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Summary

The involvement of myosin II in cytokinesis has been
demonstrated with microinjection, genetic, and phar-
macological approaches; however, the exact role of
myosin II in cell division remains poorly understood.
To address this question, we treated dividing normal
rat kidney (NRK) cells with blebbistatin, a potent in-
hibitor of the nonmuscle myosin II ATPase. Blebbi-
statin caused a strong inhibition of cytokinesis but
no detectable effect on the equatorial localization of
actin or myosin. However, whereas these filaments
dissociated from the equator in control cells during
late cytokinesis, they persisted in blebbistatin-treated
cells over an extended period of time. The accumula-
tion of equatorial actin was caused by the inhibition
of actin filament turnover, as suggested by a 2-fold
increase in recovery half-time after fluorescence pho-
tobleaching. Local release of blebbistatin at the equa-
tor caused localized accumulation of equatorial actin
and inhibition of cytokinesis, consistent with the
function of myosin II along the furrow. However, treat-
ment of the polar region also caused a high frequency
of abnormal cytokinesis, suggesting that myosin II
may play a second, global role. Our observations indi-
cate that myosin II ATPase is not required for the as-
sembly of equatorial cortex during cytokinesis but is
essential for its subsequent turnover and remodeling.

Results and Discussion

Myosin II Is Partially Involved in Mitotic
Cell Rounding
Blebbistatin is available as either the s-(−) active en-
antiomer or the s-(+) inactive enantiomer. As was re-
ported previously, blebbistatin s-(−) at 100 �M caused
complete inhibition of cytokinesis [1]. Furthermore, the
s-(+) control isomer had no effect on cytokinesis or ac-
tin organization (data not shown). Under our experi-
mental conditions, there was no detectable effect of
blebbistatin on mitosis, and all observed mitotic cells
entered anaphase onset without a noticeable delay. Im-
munofluorescence of microtubules also showed a nor-
mal organization (data not shown). However, furrow in-
gression failed within 3–4 min of exposure of anaphase
cells to blebbistatin, indicating that the drug was quick
to enter the cell and to inhibit the myosin II ATPase. In
addition, recovery occurred within 15 min of the re-
placement of medium, indicating that the drug dissoci-
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ated readily from the binding sites. The reversibility al-
lowed us to apply the compound both globally and lo-
cally (described later) in order to probe the function of
myosin II in various regions.

Morphological effects of globally applied blebbistatin
on dividing cells were observed as early as prometa-
phase, when normal cells underwent striking retraction
and rounding. Blebbistatin-treated cells showed persis-
tent, disorganized retractions and ingressions, which
generated multiple processes and a highly irregular cell
shape (Figure 1A, Movie S1 in the Supplemental Data
available with this article online). The irregular morphol-
ogy was similar to what was found with the Rho inhibi-
tor C3, which inhibits myosin II indirectly through deac-
tivation of the Rho-dependent kinase [2]. However,
cells treated with C3 failed to form a concentrated band
of actin and myosin along the equator as discussed
below.

Quantitative analysis of the spreading area indicated
a decrease in the rate of mitotic retraction, the de-
crease lasting well beyond anaphase onset, whereas
control cells reached maximal rounding by metaphase
(Figure 1B). However, most blebbistatin-treated cells
eventually reached a similar extent of rounding as did
control cells (Figure 1B), suggesting that myosin-II-
driven contractions facilitate mitotic rounding but do
not exclusively account for the activity. Unlike cells
treated with butadione monoxime [3], blebbistatin-
treated cells showed no apparent inhibition of the post-
mitotic respreading process (Movie S1).

Myosin-II-ATPase Activity Is Not Required
for Equatorial Actin and Myosin-II Assembly
during Early Cytokinesis
We first stained cells treated with 100 �M blebbistatin
for actin filaments and myosin II. Equatorial-actin as-
sembly during early anaphase appeared unaffected by
blebbistatin (Figure 2A), as indicated by the organ-
ization of actin filaments and the normal extent of
actin localization along the equator of treated and con-
trol cells (Figures 2A–2C). Cells injected with a small
amount of Alexa-546 phalloidin at prometaphase
showed a similar concentration of fluorescence along
the equator as soon as furrowing initiated (Figure S1).
Assuming that phalloidin equilibrates very slowly once
bound to actin filaments [4–6], the results suggest that
myosin-II-ATPase activity is not required for the accu-
mulation of preexisting actin filaments into the equator
(see [4] for the rationale of imaging injected phalloidin).
In the presence of blebbistatin, myosin II showed an
equatorial concentration similar to that in control cells
(Figures 2A and 2B).

The above observations suggest that myosin does
not rely on its own motor activity to drive itself to the
equatorial region, and this is consistent with the previ-
ous observation of normal equatorial organization of
myosin with defective heads [7, 8]. They similarly argue
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Figure 1. Impaired Mitotic Retraction of NRK
Cells in the Presence of Blebbistatin

Blebbistatin was applied to a culture dish for
20 min, and a field containing mitotic cells
was identified for time-lapse recording. A mi-
totic cell (A, arrowhead) shows a highly irreg-
ular shape and several strands of cytoplasm
that failed to retract (A, arrows). However,
chromosomal separation appears unaffec-
ted for all the mitotic cells in this field (see
Movie S1). The bar represents 40 �m. Quan-
titative analysis, performed via the measure-
ment of the percentage decrease in cell area
relative to the corresponding cell area at pro-
phase for five control cells and six blebbi-
statin-treated cells, indicates that blebbi-
statin induces a delay in rounding ([B]; the
following abbreviations are used: PR, pro-

phase; PM, prometaphase; M, metaphase; and A, anaphase). Error bars indicate the standard error of the mean (SEM). The retraction of
treated cells continues well after anaphase onset and reaches a similar average extent as do control cells at a later time point.
from the equatorial region during and after late ana- To determine whether the inhibition of actin dissoci-

Figure 2. Effects of Blebbistatin on the As-
sembly and Disassembly of Equatorial Actin
and Myosin

A dish was treated with blebbistatin for 20
min before fixation, and images of phalloidin
or myosin-IIa immunostaining were collected
from cells at various stages of division. Myo-
sin-IIa and actin filaments show a similar in-
crease in equatorial concentration during
early anaphase in control (B) and blebbistatin-
treated (A) cells. However, after the comple-
tion of mitosis, both actin and myosin II dis-
appear from the cleavage site in control cells
([B], right column; the concentration of actin
between the daughter cells is due to the for-
mation of cell-cell junctions) but persist in
the equatorial region of blebbistatin-treated
cells ([A], right column). The bar represents
40 �m. Integration of the intensity of phalloi-
din staining in the equatorial region versus
the whole cell indicates that equatorial-actin
filaments persist in blebbistatin-treated cells
([C], left bars), whereas control cells show a
striking decrease shortly after anaphase on-
set ([C], right bars). The graph was gener-
ated from the measurements of four to eight
control or treated cells at each stage. Error
bars indicate SEM. The persistent band of
equatorial actin defines a region that resists
anaphase retraction in blebbistatin-treated
cells, causing some cells to form a bulge
along the equator (D). The bar represents
40 �m.
against a myosin-II-driven equatorial contraction mech-
anism that causes the cortical actin network to collapse
and concentrate into the equator [9]. Furthermore, the
results suggest that the inhibition of cytokinesis by
blebbistatin is caused not by a defect in equatorial cor-
tical assembly but instead by defects in subsequent
steps.

Myosin-II-ATPase Activity Is Required for Actin
and Myosin Disassembly during Late Stages
of Cell Division
We examined the dissociation of actin and myosin II
phase. In blebbistatin-treated cells, both actin and my-
osin II persisted along the equator long after (>30 min)
the separation of chromosomes (Figures 2A and 2C). In
contrast, control cells showed a striking decrease in the
percentage of actin filaments along the equator after
anaphase onset (Figures 2B and 2C). These results indi-
cate that myosin-II-ATPase activity is required for the
postmitotic dissociation of equatorial actin and myo-
sin-II filaments. The accumulating filaments may inhibit
not only cortical ingression but also retraction along the
equator, causing the equatorial region to form a bulge
as seen in some treated cells (Figure 2D).
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s
aation was due to a decrease in the dynamics of the
tcortical-actin network, we performed fluorescence re-
pcovery after photobleaching (FRAP) analysis on cells
emicroinjected with rhodamine-labeled actin. Fluores-

cence recovery for both experimental and control cells
sat early anaphase showed a half-time of about 12–15 s
r(Figure 3), indicating that equatorial cortex at this stage
ois highly dynamic and that the dynamics are indepen-
cdent of myosin motor activities. However, at later
astages when the equatorial band became well orga-
anized, blebbistatin-treated cells showed a 2-fold
(increase in recovery half-time (to 25–30 s) whereas
ethe half-time for control cells remained unchanged
ethroughout cytokinesis (Figure 3). Similar differences in
rhalf-time between control and treated cells were ob-
tserved outside the equator (Figure 3). Together, these
tobservations suggest that mitotic exit has a global ef-
cfect in stabilizing the actin cortex, and that myosin-II
tmotor activities are required for maintaining the dy-

namics. It is worth noting that the amount of myosin in
the furrow accounts for only about 10% of the total cel- C

Ilular myosin in Dictyostelium [10]. Although the concen-
tration of myosin II is higher along the equator than in I

fother cortical regions, the ratio of myosin II to actin fila-
ments is likely to be similar throughout the cortex, s

swhich explains the similar rate of actin turnover in con-
trol cells. a

tThe delayed recovery, together with the accumula-
tion of equatorial-actin filaments, indicates that myo- m

wsin-II motor activity is crucial for the turnover of actin
filaments in the equatorial region. The process could m
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Figure 3. FRAP Analysis of Actin Dynamics in Control and Blebbi- t
statin-Treated Cells

m
Cells were injected with rhodamine actin during prometaphase, T
treated with blebbistatin after 10–15 min of recovery, and bleached

(in the equatorial region within 1–2 min (“Early Anaphase”) or after
amore than 5 min (“Late Anaphase-Telophase”) of anaphase onset.

The half-time of recovery shows no significant difference during s
early anaphase, but it does show a 2-fold increase in blebbistatin s
treated cells as compared to control cells during a later stage. m
Moreover, similar increases in half-time are observed both along s
and out of the equatorial region. Each half-time represents the

[average from four to six measurements. Errors bars indicate SEM.
p

nvolve either a “ripping” of actin filaments from the
embrane by the contractile forces or an activation of

n actin-severing or depolymerization mechanism. Such
cortical disassembly process has been implicated in

n earlier ultrastructural analysis [11] and is likely re-
ponsible for removing the accumulating cortical mate-
ials in order for the ingression to continue.

yosin II Functions Both along and outside
he Equatorial Region during Cytokinesis

e found previously that local application of cytocha-
asin D at the equator not only failed to inhibit cytokine-
is but also appeared to facilitate the furrowing process
12]. In contrast, application of cytochalasin D near the
pindle poles inhibited cytokinesis. This raised the pro-
ocative possibility that crucial actin-myosin interac-
ions for cytokinesis may occur outside the equatorial
egion. To address this question, we applied blebbi-
tatin to a small (10–15 �m diameter) region at the equ-
tor by using a microneedle to release the drug close
o the cell cortex while simultaneously removing the
edium with a nearby suction needle (Figure 4A; [12]).
he treatment caused the inhibition of ingression

w60% of cells), as did global applications (Figure 4B
nd Movie S2). Phalloidin staining of these cells
howed a strong accumulation of actin filaments on the
ide facing the needle (Figure 4C), whereas local treat-
ent with dimethyl sulfoxide (DMSO)-containing carrier

olution had no effect on cytokinesis (data not shown;
12]). Although the inhibitory effect of blebbistatin is op-
osite that of cytochalasins, it may be explained if myo-
in II, like cytochalasins, promotes the disassembly of
ctin filaments during the force-generating interac-
ions. The effect of blebbistatin is similar to that of jas-
lakinolide, which inhibits ingression by stabilizing the
quatorial actin network [12].
To investigate whether myosin II also functions out-

ide the equator, we applied blebbistatin near the polar
egion. The treatment caused only a small percentage
f cells to fail cytokinesis (<10%). However, a large per-
entage of cells (w60%) showed various degrees of
bnormality (Figures 4A and 4B, Movie S3), including
symmetric ingression, misplaced cleavage furrows
Movie S3), and top-to-bottom divisions with little lat-
ral ingression; these effects are not observed with
quatorial application even at suboptimal doses. These
esults suggest that cytokinesis involves not only con-
ractions and cortical assembly and disassembly along
he equator but also possibly a global balance among
ontractile forces, cortical rigidity, and structural in-
egrity.

onclusions
n summary, our results suggest that equatorial myosin
I serves a dual role during cytokinesis: to generate the
orces and to disassemble the cortex to allow ingres-
ion. However, motor activity of myosin II is not neces-
ary for the assembly of the equatorial band of myosin
nd actin filaments. The possibility of coupled con-
raction and structural disintegration was proposed
ore than two decades ago [13], although myosin II
as never suspected to play both roles. The action of
yosin II may be compared to that of mitotic centro-
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Figure 4. Effects of Localized Treatment with Blebbistatin

A cell treated at the equator shows inhibition of cytokinesis on the side facing the needle ([A], upper row). The other side shows normal
cytokinesis as indicated by the arrows. A cell treated near the pole shows misplaced ingression ([A], lower row, upper arrows), located far
away from the equator and near separated chromosomes. Numbers indicate time in seconds. Analysis of 15 cells treated along the furrow
and of 25 cells near the pole shows a high percentage of cleavage failure with equatorial treatment and a high percentage of abnormal
cleavage (top-down division and misplaced furrow) with polar treatment (B). A cell treated at equator ([C], left panel, arrow) shows strong
accumulation of actin filaments along the side facing the needle. Cells treated near the pole ([C], right panel, arrow) show an equatorial-actin
organization similar to that in control cells. The bar represents 40 �m.
mere-associated kinesin (MCAK) for microtubules [14];
MCAK is believed to induce microtubule disassembly
while transporting the cargo in a “pacman”-like manner.

Experimental Procedures

Cell Culture, Drug Treatment, and Microscopy
Normal rat kidney (NRK) epithelial cells (NRK52E; American Type
Culture Collection) were cultured as described previously [15]. They
were subcultured onto cover-glass chamber dishes 12–24 hr before
the experiment. Blebbistatin [s-(−) isomer; Toronto Research, To-
ronto, Canada] or the s-(+) control (EMD Biosciences, San Diego,
California) was dissolved with 90% DMSO to make a stock solution
of 100 mM, which was diluted 1:1000 with supplemented F-12K
medium to obtain a working concentration of 100 �M. After re-
placement of the medium, the culture chamber was incubated for
a minimum of 20 min prior to recording or fixation. Fixation and
fluorescent staining were performed as described previously [2].
Antibodies against myosin IIa were obtained from Covance Re-
search.

Because blebbistatin is known to be light sensitive [16], micro-
scope lamp intensity was maintained at a minimum and red cello-
phane filters (Edmund Scientific, Barrington, New Jersey) were
used during the observation of live cells. Images were acquired
with a 40×, numerical aperture (NA) 0.75 Plan-Neofluar phase or a
100×, NA 1.30 Plan-Neofluar phase lens (Carl Zeiss, Thornwood,
New York) and a cooled-CCD camera (NTE-CCD-EBFT; Roper Sci-
entific, Trenton, New Jersey) and were processed with customized
digital-imaging software for background subtraction. Integrated
fluorescence intensity along the equator (defined as the region with
a concave lateral border during anaphase and telophase) and
within the whole cell was also obtained with custom software. Mi-
totic cell rounding was calculated by dividing the retracted area of
the cell during mitosis, this area measured as the number of pixels
within a manually drawn cell boundary, by the area of the same cell
during prophase.

Micromanipulation and Local Drug Application
A stock solution of blebbistatin was mixed with 25 mg/ml red fluo-
rescent dextran (Molecular Probes, Eugene, Oregon) in warm, sup-
plemented F-12K medium to obtain a working concentration of 850
�M blebbistatin, 1 mg/ml dextran, and 1% DMSO. The solution was
clarified at 25,000 RPM for 20 min in a Type 42.2 Ti rotor (Beckman
Coulter, Fullerton, California). Localization of blebbistatin was
achieved via a release needle paired with a suction needle [12]; the
latter was prepared by breaking the tip of a microneedle and fire
polishing with a microforge (Narishige USA, Sea Cliff, New York).
The needles were mounted on a custom-made double micromanip-
ulator, and the flow was regulated with a combination of regulated
compressed air and vacuum. NRK cells were rinsed with filtered
F-12K medium immediately before the experiment, and the culture
was layered with mineral oil (embryo tested; Sigma, St. Louis, Mis-
souri) after drug application to prevent evaporation. Alexa-546
phalloidin was prepared and microinjected as described previously
[17]. Images of injected cells were acquired via spinning-disk con-
focal optics (Solemere Technology, Salt Lake City, Utah) with a di-
ode-pumped solid-state laser at 532 nm.

FRAP Analysis
Rhodamine-labeled muscle actin (cytoskeleton) was microinjected
at a concentration of 0.8 mg/ml after clarification in an ultracentri-
fuge. Fluorescence was bleached with the 514 nm line from an
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Argon laser at a power of 300 mW and a duration of 50 ms. Images 1
during fluorescence recovery were captured every 10 s with spin-
ning-disk confocal optics. A 525 nm dichroic mirror (525DRLP;
Omega Optical, Brattleboro, Vermont) was placed in the optical
path to allow simultaneous bleaching with the 514 nm beam and
imaging with the 532 nm laser. Fluorescence intensity was mea-
sured with custom software and analyzed with Excel (Microsoft).
Photobleaching of control cells had no effect on division.

Supplemental Data
Three supplemental figures are available with this article online at
http://www.current-biology.com/cgi/content/full/15/8/732/DC1/.
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