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ARTICLE INFO ABSTRACT

Keywords: Cell division, in which duplicated chromosomes are separated into two daughter cells, is the most dynamic event
Anaphase during cell proliferation. Chromosome movement is powered mainly by microtubules, which vary in morphology
Immunofluorescence staining and are organized into characteristic structures according to mitotic progression. During the later stages of
Microtubule mitosis, antiparallel microtubules form the spindle midzone, and the irregular formation of the midzone often
x;if:i:e leads to failure of cytokinesis, giving rise to the unequal segregation of chromosomes. However, it is difficult to
Telophase analyze the morphology of these microtubules because microtubules in the antiparallel overlaps of microtubule-

plus ends in the midzone are embedded in highly electron-dense matrices, impeding the access of anti-tubulin
antibodies to their epitopes during immunofluorescence staining. Here, we developed a novel method to vi-
sualize selectively antiparallel microtubule overlaps in the midzone. When cells are air-dried before fixation,
aligned o-tubulin staining is observed and colocalized with PRC1 in the center of the midzone of anaphase and
telophase cells, suggesting that antiparallel microtubule overlaps can be visualized by this method. In air-dried
cells, mCherry-a-tubulin fluorescence and p-tubulin staining show almost the same pattern as a-tubulin staining
in the midzone, suggesting that the selective visualization of antiparallel microtubule overlaps in air-dried cells
is not attributed to an alteration of the antigenicity of a-tubulin. Taxol treatment extends the microtubule
filaments of the midzone in air-dried cells, and nocodazole treatment conversely decreases the number of mi-
crotubules, suggesting that unstable microtubules are depolymerized during the air-drying method. It is of note
that the air-drying method enables the detection of the disruption of the midzone and premature midzone
formation upon Aurora B and PIk1 inhibition, respectively. These results suggest that the air-drying method is
suitable for visualizing microtubules in the antiparallel overlaps of microtubule-plus ends of the midzone and for
detecting their effects on midzone formation.

1. Introduction

Microtubules are a major cytoskeleton filament in the cell and play
essential roles in various intracellular processes, including the transport
of membrane vesicles in the cytoplasm, cell motility, and chromosome
movement during cell division [1-3]. Microtubules are polymers of a
heterodimer of a- and B-tubulin, and have polarity; the end where -
tubulin is exposed is referred to as the plus end, and the opposite end,
where a-tubulin is exposed, is referred to as the minus end [4]. The
polymerization rate is higher at the plus end than at the minus end [5].
However, polymerization and depolymerization dynamics can be
modified by microtubule-associated proteins to accomplish the biolo-
gical functions of microtubules, and the regulation of these dynamics is
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pivotal to microtubule function [6-10].

Cell division, in which duplicated DNA is separated into two
daughter cells, is the most dynamic event during cell proliferation. The
mitotic spindle is the apparatus by which chromosomes are segregated
and is composed of chromosomes and microtubules, by which chro-
mosome movement is mainly powered. Microtubules vary in their
morphology and are organized into characteristic structures according
to mitotic progression. From the entry into mitosis to just before the
onset of anaphase, microtubules are organized into three different
types: kinetochore, astral, and interpolar microtubules. During ana-
phase and telophase, the spindle midzone, which consists of antiparallel
microtubule bundles, forms and plays crucial roles in positioning and
signaling for the assembly of the contractile ring. At the last step of cell
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division, cytokinesis, the midbody forms and regulates the timing of
abscission. A variety of microtubule-bound proteins organize micro-
tubule structures by regulating the polymerization, depolymerization,
and bundling of microtubules [11]. PRC1 [12], centralspindlin
[13-15], CLASP [16-18], MKLP2 [19,20], and KIF4 [21-24] are core
organizers of the spindle midzone and midbody, and are regulated by
upstream kinases [25,26].

During mitosis, different populations of microtubules have distinct
polymerization and depolymerization dynamics and stabilities. When
centrosomes are positioned closely at the beginning of cell division, the
kinesin Eg5 tethers the antiparallel microtubules and a pushing force
generated by the slide of polymerizing antiparallel microtubules separates
centrosomes [27-29]. Together with chromosome condensation and
breakdown of the nuclear envelope, microtubules nucleated from centro-
somes radiate microtubule-plus ends to capture chromosomes. By re-
peatedly extending and shrinking, namely, switching between poly-
merization and depolymerization, respectively, microtubules search for
chromosomes. Once microtubules capture chromosomes, microtubules are
stabilized [30]. Compared to astral microtubules, kinetochore micro-
tubules are relatively stable against stimuli promoting depolymerization,
such as low concentrations of nocodazole, a microtubule-depolymerizing
agent [31], and low temperatures [32-34]. In anaphase B, the slide of
elongating antiparallel microtubules of the midzone in opposite directions
makes centrosomes move apart, resulting in spindle elongation [35-37].
At the final phase of cell division, microtubules of the central spindle and
midbody are stabilized by their rigid bundling [12].

The microtubules in the spindle midzone play prerequisite roles in
cytokinesis, and the midbody regulates abscission timing. Irregular
formation of the spindle midzone and midbody during late mitosis often
leads to a failure in cytokinesis, giving rise to the unequal segregation of
chromosomes through the following cell cycle [38-42]. Thus, close
analysis of these characteristic structures will give important insights
into the regulation of cell division, especially cytokinesis and abscis-
sion. However, the microtubules in the antiparallel overlaps of micro-
tubule-plus ends (sometimes referred to as “stem bodies”) and Flem-
ming body in the midbody are embedded in highly electron-dense
matrices [43,44], impeding anti-tubulin antibodies from accessing their
epitopes on microtubules during immunofluorescence staining and
making it difficult to analyze the morphology of the overlapping anti-
parallel microtubules [44]. In the present study, we developed a novel
immunofluorescence method to visualize selectively microtubules in
the antiparallel overlaps of microtubule-plus ends in order to analyze
the regulation of the spindle midzone.

2. Materials and methods
2.1. Cells

Human cervix adenocarcinoma HeLa S3 cells (Japanese Collection
of Research Bioresources, Osaka, Japan) and pig kidney epithelial LLC-
PK1 cells expressing both mCherry-tubulin and GFP-MKLP1 (provided
by K. Kamijo) [45,46] were cultured in Dulbecco's modified Eagle's
medium containing 5% fetal bovine serum with 20 mM HEPES-NaOH
(pH 7.4) under an atmosphere of 5% CO, at 37 °C.

2.2. Chemicals

To modulate microtubule dynamics, Taxol (Wako, Kyoto, Japan), a
microtubule-stabilizing agent, and nocodazole (Wako, Osaka, Japan), a
microtubule depolymerizing agent, were used at 30 ng/mL for 10 min
and 0.1 pg/mL for 10 min, respectively. To inhibit mitotic kinases, the
Aurora B inhibitor ZM447439 (JS Research Chemical Trading, Wedel,
Germany), the Plk1 inhibitor BI2536 (AdooQ BioScience, Irvine, CA,
USA), and the Cdkl inhibitor RO-3306 (Calbiochem, San Diego, CA,
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USA) were used at 10 pM for 10 min, 0.1 uM for 10 min, and 8 pM for
20 h, respectively.

2.3. Antibodies

The following antibodies were used for immunofluorescence ana-
lysis: rat monoclonal anti-a-tubulin (1:1000-1:2000; MCA78G, Bio-Rad
Laboratories, Hercules, CA, USA), rabbit monoclonal anti-p-tubulin
(1:200; 9F3, Cell Signaling Technology, Danvers, MA, USA), rabbit
polyclonal anti-PRC1 (1:300-1:500; H-70, Santa Cruz Biotechnology,
Dallas, TX, USA), anti-y-tubulin (1:200; Poly6209, BioLegend, San
Diego, CA, USA), CREST, a human anti-centromere (1:400; HCT-0100,
Immunovision, Springdale, AR, USA), and mouse monoclonal anti-AIM-
1 (Aurora B) (1:300; 6/AIM-1, BD Biosciences, San Jose, CA, USA)
antibodies. Alexa Fluor 488-, Alexa Fluor 555-, or Alexa Fluor 647-la-
beled donkey anti-mouse IgG, donkey anti-rabbit IgG, donkey anti-rat
IgG, and FITC-anti-human secondary antibodies were used.

2.4. Immunofluorescence microscopy

The cells were fixed in phosphate-buffered saline (PBS) containing
4% formaldehyde for 20 min at room temperature, as described pre-
viously [47-49]. Alternatively, the culture medium was completely
removed from the culture dish, and the cells were air-dried for 5 min,
followed by fixation with PTEMF buffer (2 mM PIPES [pH 6.8], 0.2%
Triton X-100, 10 mM EGTA, 1 mM MgCl,, 4% formaldehyde) for
20 min at 30 °C. After fixation, the cells were permeabilized and
blocked with PBS containing 0.1% saponin and 3% bovine serum al-
bumin, and then incubated with primary and secondary antibodies.
DNA was stained with 1 uM Hoechst 33342 for 1h together with a
secondary antibody. Fluorescence images were observed under an IX-83
fluorescence microscope (Olympus, Tokyo, Japan) equipped with a 60
X 1.42 NA oil-immersion objective (Olympus). The optical system for
fluorescence observations included a U-FUNA cube (360-370 nm ex-
citation, 420-460 nm emission) for observing Hoechst 33342 fluores-
cence, U-FBNA cube (470-495 nm excitation, 510-550 nm emission)
for Alexa Fluor 488 fluorescence, U-FRFP cube (535-555 nm excitation,
570-625 nm emission) for Alexa Fluor 555 and mCherry fluorescence,
and U-DM3-CY5 cube (600-650 nm excitation, 670-740 nm emission)
for Alexa Fluor 647 fluorescence.

Confocal images were obtained using an LSM800 laser scanning
microscope equipped with a 63 x 1.40 NA oil-immersion objective
(Carl Zeiss, Jena, Germany). Hoechst 33342, Alexa Fluor 488, and
Alexa Fluor 555 were excited with the 405-, 488-, and 561-nm line, and
detected with 400-465 nm, 510-550 nm, and 570-620 nm emission
filters, respectively.

Signal intensities of microtubule staining vary significantly ac-
cording to mitotic sub-phase; therefore, imaging conditions were kept
constant in each mitotic sub-phase but set independently of other sub-
phases to avoid fluorescence overexposure. In addition, images in air-
dried cells were contrast-enhanced (CE) to allow comparison of mi-
crotubles’ morphology. Composite microscopic images were edited
using ImageJ software (National Institutes of Health, Bethesda, MD,
USA), GIMP software (https://www.gimp.org), and Illustrator CC soft-
ware (Adobe, San Jose, CA, USA).

2.5. Cell synchronization

To synchronize the cells at the M phase, they were pre-arrested at
the G2/M border by treatment with 8 uM RO-3306 for 20 h, washed
with pre-warmed PBS (37 °C) supplemented with Ca?* and Mg®* (PBS
[+1), and incubated in pre-warmed medium for 60 min, as described
previously [49-51].
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3. Results

3.1. Antiparallel microtubule overlaps in the spindle midzone are difficult to
detect using a conventional immunostaining method

To investigate regulation of the spindle midzone, we thought that a
method that could selectively visualize antiparallel microtubule over-
laps in the spindle midzone would be advantageous. The spindle mid-
zone is stabilized by the rigid bundling of antiparallel microtubules by
the antiparallel microtubule-bundling protein PRC1 [12]. We first ex-
amined whether antiparallel microtubule overlaps could be visualized
selectively by a conventional immunostaining method using anti-a-tu-
bulin and anti-PRC1 antibodies. HeLa S3 cells were fixed with 4%
formaldehyde (PTEMF buffer) and stained for a-tubulin and PRCI.
PRC1 staining showed the highly ordered localization of PRCL to a tight
midline in the center of the midzone, indicating that antiparallel mi-
crotubule overlaps could be visualized by PRC1 staining (Fig. 1A). Yet,
upon treatment with the Aurora B inhibitor ZM447439, PRC1 was lo-
calized diffusely along microtubules between the separating chromo-
somes. This is in agreement with a previous report that Aurora B pro-
motes the interaction of PRC1 with KIF4A [52], and upon Aurora B
inhibition, KIF4A fails to target to the midzone [52]. In the absence of
KIF4, PRC1 is broadly diffused on the midzone [22]. Furthermore,
during cytokinesis of cells with a monopolar spindle caused by the se-
quential addition of the Eg5 inhibitor STLC and then the Cdk1 inhibitor
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RO-3306, PRC1 is localized at the monopolar midzone plus end; how-
ever, PRC1 is broadly diffused in the absence of KIF4 [22]. These results
suggest that PRC1 is not restricted to the antiparallel microtubule
overlaps in the spindle midzone in Aurora B-inhibited cells, and that
PRC1 staining is not suitable for visualizing these microtubules when
midzone-regulating proteins, including Aurora B and KIF4, are in-
hibited or malfunctioning.

While cold temperature has been shown to disrupt the mitotic
spindle, certain microtubules of the mitotic apparatus are more re-
sistant to cold treatment [32,53,54]: interpolar microtubules are dis-
rupted by cold temperature; however, kinetochore microtubules and
the midbody are more resistant [32]. In order to visualize antiparallel
microtubule overlaps in the midzone, we examined whether midzone
microtubules were resistant to cold treatment and could be detected by
a conventional immunostaining method. Upon incubation of the cells
on ice for 10 min, the interphase microtubule network almost com-
pletely disappeared (Fig. 1B). Metaphase kinetochore microtubules and
anaphase half-spindles were observed, in agreement with a previous
report [32], suggesting resistance to cold treatment. In sharp contrast,
no microtubules were observed in the center of the midzone of ana-
phase and telophase cells. Although PRC1 staining was observed clearly
in the absence of cold treatment, it was abolished by cold treatment.
These results suggest that cold treatment is not suitable for visualization
of the spindle midzone during anaphase and telophase.

Another way to depolymerize microtubules is by treating of cells

Fig. 1. Detection of microtubules after treatment
with low temperature or low-concentration no-
codazole. (A) HeLa S3 cells were treated with 8 uM
RO-3306 for 20 h, washed free of RO-3306, and
cultured in drug-free medium for 45 min.
Subsequently, the cells were treated with DMSO
(control) or 10 uM ZM447439 for 15 min. After
fixation with PTEMF, the cells were stained for a-
tubulin (red), PRC1 (green), and DNA (cyan).
Confocal images show representative cells at ana-
phase. DIC, differential interference contrast. (B, C)
HeLa S3 cells were incubated on ice or at 37 °C
(control) for 10 min (B), or treated with 30 ng/mL
nocodazole or DMSO (control) at 37 °C for 10 min
(C). After fixation with PBS(-), they were stained for

o .
B 37°C Onice a-tubulin (red), PRC1 (green), and DNA (cyan).
a-tubulin o~tubulin Images show representative cells at interphase (Int),
a~tubulin DNA a-~tubulin DNA metaphase (Meta), anaphase (Ana), telophase (Telo),
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and cytokinesis. Anaphase and telophase were dis-
tinguished according to the absence (anaphase) or
presence (telophase) of ingression of the cleavage
furrow (arrowheads). Cells with a midbody (arrows)
were classified into the cytokinesis phase. Scale bars,
10 pm. (D) HeLa S3 cells were treated with 8 uM RO-
3306 for 20 h, washed free of RO-3306, and cultured
in drug-free medium for 50 min. Subsequently, the
cells were treated with 30 ng/mL nocodazole or
DMSO (control) at 37 °C for 10 min and fixed with
PBS(-), followed by staining for a-tubulin (red) and
DNA (cyan). The mitotic cells were classified into
three groups: before anaphase onset (Pro/Prometa/
Meta), in both anaphase and telophase (Ana/Telo),
or in cytokinesis. The percentages within mitotic
cells are plotted as mean * S.D. from more than four
independent experiments. In each experiment, at
least 128 cells were examined. P-values were calcu-
lated by Student's t-test. N.S., not significant.
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C Fig. 1. (continued)
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with the microtubule-depolymerizing agent nocodazole. The sensitiv-
ities to nocodazole are different in subpopulations of microtubules [31].
We, thus, treated the cells with a low concentration of nocodazole
(30 ng/mL) for 10 min and stained for a-tubulin in mitotic cells. The
nocodazole concentration used here is lower than that generally used
for cell cycle arrest. Even when the cells were treated with nocodazole,
no noticeable changes were observed in a-tubulin staining of interphase
cells (Fig. 1C). In nocodazole-treated mitotic cells, the bipolar spindle
during metaphase, microtubules of the midzone during anaphase and
telophase, and midbody microtubules, but not astral microtubules,
were observed. PRC1 staining was also observed in cells after the onset
of anaphase; however, PRC1 was diffusely localized along microtubules
between the separating chromosomes, as observed in cells treated with
ZM447439, an Aurora B inhibitor. To examine the effect of a low
concentration of nocodazole on mitotic progression, the cells were ar-
rested at the G2/M border with the Cdk1 inhibitor RO-3306 and mitotic
progression was estimated after washing the cells free of RO-3306 and a
following 60-min incubation in medium in the presence or absence of
nocodazole. Microscopic analysis of cells stained for a-tubulin and DNA
showed that the number of anaphase and telophase cells was sig-
nificantly decreased (Fig. 1D). These results suggest that nocodazole

treatment, in addition to cold treatment, is not suitable for the visua-
lization of antiparallel microtubule overlaps, prompting us to develop a
new method to visualize them selectively without affecting mitotic
progression.

3.2. Air-drying before fixation enables the visualization of antiparallel
microtubule overlaps

In order to visualize antiparallel microtubule overlaps, we fixed the
cells using three different methods: 4% formaldehyde, 100% methanol,
and 10% trichloroacetic acid (TCA). However, a-tubulin staining
showed that these methods were not suitable for staining antiparallel
microtubule overlaps. Intriguingly, when the cells were air-dried for
5 min before fixation, aligned a-tubulin staining was observed in the
center of the anaphase and telophase midzone (Fig. 2A, air-dried,
Supplemental Fig. S1), suggesting that antiparallel microtubule over-
laps can be visualized in air-dried cells in spite of the lower fluorescence
intensities. Additionally, kinetochore microtubules and the Flemming
body in the midbody were also observed in the air-dried cells. It is
noteworthy that longer exposure of the cells to air, such as for 20 min,
weakened the fluorescence intensity of antiparallel microtubule
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Fig. 2. Detection of midzone microtubules in air-
dried cells without affecting mitotic progression.
(A) HeLa S3 cells were air-dried for 5 min or undried,
fixed with PTEMF, and stained for a-tubulin (red)
and DNA (cyan). Confocal images show re-
presentative cells at interphase or the indicated sub-
phases of mitosis. While the images were obtained
under a constant setting for the same mitotic sub-
phase, the microtubule fluorescence of air-dried cells
was contrast-enhanced (CE) to allow comparison of
the intensity and morphology of a-tubulin staining
between air-dried and undried cells. Magnified
images at the center of mitotic cells are shown. The
cells were classified into mitotic sub-phases as de-
scribed in Fig. 1. DIC, differential interference con-
trast. Scale bars, 10 um. (B) HeLa S3 cells were
treated with 8 uM RO-3306 for 20 h, washed free of
RO-3306, and cultured in drug-free medium for
60 min. The cells were air-dried or undried, fixed,
and stained for a-tubulin (red) and DNA (cyan). The
mitotic cells were classified into three groups: before
anaphase onset (Pro/Prometa/Meta), in both ana-
phase and telophase (Ana/Telo), or in cytokinesis.
The percentages within mitotic cells are plotted as
mean * S.D. from more than four independent ex-
periments. In each experiment, at least 179 cells
were examined. P-values were calculated by Stu-
dent's t-test. N.S., not significant.

Fig. 3. Air-drying before fixation enables the de-
tection of antiparallel microtubule overlaps. (A)
HelLa S3 cells were air-dried for 5 min or undried and
fixed with PTEMF. Metaphase cells stained for a-tu-
bulin (red), kinetochore (CREST, green), y-tubulin
(cyan), and DNA (blue) are shown. Anaphase and
telophase cells stained for a-tubulin (red), PRC1
(green), and DNA (cyan) are shown. Cytokinesis cells
stained for a-tubulin (red), Aurora B (green), and
DNA (cyan) are shown. The microtubule fluores-
cence of air-dried cells was contrast-enhanced (CE).
Magnified images of the dotted area are shown. In
anaphase, telophase, and cytokinesis, phase-contrast
images of cells are shown (right). The cells were
classified into mitotic sub-phases as described in
Fig. 1. Scale bars, 10 um. (B) HeLa S3 cells were air-
dried for 5min or undried and fixed with PTEMF.
Anaphase, telophase, and cytokinesis cells stained
for a-tubulin (red), PRC1 (green), and DNA (cyan)
were analyzed by confocal microscopy. z-stack
images were acquired at 0.3-um intervals, and
images of the middle focal planes (x-y) and lateral
cross-sectional views (y-z) constructed from the z-
stack images of 25-54 focal planes are shown. The
positions of the x-y images are indicated in the y-z
images with yellow arrowheads, and those of the y-z
images are indicated in the x-y images with magenta
arrowheads. Scale bars, 10 um.
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Fig. 3. (continued)

kinetochores were detected in metaphase cells (Fig. 3). PRC1 stained at
a tight midline in the center of the midzone and completely colocalized
with a-tubulin in anaphase and telophase cells. In cells undergoing
cytokinesis, a-tubulin staining was observed on the midbody and
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Fig. 4. Air-drying before fixation removes some populations of microtubules. (A) HeLa S3 cells were air-dried or undried, fixed with PTEMF, and stained for a-tubulin (red), B-
tubulin (green), and DNA (cyan). Images show representative cells at the mitotic sub-phases. Phase-contrast images of cells are shown (right). (B) LLC-PK1 cells stably expressing
mCherry-a-tubulin and EGFP-MKLP1 were air-dried or undried, fixed with PTEMF, and stained for a-tubulin (green) and DNA (cyan). An Alexa Fluor 647-conjugated secondary antibody
was used to visualize a-tubulin. The microtubule fluorescence and mCherry in air-dried cells was contrast-enhanced (CE). The cells were classified into mitotic sub-phases as described in

Fig. 1. Meta, metaphase; Ana, anaphase; Telo, telophase. Scale bars, 10 pm.

colocalized with Aurora B staining. These results suggest that air-drying
the cells before fixation enables the visualization of antiparallel mi-
crotubule overlaps in the midzone and Flemming body.

Antiparallel microtubule overlaps were analyzed by confocal micro-
scopy (Fig. 3B). The y-z views of the focal plane of undried cells showed
different staining patterns for a-tubulin and PRC1, indicating that PRC1-
positive antiparallel microtubule overlaps were not stained with the anti-
a-tubulin antibody. In sharp contrast, PRC1 was almost completely colo-
calized with a-tubulin in the air-dried cells, confirming that air-drying
before fixation enables visualization of antiparallel microtubule overlaps.

3.3. Microtubules, except antiparallel microtubule overlaps, are
depolymerized by the air-drying method

Antiparallel microtubule overlaps in the spindle midzone and
Flemming body, which are embedded in highly electron-dense ma-
trices, were detected by the air-dry method, raising the possibility that
the selective visualization of antiparallel microtubule overlaps is at-
tributed to the enhancement of the antigenicity of a-tubulin in this
region against the anti-a-tubulin antibody. Thus, we next stained air-
dried cells with an anti-B-tubulin antibody. In the air-dried cells, B-
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Fig. 5. Stable microtubules remain in the spindle midzone by air-drying of cells. HeLa S3 cells were treated with 8 uM RO-3306 for 20 h, washed free of RO-3306, and cultured in
drug-free medium for 60 min. At the end of this incubation period, the cells were treated with DMSO (control) or 0.1 pg/mL Taxol for 5 min in (A), or DMSO (control) or 0.1 ug/mL
nocodazole for 10 min in (B). Taxol-, nocodazole-, or solvent (DMSO)-treated cells were air-dried for 5 min or undried before fixation with PTEMF. The fixed cells were stained for a-
tubulin (red), PRC1 (green), and DNA (cyan). The cells were classified into mitotic sub-phases as described in Fig. 1. Confocal images show representative cells at anaphase and telophase.
The fluorescence of a-tubulin in air-dried cells was contrast-enhanced (CE). Magnified images are shown (right). DIC, differential interference contrast. Scale bars, 10 pm.

tubulin staining showed almost the same pattern as a-tubulin staining
(Fig. 4A), suggesting that the alteration of the antigenicity of a-tubulin
may not to be responsible for the characteristic staining of antiparallel
microtubule overlaps.

We next used LLC-PK1 cells that stably express mCherry-a-tubulin
at a lower level than endogenous a-tubulin (data not shown) and
compared the fluorescence of mCherry-a-tubulin with the fluorescence
of endogenous a-tubulin stained with the anti-a-tubulin antibody in air-
dried cells. In undried cells, which were fixed with 4% formaldehyde,
mCherry fluorescence, which was fused with a-tubulin, was almost the
same as the fluorescence of the anti-a-tubulin antibody, except for the
region of antiparallel microtubule overlaps and the Flemming body.
mCherry-a-tubulin fluorescence, but not staining with the anti-a-tu-
bulin antibody, was observed at the center of the midzone and
Flemming body (Fig. 4B), supporting the view that the reactivity of the
anti-tubulin antibody is blocked in the antiparallel microtubule over-
laps in these regions by their being embedded in highly electron-dense
matrices. In air-dried cells, mCherry-a-tubulin fluorescence was ob-
served more clearly at the center of the anaphase and telophase mid-
zone (Fig. 4B, right), suggesting that the selective visualization of an-
tiparallel microtubule overlaps in the air-dried cells was not attributed

to the alteration of antigenicity, and raising the possibility that air-
drying before fixation disrupts certain populations of microtubules,
and, as a result, the antiparallel microtubule overlaps in the midzone
and Flemming body are visualized as the remnant of microtubules. In
metaphase LLC-PK1/mCherry-a-tubulin cells, almost all of the kine-
tochore microtubule lattice was detected in the air-dried cells (Fig. 4B,
right), in contrast to HeLa S3 cells, in which only a portion of kine-
tochore microtubules were detected (Fig. 4A, right, see also Figs. 2A
and 3). These results suggest that the effect of air-drying on mCherry-
fused o-tubulin may differ somewhat from its effect on unfused a-tu-
bulin.

To investigate the possibility that air-drying before fixation disrupts
certain microtubule populations, excluding the antiparallel microtubule
overlaps in the midzone and Flemming body, the cells were treated
with the microtubule-stabilizing agent Taxol and then subjected to the
air-drying method. As expected, Taxol treatment increased the fluor-
escence of a-tubulin staining in undried cells (Fig. 5A, Supplemental
Fig. S2A). PRC1 staining was weakened, suggesting malfunctioning of
the upstream regulators of PRC1. In the air-dried cells, longer micro-
tubules were observed in the anaphase and telophase midzone, sug-
gesting an increase in the resistance of microtubules to
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Fig. 6. Aurora B and PIk1 play roles in the regulation of the spindle midzone. HeLa S3 cells were treated with 8 uM RO-3306 for 20 h, washed free of RO-3306, and cultured in drug-
free medium for 45 min. Then, the cells were treated with DMSO (control), 10 uM ZM447439 (A), or 0.1 uM BI2536 (B) for 15 min, and air-dried for 5 min or undried before fixation.
After fixation with PTEMF, the cells were stained for a-tubulin (red), PRC1 (green), and DNA (cyan). Confocal images show representative cells at anaphase (A) or metaphase (B). The
fluorescence of a-tubulin in air-dried cells was contrast-enhanced (CE). DIC, differential interference contrast. Scale bars, 10 um.

depolymerization during air-drying. Furthermore, the cells were treated
with the microtubule-depolymerizing agent nocodazole and stained for
a-tubulin. As expected, nocodazole treatment decreased the fluores-
cence of a-tubulin staining in undried cells (Fig. 5B, Supplemental Fig.
S2B). Similarly to treatment with Taxol, nocodazole treatment atte-
nuated PRC1 staining in anaphase and telophase cells. In the air-dried
cells, the number of microtubules was decreased in the anaphase and
telophase midzone, indicating an increase in the sensitivity of micro-
tubules to depolymerization during air-drying. Taken together, these
results suggest that unstable microtubules are depolymerized during
the air-drying method.

3.4. Detection of the effects of mitotic kinase inhibitors on midzone
formation

By using the air-drying method, the effects of mitotic kinase in-
hibitors on antiparallel microtubule overlaps were examined. During
anaphase, solvent control cells showed tightly aligned microtubules and
PRC1 in the center of the central spindle (Fig. 6A, DMSO). In contrast,
this was disrupted by Aurora B inhibition; PRC1-positive microtubules
were detected, but not aligned (Fig. 6A, ZM447439). These results
suggest that Aurora B inhibition abrogates midzone formation. By the
conventional method, as shown in Fig. 1A, no clear difference was
detected in the morphology of microtubules stained with the anti-a-
tubulin antibody; however, an obvious difference was observed be-
tween Aurora B-inhibited and -uninhibited cells by the air-drying
method (Fig. 6A). This suggests that the air-drying method is suitable
for the detection of the effects of mitotic kinase inhibitors on the for-
mation of antiparallel microtubule overlaps. We next treated the cells
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with the PIk1 inhibitor BI2536 and found that PRC1 was localized at
the microtubule bundles in the center region of undried metaphase cells
upon PIk1 inhibition (Fig. 6B). This is in agreement with the observa-
tion that Plk1 prevents PRC1 from promoting premature midzone for-
mation during metaphase by phosphorylating PRC1 at Thr602 [55].
Microtubule staining in the center region of undried cells was increased
in addition to PRC1 by BI2536 treatment (Fig. 6B, undried). However,
given that the disruption of signaling located upstream of PRC1 delo-
calizes PRC1 from antiparallel microtubule overlaps, as shown in
Fig. 1A, it was unclear whether the increase in microtubule staining
shown in Fig. 6B (undried) was caused by the formation of antiparallel
microtubule overlaps. In air-dried cells, BI2536 treatment increased the
number of microtubule filaments at the center region of cells (Fig. 6B,
air-dried), indicating the formation of antiparallel microtubule over-
laps. Therefore, this result revealed that the increase in microtubule
staining by BI2536 treatment observed in undried cells (Fig. 6B, un-
dried) could be attributed to the formation of antiparallel microtubule
overlaps, which were bundled by PRC1. Taken together, these results
suggest that the air-drying method is suitable for visualizing anti-
parallel microtubule overlaps in not only the anaphase and telophase
midzone but also the premature midzone during metaphase.

4. Discussion

Whereas staining with an anti-tubulin antibody is used widely for
morphological analyses of mitotic spindle microtubules, the detection
of microtubules can be limited by the accessibility of the antibody to its
epitope. For instance, the antiparallel microtubule overlaps in the
midzone and Flemming body are microtubule populations that are
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difficult to detect directly with an anti-tubulin antibody because of their
dense structure. One solution to this problem is to express fluorescent
protein-fused tubulin, enabling the visualization of these microtubule
populations without using antibodies. However, it is sometimes pro-
blematic to obtain cell clones that stably express a fusion protein.
Alternatively, staining of midzone-localizing proteins, including PRC1,
is another way to visualize the midzone structure indirectly (Fig. 1A).
PRC1 bundles the antiparallel microtubules and stabilizes the dense
structure of the midzone [12]. However, PRC1 localization to the
midzone requires its interaction with KIF4, which is phosphorylated by
Aurora B [22,52]. Furthermore, Plkl inhibition causes premature
midzone formation during metaphase, and PRC1 localizes there [55].
These observations imply that aberrations in upstream regulators can
cause PRC1 mislocalization (Fig. 1A) and that PRCI is not suitable as a
marker for antiparallel microtubule overlaps.

Microtubules in the antiparallel microtubule overlaps in the mid-
zone and Flemming body are relatively stable; the enforced depoly-
merization of microtubules would have no effect on the stabilized mi-
crotubules of the midzone and midbody. To achieve this effect, we first
tried to stain microtubules after cold treatment (Fig. 1B), which is
known to depolymerize unstable microtubules [32]. However, midzone
microtubules did not stain after cold treatment, suggesting that these
microtubules are not tolerant to this treatment. As nocodazole treat-
ment depolymerizes microtubules and the sensitivity to nocodazole
varies among microtubule populations, we hypothesized that nocoda-
zole treatment would selectively depolymerize unstable microtubules,
and relatively stable populations of microtubules including the midzone
and Flemming body would remain. However, nocodazole treatment
affected mitotic progression; it decreased the number of anaphase and
telophase cells (Fig. 1D). Besides, nocodazole treatment depolymerized
the astral microtubules that generate the pulling force in anaphase B,
causing morphological changes (Fig. 1C). Given that nocodazole
treatment changed PRC1 localization in the midzone (Figs. 1C, 5B), it
may affect the Aurora B-KIF4-PRC1 pathway, resulting in changes in
morphology and mitotic progression. In the present study, we devel-
oped a novel and simple method to visualize microtubules with a highly
dense structure, such as the antiparallel microtubule overlaps in the
midzone and Flemming body; air-drying the cells before fixation en-
abled the detection of microtubules in these dense structures without
affecting mitotic progression and morphology. Thus, we conclude that
the air-drying method is suitable for staining the antiparallel micro-
tubule overlaps in the midzone and Flemming body.

A lateral cross-sectional view constructed from z-stack images
showed that the fluorescence of each focus increased upon cleavage
furrow ingression (Supplemental Fig. S3A). However, quantification of
fluorescence intensity revealed that the total intensity within an area of
antiparallel microtubule overlaps was not statistically different between
before and after cleavage furrow ingression (Supplemental Fig. S3B).
Although further studies are required, these results suggest that mi-
crotubule bundles may be not resolved upon furrowing of the con-
tractile ring and that the air-drying method will provide useful in-
formation on midzone microtubule arrangement upon furrowing.

Why does the air-drying method enable the visualization of micro-
tubules in dense structures? We had considered two possibilities: en-
hancement of the antigenicity of tubulin or selective depolymerization
of unstable microtubules. Analysis of mCherry-tubulin-expressing cells
revealed that depolymerization of certain microtubule populations, but
not enhancement of antigenicity, is responsible for the visualization of
the midzone (Fig. 4). This is supported by the results obtained by using
Taxol and nocodazole, in which Taxol treatment increased the number
of microtubules detected by the air-drying method, while nocodazole
treatment decreased this number (Fig. 5). Although nocodazole treat-
ment causes morphological changes, the air-drying method, which also
depolymerizes unstable microtubules, does not cause such changes.
During air-drying, the cells may attach strongly to the cover slip at the
chromosomes and midzone, preventing the midzone microtubules from
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depolymerizing and undergoing morphological changes.

In conclusion, the air-drying of cells before fixation is a novel
method suitable for staining microtubules in dense structures. Even if
the regulators upstream of PRC1 malfunction and PRC1 mislocalizes,
the air-drying method can provide images of microtubules in the anti-
parallel microtubule overlaps in the midzone and Flemming body. The
midzone has crucial roles to guarantee accurate inheritance through the
regulation of cytokinesis, and the method developed here can be ap-
plied to screen regulators and compounds that affect cytokinesis.
Further analysis of the regulation of the midzone using the air-drying
method will give insight into the mechanism underlying the proper
progression of cytokinesis.
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