the angle between the direction of EB1-GFP
movement and the centrosomal axis [defined as the straight line
between the two centrosomes; Fig. 8(a)]. The results for each
cell are shown separately in this figure. The data clearly show
that the distribution of growth trajectory angles was similar for
cells in the same mitotic phase, while the overall distribution
patterns were different among the different mitotic phases.
The random orientation of trajectories observed in prometa-
phase shifted to a directional pattern, which was estimated to
associate with the formation of spindle fibers or the spindle mid-
zone at later stages. In the case of the prometaphase cells #2 and
#3, a population of trajectories having shallower angles to the
centrosomal axis started increasing, indicating that this cell was
on the transition stage from prometaphase to metaphase. From
an experimental validation perspective, these observations
demonstrate the reproducibility achieved by our detection and
automatic tracking.

Next, we arranged EB1-GFP trajectories according to their
subcellular location at prometaphase, metaphase, and anaphase
(Fig. 9). Each EB1-GFP trajectory was assigned to one of 10
data bins according to the radial distance of its start position
from the centrosome. The EB1-GFP trajectories of different
data bins were then presented separately [Fig. 9(a)]. It can
clearly be seen that many trajectories began their growth at posi-
tions located away from the centrosomes, an observation that is
inconsistent with the established notion that the centrosome is
the main microtubule nucleating structure. Notably, in the ana-
phase cell, large numbers of trajectories were aligned parallel
with one another at the midpoint between the two centrosomes
and most of their start points resided in zones 4 and 5 (an area
between the centrosome and the midzone). It is possible that
many of these were generated by regrowth from existing micro-
tubules, and not by de novo nucleation, but that the gradual posi-
tional shift in the start points as mitosis progressed is clear
[Figs. 9(b) and 9(c)], suggesting nucleation of microtubules at
the noncentrosomal sites.

The EB1-GFP imaging alone cannot distinguish de novo
nucleation from regrowth of existing microtubules, because it
visualizes only the growing phase of microtubule dynamic insta-
bility. Therefore, to examine the above possibility further, we ana-
lyzed the angle of EB1-GFP comet movement relative to the
centrosomal axis in vertical zones dividing the intercentrosomal
space. If the angle of comet movement deviates from a line pro-
jected from the centrosome toward the comet position, this indi-
cates that the microtubule is unlikely to have initiated from
that centrosome (because microtubule outgrowth is essentially
straight). Results shown in Fig. 10 indicate that a subpopulation
of microtubules grew at an off-axis orientation, and support the
possibility of noncentrosomal microtubule nucleation.

Recently a new model for interpolar microtubule assembly
that is dependent upon augmin, a protein complex implicated in
the nucleation of noncentrosomal microtubules, was proposed.44

In this model, a subset of microtubules in early anaphase is
generated de novo around chromosomes in the interzone to
generate central spindle microtubules that ensure completion of
cytokinesis.44 Observations made in our study are consistent
with this hypothesis. As this example shows, our study clearly
demonstrates the applicability of our analytical strategy to a

Fig. 6 (a) Statistical summary of EB1-GFP comet speed data for each
mitotic phase obtained by averaging data obtained from several cells.
(b) Frequency distribution of comet speeds.
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Fig. 7 Subcellular distribution of EB1-GFP comet trajectories moving at different rates in each mitotic
phase. Comet speed data were divided into 10 classes spanning the entire data range (0 to 1 μm∕s).
Data included in the 0.2 to 0.7 μm∕s range are shown. Each bin contains data equal to or more than
the first threshold and less than the second threshold. Blue and red triangles indicate centrosomes.
Color bar indicates the mean speed (μm∕s). Cyan and yellow-green dots indicate the start and end
position of trajectories, respectively. In this figure, trajectories initiated in the 1st to 30th frames are
displayed.
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Fig. 8 (a) Illustration of the method used to analyze the distribution of EB1-GFP trajectories in 3-D space.
Spheres centered at centrosomes (red and blue triangles) and with radii equal to the intercentrosomal
distance were generated and then divided into 10 spherical zones of equal radial length (top). The
centrosomal axis is indicated with a blue line (bottom). The angle between each EB1-GFP comet
trajectory and the centrosomal axis (yellow) was calculated. (b) The distribution of EB1-GFP comet
trajectory angles was plotted according to their distance from the centrosome. The direction of the
x -axis (centrosomal axis) of one of the centrosomes was inverted by 180 deg and superimposed on
another centrosome position to represent data from both centrosomes in a single coordinate. Each
bin contains data equal to or more than the first threshold and less than the second threshold. The results
from three different cells (two in the case of telophase) were plotted in line plots and histograms.
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Fig. 9 (a) Trajectories of EB1-GFP comets grouped according to the position of the first track point are
displayed separately for each indicated spherical zone [see Fig. 8(a)]. Representative results for cells in
prometaphase, metaphase, and late anaphase are shown. Orange and cyan dots indicate start and end
positions, respectively. The color bar indicates the mean speed (μm∕s). The distribution of the start and
end point positions of trajectories in cells shown in (a) are plotted according to their start position in the
line graph in (b) and the histogram in (c). Each bin contains data equal to or more than the first threshold
and less than the second threshold.
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Fig. 10 (a) Illustration of the method used to analyze the distribution of EB1-GFP trajectories in 3-D
space. The 3-D space was divided vertically and cylindrically about the centrosomal axis into 70
bins. The vertical zones and the cylindrical divisions were numbered as shown in (b). (c) In the
green zone around the origin, trajectories initiated from the centrosome can take on any angle
(green arrows). However, if the trajectory angle between EB1-GFP movement and the centrosomal
axis is larger than 45 deg (red arrow) in the yellow-colored area, these microtubules are unlikely to
originate from the centrosomes based on an assumption that microtubules grow in a straight line.
(d) Representative results for cells in prometaphase, metaphase, anaphase, late anaphase, and telo-
phase are shown in line plots grouped by division. Each bin contains data equal to or more than the
first threshold and less than the second threshold.
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wide range of research areas that require precise 3-D informa-
tion to understand more comprehensively the processes driving
the actions of cellular machinery at the whole-cell level.

3 Summary and Outlook
After more than 20 years since the discovery and practical appli-
cation of GFP, the recent development of LLS microscopy now
enables live whole-cell imaging in 3-D with high-spatial reso-
lution and subsecond acquisition rates. On one hand, this tech-
nological advance greatly increases the potential of GFP as a
subcellular fluorescent reporter, because it enables the move-
ments of individual fluorescent proteins to be monitored
throughout an entire cell with high spatiotemporal resolution.
On the other hand, the enormous volume of multidimensional
data provided by LLS microscopy represents a significant chal-
lenge because it contains complex information that cannot be
analyzed using conventional methods that are mostly designed
for 2-D platforms and often require substantial user interaction.
Therefore, the introduction of computational techniques sup-
porting automatic detection and geometric modeling is essential
for interpreting these data.

In this study, we imaged the motion of EB1-GFP in live
mitotic HeLa cells to obtain 3-D trajectories of microtubule
growth within the spindle apparatus using an LLS microscope.
Image processing prior to automated tracking and mathematical
computing allowed us to identify microtubule growth trajecto-
ries with different dynamic properties and to map their coordi-
nates in 3-D space. As expected, the reconstructed 3-D displays
revealed many microtubules started growing from regions near
centrosomes and subsequently extended radially outward. These
microtubules are also observable with conventional microscopes
and are known as astral microtubules. However, an important
observation was the existence of another group of microtubules
that grew from a point distant from the centrosome.

It has long been considered that centrosomes are the main
microtubule nucleation sites. However, a pioneering in vitro
reconstitution study45 and recent studies44–47 revealed that the
centrosome itself is not critical for bipolar spindle formation
and spindle microtubules can also be generated by noncentro-
somal pathways; i.e., the chromatin-dependent pathway and the
spindle microtubule-based microtubule generation mediated by
augmin. These hypotheses were strongly supported by a later
report describing the continued development of early mouse
embryos in the absence of mature centrosomes until the 64-cell
stage (early blastocyst).48 Studies such as this demonstrate that
biological knowledge acquired through observations made with
conventional microscopy techniques may overlook an unknown
number of important phenomena. Therefore, as new technolo-
gies become available, we should extensively re-examine not
only mitosis, but a variety of other fundamental biological proc-
esses, including cellular morphogenesis and polarization, differ-
entiated/undifferentiated processes, and membrane/organelle
trafficking, at spatiotemporal resolutions that permit a more
detailed analysis of the molecular machinery of living cells.

Our methods described here combined LLS microscopy with
image processing and mathematical computing techniques, and
our results demonstrated the great potential of this approach.
However, before its application in the analysis of other novel
molecular mechanisms, we need to improve our automated
tracking and image processing techniques. Most importantly for
our purpose, improved accuracy of EB1-GFP comet detection is
critical. In the case of EB1-GFP detection, one effective way

would be the expansion of a 2-D template matching method
described by Matov et al.32 to 3-D space, using the average
EB1-comet shape. In addition, because the automatic detection
algorithm is sensitive to both specimen drift and variations in
image intensity, methods that enable highly precise drift correc-
tion and image intensity equalization over time and in 3-D space
are required for most applications. Changes in image intensity
can be caused both by fluctuations in the excitation light inten-
sity and by fluctuations in the distance of an object from the light
source (i.e., depth within the specimen). Simple intensity equali-
zation of a whole volume, such as that used in this study, is
not sufficient for accurate and complete automatic detection.
Indeed, some weak signals within the specimen that were fur-
thermost from the light source or were most aberrated by the cell
body were not detected by our analysis. We, therefore, need to
develop a technique that can compensate for a three-dimension-
ally distributed intensity gradient within a specimen and optical
heterogeneities within the specimen.

Another factor that requires improvement is microscopes.
Faster acquisition will improve the accuracy of object tracking.
Limiting the scanning area can speed up the frame rate by sev-
eral factors. This will also be highly beneficial for multicolor
imaging. To improve the detection of objects at deeper regions,
an adaptive optics system, which corrects for the blurring effects
of emitted light distorted in the specimen in real time, is
expected to bring an important improvement.

In summary, once we have improved the computational
analysis framework, its combined application with LLS micros-
copy will enable spatiotemporal information regarding the
movements of fluorescent proteins within living specimens to
be acquired with previously unobtainable precision. We, there-
fore, believe that this method of advanced imaging analysis will
prove to be an invaluable research tool for a wide range of
scientific fields in the future.

Appendix: Experimental Procedures

A1 HeLa Cell Culture and Conventional
Microscopy

HeLa cells (clone A1) stably expressing EB1-GFP and H2B-
TagRFP were previously described.28,33 For immunostaining
of microtubules, cells were fixed and labeled with an anti-
α-tubulin antibody (clone DM1A, Sigma) as previously
described.28 Images of fixed cells were collected with a
LSM780 laser scanning confocal microscope equipped with
a ×63, NA 1.40 oil immersion objective lens (Carl Zeiss).
For performance comparisons with the LLS microscope that
provides images with a voxel size of 0.100 × 0.100 ×
0.217 μm3, confocal images were collected with an xy pixel
pitch of 0.101 × 0.101 μm2 in Fig. 1(a).

A2 Image Processing
General image manipulation including stack image creation
[maximum intensity projection (MIP) and SSP images] and
movie editing was performed using ImageJ and QuickTime
pro software. Each timelapse frame image, including a tracking
result which is displayed in 3-D space on the Imaris window,
was exported in conventional TIFF format and used for
QuickTime movie creation. Cropping of 3-D regions of interest
was performed using Imaris software. Image preprocessing for
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the automated tracking of EB1-GFP comets was performed
using VCAT5 software,38 which was developed by the RIKEN
Image Processing Research Team and is available from Ref. 49.
The video captions are available from Ref. 50.

A3 Imaris Settings for Particle Tracking

A3.1 Spot detection

Centrosomes and EB1-GFP comet were detected by local con-
trast mode, one kind of watershed on the high-pass filtered
image. Local contrast applies a Gaussian filter to estimate the
intensity value of each voxel. Baseline subtraction is then per-
formed by subtracting the variable background from every voxel
in the image. A Gaussian kernel used in Imaris is a symmetric
bell-shaped curve (excerpts from Imaris reference manual, the
same hereinafter for the description of Imaris function).

A3.2 Tracking of centrosome position

To track centrosomes for the drift correction of the spindle
position, we used the manual edit option. Objects identified by
eye and selected manually were automatically tracked using
Autoregressive Motion algorithm, which models the motion
of each spot as an autoregressive AR1 process that looks back
to one timepoint and predicts that the spot will move again the
same distance and in the same direction, with the parameters
described below:

1. Estimated diameter is 0.7 to 1.0 μm (depends on
centrosome size).

2. Max distance is 0.5 to 1.0 (μm).

3. Max gap size is 0.

As EB1-GFP accumulation to the centrosomes becomes
weaker in the late mitotic phase, the estimated size needs to
be adjusted. In the late telophase cell, small centrosomal signals
were strongly affected by the appearance of new EB1-GFP com-
ets and automatic tracking did not work appropriately. Therefore,
the late telophase cell data was not subjected for drift correction,
but in the telophase, the spindle position is relatively stationary.

A3.3 Automated Tracking of EB1-GFP Comet

Automated tracking of the EB1-GFP comet was performed
using automatic creation mode. Automatically selected spots
were tracked using the Autoregressive Motion algorithm using
parameters below.

1. Quality (intensity at the center of the spot): depends on
data set.

2. Estimated diameter is 0.3 μm.

3. Max distance is 0.5 μm.

4. Max gap size is 0.

Imaris can automatically connect tracks with gaps. Although
repeated growth and shrinking is the nature of microtubules, we
did not use the gap filling option as there is no guarantee that
separate tracks are attributed to the same filament.

After automatic tracking, three types of filter were applied to
limit the selection to those objects that meet the criteria. The
descriptions of filters used are as follows:

1. Track speed max: the maximum value of the object’s
speed on the track;

2. Track duration: the duration between the first and last
time point within the track where

EQ-TARGET;temp:intralink-;secA3.3;326;700Duration ¼ TðtLÞ − TðtFÞ;

where duration is the track duration, TðtÞ is the time in
seconds at time point t, tL is the last time index of
track, tF is the first time index of track;

3. Track straightness

EQ-TARGET;temp:intralink-;secA3.3;326;617S ¼ D
L
;

where S is the track straightness, D is the track dis-
placement, and L is the track length.

The lower and upper threshold for each filter used in this
study is shown below:

1. Intensity max depends on the data set (see next
Sec. A.4).

2. Track speed max is 0.0 to 1.0 μm for prometaphase/
metaphase cells and 0.0 to 0.7 μm for anaphase/
telophase cells.

3. Track duration is ≥ 2.265 s (≥ 3 frames).

4. Track straightness is 0.7 to 1.0 for prometaphase/meta-
phase cells and 0.6 to 1.0 for anaphase/telophase cells.

Figures showing data distribution and the effect of each filter
under different parameter values are available at Ref. 50.

After automated tracking, if necessary, apparent tracking
errors were corrected using the manual edit option (deletion,
creation, connection, and disconnection). Finally, if tracks in
neighboring cells were mixed in the field of interest, these
were manually removed. Because short tracks lasting less than
three frames were removed during the filtering process, data
from the first and last three frames were excluded from further
statistical analysis.

A4 Detailed Conditions for EB1-GFP Comet
Tracking and Result Validation in Different
Mitotic Phases

We found that Imaris software detected EB1-GFP comets with a
high accuracy even on the inside of anaphase/telophase spindles
crowded with dense microtubules, but the accuracy of auto-
mated tracking varied according to mitotic phases; connection
of each spot was prone to errors in prometaphase/metaphase
cells compared with anaphase/telophase cells, probably because
of the faster microtubule growth rate. It is also possible that
lower background levels in anaphase/telophase cells, which
could be caused by efficient incorporation of EB1-GFP into
the thick microtubule filaments and consequent reduction of
diffuse cytoplasmic pool generating background signals, has
good effects on automated EB1-GFP comet detection. We
needed to adjust the parameters and procedures in different
mitotic phases.
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A4.1 Prometaphase and metaphase cells

After automatic detection and before applying filtering func-
tions, when focusing only on astral microtubules, the detection
of comets and tracking was almost perfect [Fig. 11(a), top;
Videos 13 and 14]. In contrast, the inside of the spindle body
spanning the intercentrosomal space appeared to contain a large
quantity of possible pseudo-positive tracks showing random
motion. To reduce the background and misconnection mainly
attributed to background noise, filtering by max intensity of
the spot was effective. However, the detection probability
of astral EB1-GFP comets was decreased as the threshold
value was elevated [Fig. 11(a), middle and bottom panels;
Videos 15–18]. This is thought to be due to differences of back-
ground levels outside and inside of the spindle. In this study we
used a higher intensity threshold to detect EB1-GFP comets in

the inside of spindles, at the cost of astral EB1-GFP detection
probability.

However, close inspection revealed that tracking errors still
occurred inside spindles after filtering processes under high
stringency conditions [Fig. 11(b)]. We could not further improve
the accuracy by using the filtering functions currently available;
therefore, apparent errors were edited manually. Because this
study focused on microtubules in the “inside of spindles” rather
than astral microtubules which can be observed with conven-
tional microscopes, the trajectories of astral microtubules were
not carefully edited.

A4.2 Anaphase and telophase cells

Because anaphase/telophase cells generate quite dense microtu-
bules, it was almost impossible to discriminate individual

Fig. 11 Automated tracking with different intensity threshold values. To examine experimental condi-
tions, a time-lapse LLS image containing 20 frames of a metaphase cell was used. (a) Comparison
of the original image and tracking results obtained with different filtering conditions. Detected spots
are indicated by magenta dots. The 1st frame and MIP image are shown for each condition. (b) The
resulting trajectories obtained with a high stringent threshold still contain mistracks (arrows). Apparent
mistracks identified by visual inspection were removed manually. (c) Summary of total number of
spots and tracks detected under different filtering conditions. See also Videos 13–18 [QuickTime,
3.7 MB (13), 3.9 MB (14), 3.5 MB (15), 3.7 MB (16), 3.5 MB (17), 3.7 MB (18)] [URL: http://dx
.doi.org/10.1117/1.JBO.20.10.101206.13]. [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.14].
[URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.15]. [URL: http://dx.doi.org/10.1117/1.JBO.20.10
.101206.16]. [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.17]. [URL: http://dx.doi.org/10.1117/1.
JBO.20.10.101206.18].
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trajectories by eye and to edit tracks manually on the inside of
spindles in whole cell images [Fig. 12(a)]. Therefore, in the case
of anaphase/telophase cells, fully automated tracking was per-
formed, and the tracking accuracy was validated. To investigate
the inside of the spindles, we computationally resliced an ana-
phase cell into an approximately 4-μm thick segment passing
through the centrosomes [Fig. 12(a), Videos 19 and 20].
Inside the spindles, each EB1-GFP comet was detected as a dis-
crete spot and MIP image visualized the trajectories of EB1-
GFP movement [Fig. 12(b)]. Projection images of spots detected
and generated trajectories showed a good correlation with the
MIP of the original image.

Next, false-positive detection was counted by comparing the
original image with the tracking result. Trajectories were clas-
sified into seven categories as shown in Fig. 12(c). Visual
inspection often identified tracks that jumped to a different tra-
jectory. These errors contained switching both to a similar direc-
tion (≤ 90 deg) and to the opposite direction. Direction change
might affect analyses using information of the entire track
length, such as the final reach distance and movement direction
of the entire track. However, when only values of instantaneous
EB1-GFP speed/movement were used for quantitative analysis
of EB1-GFP behavior, track switching is not detrimental even if
it turns to the opposite direction. We estimated the overall uncer-
tainty of the tracking result was less than 10%, but when instan-
taneous values were used, the data retained a higher accuracy.

In contrast, it was difficult to evaluate the exact frequency of
false-negative detection. One reason for this was that we could
not precisely distinguish true EB1-GFP comets from the granu-
lated background pattern. In addition, because filtering proc-
esses remove a certain amount of true tracks, e.g., short-lived
EB1-GFP tracks (≤ 2.265 s) and largely curved filaments
(straightness ≤ 0.6), which are indispensable for reducing pos-
sible misconnection, the false-negative analysis may not provide
a direct indication of the quality of the automatic tracking func-
tion. To obtain information about the detection probability, we
compared the MIP image of original picture with tracking pat-
terns [Fig. 12(d)]. The MIP image allows us to find linearly
processive spots that are estimated to be true EB1-GFP
comet signals (arrows in the middle panel). As a result, in the
aster and in the spindle, approximately 23% and 12% true sig-
nals, respectively, failed to be detected under the conditions
used.

A5 Mathematical Computing and Geometric
Representations

Mathematical computing and 3-D geometrical representation of
the calculated results were performed by developing a pipeline
implemented in MATLAB® R2012a software.

A5.1 Notation

N is the number of EB1-GFP comets.
t is the time index (frame number).
ΔT is the time intervals.
Pi is the EB1-GFP comet (i ¼ 1; 2; 3; : : : ; N).
Qj is the centrosome (j ¼ 0;1).
piðtÞ is the position of EB1-GFP comet Pi at time

t (i ¼ 1; 2; 3; : : : ; N).
qjðtÞ is the position of centrosome Qj at time t (j ¼ 0; 1).

viðtÞ is the velocity of EB1-GFP comet Pi at time
t (i ¼ 1; 2; 3; : : : ; N).

Pi is the trajectory of EB1-GFP comet Pi.
tstarti is the start time index of trajectory Pi.
tendi is the end time index of trajectory Pi.
tfari is the time index at which trajectory Pi displacement

from the centrosome is at its maximum.

A5.2 Classification of trajectories by mean speed
(Fig. 7)

Each trajectory Pi was classified according to its mean speed,
vi mean. Mean speed, vi mean, was obtained as described below.
Velocity viðtÞ of the EB1-GFP comet Pi was calculated as:
EQ-TARGET;temp:intralink-;secA5.2;326;583

viðtÞ ¼ ½piðtþ 1Þ − piðtÞ�∕ΔT ði ¼ 1; 2; 3; : : : ; NÞ
ðt ¼ tstarti ; tstarti þ 1; : : : ; tendt − 1Þ:

Mean speed, vi mean, of the EB1-GFP comet Pi was defined
as

EQ-TARGET;temp:intralink-;e001;326;511vi mean ¼
Xtendi −1

t¼tstarti

jviðtÞj
tendi − tstarti

: (1)

Each trajectory Pi was divided into 0.1-μm∕s bins and tra-
jectories with a mean speed within the 0.2 to 0.7-μm∕s (exclu-
sive of 0.7 μm∕s) range were plotted in Fig. 7. In this figure,
only trajectories initiated in the 1st to 30th frames were shown.

A5.3 Traveling direction of instantaneous
EB1-GFP trajectory

Definition of the centrosomal axis

We defined the straight line between the two centrosomes as
the centrosomal axis [Fig. 8(a)], and derived the centrosomal
axis vector as follows:

EQ-TARGET;temp:intralink-;e002;326;319vcentðtÞ ¼ q1ðtÞ − q0ðtÞ. (2)

Definition of the direction of travel

The angle between the direction of instantaneous EB1-GFP
movement and the centrosomal axis θiðtÞ (0 deg ≤ θiðtÞ ≤
180 deg) was obtained using the centrosomal axis vcentðtÞ
and the velocity of the EB1-GFP comet viðtÞ while taking into
consideration the symmetry of the centrosome position

EQ-TARGET;temp:intralink-;e003;326;203θiðtÞ ¼ arccos

�
αvcentðtÞ · viðtÞ
jvcentðtÞjjviðtÞj

�

α¼ 1; ifjpiðtstarti Þ−q0ðtstarti Þj≤ jpiðtstarti Þ−q1ðtstarti Þj
α¼−1; if jpiðtstarti Þ−q0ðtstarti Þj> jpiðtstarti Þ−q1ðtstarti Þj :

(3)

A5.4 Traveling direction of all instantaneous
EB1-GFP trajectories (Fig. 8)

The angle between the direction of instantaneous EB1-GFP
movement and the centrosomal axis θiðtÞ (i ¼ 1; 2; 3; : : : ; N)
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Fig. 12 Validation of the accuracy of automated EB1-GFP comet tracking in an anaphase cell.
(a) Computational reslicing of whole cell volume. Using a plane clipping function of Imaris, areas to
be shown were limited to an approximately 4-μm width segment containing two centrosomes (yellow
lines). Centrosomes are indicated with yellow triangles. The resliced image was then rotated 90 deg
to be viewed from above. See also Video 19 (QuickTime, 8.6 MB). (b) Movement of EB1-GFP comets
in the segment were visualized in a MIP image (left). Automatically detected spots (middle)
and generated trajectories (right) are shown. Scale bars: 5 μm. See also Video 20 (QuickTime,
8.4 MB). [URL: http://dx.doi.org/10.1117/1.JBO.20.10.101206.19]. [URL: http://dx.doi.org/10.1117/1.
JBO.20.10.101206.20]. (c) All trajectories initiated in the 1st to 8th frame and passing through the
slice (n ¼ 653) were classified into seven categories shown in terms of validation of the tracking accuracy
by visually comparing the original image and tracking result in 3-D presentation. “Correct” category con-
tains trajectories that match with actual EB1-GFP movement. If the trajectory failed to connect more than
three spots at the start or the end of detectable EB1-GFP track, it falls into the “start/disrupted in the
middle” category, respectively (low intensity comets at the start/end are sometimes eliminated due to
thresholding limit, not due to tracking failure). Jumping of a trajectory to a different EB1-GFP comet
is often observed. If the orientation angle of trajectories before and after jumping is smaller than
90 deg, it falls into the “jump to different track in same direction” category, while others turning in the
opposite direction fall into the “jump to different track in different direction” category. The “improper detec-
tion/connection” category contains apparently misdetected/misconnected trajectories. (d) Detection
probability of EB1-GFP comet in the segment. An MIP image of the original image and detected
spots in the 1st to 8th frame was generated to find spots moving processively (left). The boxed area
in the left was enlarged in the middle. Tracks showing liner processive movement more than 3 frames
were judged to be true signal (arrows). The detected and undetected trajectories were counted by visual
inspection and the statistics result was shown in the right (n ¼ 379; n ¼ 112 for aster, n ¼ 267 for spin-
dle). Scale bars: 5 μm (left), 2 μm (middle).
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(3.2) was obtained for all trajectories and these angles were then
grouped into 10 spherical zones of equal radial length that
collectively spanned the intercentrosomal space [Fig. 8(a)].
The results were plotted in a line plot and histogram form
that was normalized to the total number of EB1-GFP comet
positions piðtÞ. The coordinate of one of sphere (centrosomes)
was inverted horizontally and two data sets were drawn from
the same origin.

A5.5 Start and reach positions of EB1-GFP
trajectories (Fig. 9)

The start position piðtstarti Þ and the reach position of each EB1-
GFP trajectory Pi was analyzed. The reach position was defined
as the farthest point of a trajectory from the centrosome closest
to that point. The results were grouped into spherical zones
[Fig. 8(a)] on the basis of the start position piðtstarti Þ or the
reach position piðtfari Þ and were plotted as a line plot and histo-
gram form that was normalized to the total trajectory number.

A5.6 Traveling direction of instantaneous EB1-GFP
movement in the specialized area (Fig. 10)

The angle between the direction of EB1-GFP movement and the
centrosomal axis θiðtÞ was obtained for all positions of EB1-
GFP comets piðtÞ in 70 spatial bins. First, the intercentrosomal
was divided vertically into 10 equal zones, and an additional two
zones were set at the outside of centrosomes [Fig. 10(a)]. Each
zone was numbered symmetrically from the middle point (zone
5, 4, 3, 2, 1, −1, −2) [Fig. 10(b)]. Next, the space was divided
into five cylindrical zones around the centrosomal axis with the
same intervals as the vertical zones [Fig. 10(a)]. Each division
was numbered from the axis (div 1, 2, 3, 4, 5) [Fig. 10(b)]. Data
were grouped into each bin with their start point and separately
plotted by division in line plot form that was normalized to the
total trajectory number. Only data from div. 1 to 3 of prometa-
phase, metaphase, anaphase, late anaphase, and telophase cells
are shown in (d).
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