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We studied the process of formation of stress fibres and involvement of
phosphorylation of myosin-II during spreading of Swiss 3T3 fibroblasts. In cells
that were allowed to spread for 1h on a glass surface, circular bundles of actin and
myosin-II filament were present. At 2-3h after the plating, cells showed a polygonal
and polarized shape. The proportion of the cells having circular bundles was
decreased, whereas that of the cells with straight bundles of actin filaments was
increased. At 4h after the plating, cells were completely polarized and stress fibres
were present at the periphery and the dorsal and ventral surfaces of the cells. Thus,
spreading cells possessed different forms of actomyosin bundles corresponding to the
cell shape. In circular bundles and stress fibres, myosin regulatory light chains were
diphosphorylated. Formation of circular bundles and stress fibres was suppressed
after the treatment of the cells with Y-27632, a Rho-kinase inhibitor, or blebbistatin,
a myosin-II inhibitor. In digitonin-extracted cells, circular bundles as well as stress
fibres contracted following the addition of Mg-ATP. These results suggest that
circular bundles are contractile structures containing actin and phosphorylated

myosin-II filaments, and the formation of circular bundles is regulated by

Rho-kinase.
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Abbreviations: GFP, green fluorescent protein; MLCK, myosin light chain kinase; MRLC, myosin
regulatory light chains; 1P-MRLC, monophosphorylated MRLC; 2P-MRLC, diphosphorylated MRLC;

TIRF, total internal reflection fluorescence.

Stress fibres are bundles of actin filaments containing a
number of actin-binding proteins such as myosin-II (7, 2),
a-actinin (I, 3, 4) and tropomyosin (5). Their ends are
linked to focal adhesions that mediate cell-to-substrate
contacts and contain clustered integrin and other focal
adhesion proteins such as vinculin. As a result of the
interaction between F-actin and myosin-II, stress fibres
generate a contractile force that is used in cell locomotion
and control of cell shape. Recent studies have shown that
stress fibres are truly myosin-dependent contractile
structures both in vitro (6, 7) and in vivo (8).

There are several different types of actin bundles (9).
One type is called dorsal stress fibres, which are actin
filament bundles crosslinked by o-actinin and do not
contain myosin-II at the very end (2). Formation of
dorsal stress fibres results from mDial-dependent elon-
gation of actin filaments at focal adhesions followed by
bundling by a-actinin. In motile cells, typical stress fibres
are formed as a result of the connection of dorsal stress
fibres and arcs, which are another type of actin bundles
formed at the base of lamellipodia (10, 11). The arcs
contain myosin-II (2, 9, 12) and o-actinin, and show
myosin-II dependent dynamics (13, 14).
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Activation of myosin-II ATPase by actin has
been assumed to cause contraction of stress fibres.
The contractile activity depends on the interaction
between F-actin and myosin-II, and we have designated
it hereafter as ‘contractility’. In this process, myosin
regulatory light chains (MRLC) have to be mono- or
diphosphorylated that is mediated by Rho-kinase (15)
and myosin light chain kinase (MLCK) (16). Rho-kinase
also inhibits MRLC phosphatase activity by phosphory-
lating myosin-binding subunit (17, 18). The resulting loss
of phosphatase activity shifts the balance of phosphor-
ylation/dephosphorylation and raises the level of MRLC
phosphorylation.

In spreading fibroblasts, stress fibres are initially
absent; instead, circular bundles of F-actin are formed
(19). A previous study has suggested that circular
bundles were organized from arcs, which were based
on the observation of fixed cells (20). Although circular
bundles contain myosin-II and resemble stress fibres,
the contractility of circular bundles and its role in the
formation and dynamics of circular bundles in live cells
have not been well understood. In addition, the relation-
ship between circular bundles and stress fibres in cell
spreading has remained unclear. We hypothesized that
circular bundles are organized in a myosin-II-dependent
manner and that their contractility regulates cell shape
and the formation of focal adhesions in the spreading
process. To evaluate these hypotheses, we observed the
dynamics of actin bundles in spreading Swiss 3T3
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fibroblasts using immunofluorescence and time-lapse
imaging of green fluorescent protein (GFP)-actin in
living cells by epifluorescence and total internal reflec-
tion fluorescence (TIRF) microscopy.

MATERIALS AND METHODS

Cell Culture—Swiss 3T3 and Hs68 fibroblasts were
used in this study. Cells were cultured in a Petri dish
(Greiner, Germany) in Dulbecco’s modified Eagle’s
medium (Nissui, Tokyo, Japan) supplemented with 10%
fetal bovine serum (Moregate, Bulimbra, Australia). Cells
were maintained at 37°C and at 5% CO, in a humidified
incubator.

Before the experiments, cells were grown to confluence
and dissociated with 0.25% trypsin and 1mM EDTA
(GIBCO, Rockville, MD). Cells were then replated in an
observation chamber (21) and incubated for an appro-
priate time.

Antibodies—Anti-vinculin and anti-a-actinin antibodies
were from Sigma (St Louis, MO). Anti-B3 integrin anti-
body was purchased from Pharmingen (San Diego, CA).
Anti-MRLC and anti-monophosphorylated = MRLC
(1P-MRLC) antibodies were from Cell Signaling Technol-
ogy, Inc (Beverly, MA). Anti-diphosphorylated MRLC
(2P-MRLC) antibodies were from Santa Cruz Biotechnol-
ogy, Inc (Santa Cruz, CA) and Cell Signaling Technology,
Inc. Alexa 488-conjugated goat anti-mouse and Alexa
546-conjugated goat anti-hamster secondary antibodies
were from Molecular Probes, Inc (Eugene, OR).

Transfection of GFP-Actin into Swiss 373
Fibroblasts—Plasmid encoding GFP-actin was from
Clontech (Palo Alto, CA). This plasmid was transfected
into Swiss 3T3 cells with Superfect (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
After the cells were seeded in the observation chamber,
the medium was covered with mineral oil (Sigma). Cells
were then observed under a fluorescence microscope.
During the observation, the temperature of the chamber
was maintained at 37°C, and exposure to the light was
kept minimized to prevent photo bleaching.

Inhibitors—Rho-kinase inhibitor Y-27632 (22), MLCK
inhibitors ML-7 and ML-9 (23) were obtained from
Calbiochem (La Jolla, CA). An inhibitor of nonmuscle
myosin-II (-)-blebbistatin (24) was from Sigma. Photo-
inactivation and phototoxicity of blebbistatin have been
reported (25, 26), and so we used Y-27632 as a myosin-II
inhibitor for live cell imaging.

SDS-PAGE and Immunoblotting—SDS gel electro-
phoresis and blotting were performed as previously
reported (27). Initially, cells were incubated in the
medium containing 10 uM Y-27632 or 10pM ML-7 for
an appropriate time. Then, the culture medium was
removed and the cells were incubated with ice-cold 10%
trichloroacetic acid and 10 mM DTT. Cells were scraped
and washed with acetone-containing 10mM DTT and
solubilized in SDS sample buffer, and then the protein
concentration was determined. After boiling, cell lysates
were electrophoresed on polyacrylamide gels (28), and
proteins were transferred to a polyvinylidene difluoride
membrane wusing a blotting apparatus (Trans-Blot,
Biorad, Hercules, CA). The membrane was blocked and
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incubated with an antibody against MRLC, 1P-MRLC
or 2P-MLRC followed by washing and incubation with
horseradish peroxidase-conjugated secondary antibody
(GE Healthcare, UK). The bands were visualized with
3,3’-diaminobenzidine.

Contraction Assay—Contraction assay of permeabilized
cells was carried out as previously described (6, 29, 30)
with some modifications. Swiss 3T3 and Hs68 fibroblasts
were seeded in an observation chamber and incubated for
1h or 4h in the case of Swiss 3T3 cells and 2h or 8h
in the case of Hs68 cells. Then, permeabilization was
performed with 0.01% digitonin (Sigma) in an extraction
buffer (10 mM imidazole, 100 mM KCIl and 2mM EGTA;
1pg/ml leupeptin, 1pg/ml pepstatin and 1mM DTT;
pH 7.2) for 1min with 0.1 uM tetramethylrhodamine iso-
thiocyanate (TRITC)-phalloidin (Sigma). After washing
with the extraction buffer, cells were used in the contrac-
tion experiment, which was carried out in a buffer
containing 10 mM imidazole, 100 mM KCI, 0.1 mM CaCly
and 3mM MgCl, (pH 7.0 at 22°C). Contraction was
initiated by the addition of 0.1 mM Mg-ATP. As described
in the ‘Results’ section, circular bundles and stress fibres
in Swiss 3T3 cells were contracted, but the degree of
contraction was less than that of Hs68 fibroblasts. For
this reason, the results obtained for Hs68 fibroblasts
are presented here. The contraction of circular bundles
and stress fibres was analysed as follows: in the case
of circular bundles, its diameter was measured and in
the case of stress fibres, the end-to-end distance was
measured. The change in length was presented as 100x
(length after ATP perfusion)/(original length) at each
time point in both cases.

Immunofluorescence Microscopy—Immunofluorescence
microscopy was carried out according to the previously
described method (31). Fixation was performed with
3% formaldehyde (Sigma) in a buffer containing 5mM
KCl, 137mM NaCl, 4mM NaHCOj3, 0.4mM KHyPO,,
1.1mM Na,HPO,, 2mM MgCl,, 5mM piperazine-1,
4-bis(2-ethanesulfonic acid) (pH 6.1), 2mM EGTA and
5.5mM glucose (cytoskeleton stabilization buffer) (32) at
room temperature for 30 min followed by 0.1 M glycine to
quench free aldehydes; permeabilization was carried out
with 0.2% Triton X-100 (Sigma) for 5min; blocking
was with 1% BSA at room temperature for 20min.
Incubation with the primary antibody was carried out for
1h, followed by incubation with a suitable secondary
antibody. For staining of F-actin, samples were incubated
with 0.1 uM TRITC-phalloidin.

Cells were observed under an inverted fluorescence
microscope (Axiovert S100, Carl Zeiss, Germany). Cell
images were acquired with a cooled charge-coupled
device camera (model C4742-95-12ERG; Hamamatsu
Photonics, Hamamatsu, Japan) and stored on a hard
disk for later analysis.

TIRF microscopy was carried out as described (21).
Blue (BCL-015, Crystalaser, Reno, NV) or green
(DPSS532, Coherent, CA) laser was used as light
source. A 63x oil immersion lens (NA 1.25, Carl Zeiss,
Germany) and a 40x oil immersion lens (NA 1.30, Carl
Zeiss, Germany) were used for observation.

Morphological Analysis—The area and the perimeter
of the cell, which were defined for the image projected on
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the x—y plane, were measured using ImagedJ version 1.3
software for epifluorescence images of cells in which
the actin filaments were stained. The form factors of
individual cells were calculated as 4I1S/L?, where S is
the projected cell area and L is the cell perimeter. This
index reflects the irregularity of cell shape: a perfectly
round cell has a value of one, and a stellate cell has a
value lower than one (33). Data were presented as
mean +SD. F-test was performed to evaluate the equal-
ity of variances, and statistical analyses were made using
Student’s ¢-test for data sets with equal variance or
Welch’s ¢-test for data sets with unequal variance.

RESULTS

Change in the Structure and Distribution of Actin
Filaments and Alteration of Cell Morphology During Cell
Spreading—To investigate the distribution of F-actin
bundles during spreading, we fixed Swiss 3T3 fibroblasts
and stained for F-actin (Fig. 1A). Cells had been allowed
to spread for the period shown in each panel. Initially,
there was no distinctive actin filament structure, but at
1h after the plating, F-actin formed circular bundles
(arrowhead) (19). At 2h after the plating, some cells
possessed straight bundles of actin filament, whereas
others still had circular bundles. At 4h after the plating,
most of the cells possessed straight actin bundles
(arrows) that were found to be stress fibres (see below).
Thus, F-actin formed circular bundles in early stages of
cell spreading.

15 min 30 min

Area (um?)

1000 -

2 3 4 5 6 7 8
Time (h)

Fig. 1. Change in the arrangement of F-actin bundles
in spreading Swiss 3T3 fibroblasts and the result of
morphometry. (A) Structure and distribution of F-actin
bundles observed by epifluorescence microscopy. Cells were
fixed at the indicated time after the plating, and F-actin was
stained with TRITC-phalloidin. One hour after the plating,
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The above observation of the behaviour of F-actin
during spreading (Fig. 1A) suggested that the morphol-
ogy of F-actin bundles changed with the size and shape
of the cell: the shape of the cell possessing circular
bundles appeared to be round and that of the cell pos-
sessing stress fibres seemed to be polygonal. Therefore,
we analysed cell morphology quantitatively (Fig. 1B).
The cell area increased until 2h after the plating; but
beyond this time point, the increase ceased. The values of
the form factor were relatively high in the early stages
of cell spreading, indicating that the cells were round.
Then, it decreased during spreading, reflecting a gradual
cell shape change from round to polygonal. However,
unlike the change in cell size, the transformation con-
tinued until 8h. The proportion of the cells possessing
circular bundles exhibited a similar tendency as the form
factor. These results collectively suggest that the loss of
circular bundles and the change in cell shape are
interrelated phenomena.

Formation of Circular Bundles from Arcs and Their
Dynamics—Although studies concerning stress fibres
have been frequent, the manner in which -circular
bundles of F-actin are formed remains unclear. There-
fore, we observed Swiss 3T3 fibroblasts expressing GFP-
actin (Fig. 2A): this cell had been allowed to spread for
67min after the plating. An arc (both ends indicated
by arrowheads), which was formed at the cell periphery,
elongated and at the same time moved towards
the nucleus. The flow velocity was 0.38 £0.09 pm/min
(mean+SD, n=30) and the elongation rate was

0.8
0.7 1
0.6
0.5 1
0.4
0.3

0.2 1

0.1 1

Form factor

Time (h)

F-actin formed circular bundles (arrowhead). At 4h after the
plating, F-actin organized into stress fibres (arrows). Scale
bar=20um. (B) Projected cell area and the form factor of
spreading cells (mean +SD, n=200). Form factor is high when
the cell shape is round and decreases as the cell shape becomes
polygonal.
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67 min 69 min
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Fig. 2. Formation and dynamics of circular bundles of
F-actin in Swiss 3T3 fibroblasts expressing GFP-actin.
(A) Successive images of Swiss 3T3 fibroblast expressing GFP-
actin. The top left panel represents the epifluorescence image at
67 min after the plating. An arc was formed at the cell periphery at
68min and then underwent elongation (white arrowheads).
At 72min, another arc was formed (white arrow). At 73 min, the
two arcs were joined together in the region indicated by grey
arrowhead. At 76 min, circular bundles were formed by closure of
the joined arcs (grey arrow). Scale bar = 20 um. (B) Magnified image
of the boxed region in (A). An arc was formed at the cell periphery
(arrowhead) moved in the downward direction towards the
nucleus. At 75min, a new arc (arrow) was formed and moved in

1.30 £ 0.18 ym/min (mean +SD, n=6). Another arc was
formed at 72min (arrows). Then, the two arcs were
joined at the position indicated by a grey arrowhead at
73min. At 76 min, the arcs formed a circle, indicating
that they formed a circular bundle (Supplementary
Movie 1).

Figure 2B shows the enlarged view of the boxed region
in Fig. 2A. An arc was generated at the cell periphery
and flowed towards the nucleus (arrowheads). During
the process of transport, the vertical position of circular
bundles appeared to become higher, because they could
only be brought into focus at higher focus levels. This
result indicates that circular bundles were translocated
along the cytoplasmic side of the apical cell surface.

Stress fibres consist of myosin-II (I, 2), o-actinin
(1, 3, 4) and tropomyosin (5) and generate tension in a
myosin-II-dependent manner (8). We investigated the
myosin-II and a«-actinin distribution in circular bundles
in the cells 1h after the plating (Fig. 2C). Circular
bundles contained myosin-II (arrow) and a-actinin (data
not shown), suggesting a role of these proteins as
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70 min 71 min

-

Vinculin
(TIRF)

the same direction. Scale bar = 10 pum. (C) Epifluorescence images of
stained F-actin (left panel) and myosin-II (right panel) showed
localization of myosin-II along circular bundles (arrow). Scale
bar =20 um. D: (a) Epifluorescence image of a Swiss 3T3 fibroblast
had been allowed to spread for 1h and then fixed and stained for
F-actin. Scale bar=20um. (b) Boxed region in (a) is magnified.
Circular bundles (arrowheads) are associated with dorsal stress
fibres (arrows). Scale bar=10um. (c) Fluorescence staining of
F-actin in the same cell was observed by TIRF microscopy. The
inset shows a magnified image of dorsal stress fibres indicated by
grey arrowhead. (d) Immunofluorescence staining of vinculin in the
same cell was observed by TIRF microscopy. The inset shows
a magnified image of vinculin indicated by grey arrow.

bundling factors. On the other hand, myosin-II was
excluded from lamellipodia and existed in lamella as
previously reported (34-37). Thus, during the process of
the flow of the arc from the base of the lamellipodia to
the lamella, myosin-II seemed to be incorporated into
arcs (2).

To elucidate the structural relationship between
circular bundles and focal adhesions, we observed the
distribution of F-actin and vinculin (Fig. 2D). The left-
most panel (a) shows fluorescence staining of F-actin in
the cell that had been allowed to spread for 1h. The
boxed region is magnified and shown in (b). As indicated
by arrowhead, circular bundles associated with dorsal
stress fibres (arrows) oriented in the radial direction.
We investigated the process of formation of dorsal stress
fibres in the cells expressing GFP-actin by epifluores-
cence and TIRF microscopy and found that dorsal stress
fibres formed at the cell periphery and elongated towards
the cell nucleus as in migrating cells (2). The elongation
rate of dorsal stress fibres before they were bound to
the arcs was 0.34+0.15um/min (mean +SD, n=30).
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Myosin-II

Fig. 3. Rotation of circular bundles and formation of stress
fibres. (A) A sequence of the epifluorescence images of Swiss 3T3
fibroblast expressing GFP-actin. The top left panel was imaged at
1.5h after the plating. At 2.5h, circular bundles ceased to flow
and started rotating with dorsal stress fibres (arrowheads) in the
direction indicated by arrows. By 5h, dorsal stress fibres and
circular bundles were rearranged into stress fibres (grey arrow-
heads). Scale bar=20pum. (B) Distribution of F-actin (left panel)

Thus, it appears that circular bundles were connected to
dorsal stress fibres during the process of elongation.
At the ends of these dorsal stress fibres (c, grey
arrowhead), vinculin (d, grey arrow) was localized, the
pattern of which was elongated, as revealed by TIRF
microscopy. The B3 integrin was found to colocalize with
vinculin at the ends of the dorsal stress fibres (data not
shown), indicating that these structures were focal
adhesions (38). These observations suggest that circular
bundles were linked to the substrate by focal adhesions
through dorsal stress fibres.

Rotation of Circular Bundles and Formation of Stress
Fibres—To understand the relationship between orga-
nized circular bundles and stress fibres, we observed
Swiss 3T3 fibroblast expressing GFP-actin: observation
was begun at 1.5h after the plating (Fig. 3A). At 2.5h
after the plating, circular bundles (arrowheads) ceased to
flow and began to rotate around the nucleus (direction
of rotation is indicated by arrows, Supplementary
Movie 2). Both clockwise and counterclockwise rotations
were observed in other cells. Similar results have been
previously obtained by differential interference contrast
microscopy (39). We further found that during the
rotation (2.5-3.5h after the plating), circular bundles
were disassembled, which was followed by the formation
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F-actin

/

and myosin-II (right panel) in a fixed cell was observed by
epifluorescence microscopy. Myosin-II was localized along stress
fibres (arrowheads). Scale bar =20 pum. (C) Fluorescence staining
of F-actin (left panel, epifluorescence) and immunofluorescence
staining of vinculin (right panel, TIRF) in another fixed cell.
Vinculin-containing adhesions were localized at the ends of stress
fibres (arrows). Scale bar =20 um.

of straight bundles (grey arrowheads at 5h), and were
concomitant with cell polarization. Unlike circular bun-
dles, the straight bundles, once formed, did not show any
significant movement.

Figure 3B shows the immunofluorescence staining
of myosin-II in Swiss 3T3 fibroblast 4h after the plating.
Myosin-II was concentrated along the straight actin
bundles (arrowheads). o-Actinin also localized along
these straight bundles (data not shown). Figure 3C
shows the immunofluorescence staining of vinculin,
which demonstrated that vinculin was localized at the
ends of the straight actin bundles (arrows). The f3
integrin was colocalized with vinculin (data not shown).
Therefore, these organized straight F-actin bundles were
stress fibres.

Distribution of Phosphorylated MRLC  During
Fibroblast Spreading—Circular bundles contained
myosin-II, and we next examined the state of phosphor-
ylation of MRLC and investigated the possible relation of
MRLC phosphorylation to the formation of circular
bundles by inhibiting Rho-kinase with Y-27632 (Fig. 4).

Immunofluorescence microscopy demonstrated that,
in control cells, 2P-MRLC was colocalized with circu-
lar bundles at 1h after the plating (Fig. 4A, panel c,
arrowhead). At 4h after the plating, 2P-MRLC was found
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Fig. 4. Distribution of 2P-MRLC in control and Y-27632-
treated cells. (A) Experimental procedure (a), epifluorescence
images of F-actin (b and d) and 2P-MRLC (c and e) in control cells.
Immunostaining of 2P-MRLC showed localization along circular
bundles at 1h after the plating (arrowhead). At 4h, MRLC
in stress fibres was diphosphorylated (arrow). Scale bar =20 pm.

to colocalize with stress fibres (Fig. 4A, panel e, arrow).
1P-MRLC was also localized at circular bundles and
stress fibres (data not shown). Thus, not only stress
fibres but also circular bundles contained phosphorylated
myosin-II, suggesting that active myosin-II was present
in the actin bundles from relatively early stages of
spreading. On the other hand, in cells incubated with
10 uM Y-27632 after the plating, the fluorescence inten-
sity of 2P-MRLC (Fig. 4B, panels ¢ and e) was lower than
that of control cells (Fig. 4A, panels ¢ and e, respectively)
up to 8h after the plating. Fluorescence intensity of
1P-MRLC was also lower up to 8h after the plating (data
not shown).

In addition to immunofluorescence microscopy, we
investigated the level of MRLC phosphorylation by
immunoblotting analysis of whole cell lysates (Fig. 4C).
In control cells, MRLC was mono- and diphosphorylated
at all the time points (0.5, 1, 2 and 4h). On the other
hand, the levels of monophosphorylation and diphos-
phorylation of MRLC were significantly lower in cells
treated with 10 pM Y-27632at all the time points. This
result is consistent with those of previous studies that
have shown that Rho-kinase monophosphorylated (15) or
diphosphorylated (40) MRLC. Immunofluorescence and
immunoblotting analysis results suggest that the forma-
tion of circular bundles depends on the phosphorylation
of MRLC by Rho-kinase.

(B) Procedure of inhibitor treatment (a), distribution of F-actin
(b and d) and 2P-MRLC in Y-27632-treated cells (c and e). Cells
were observed by epifluorescence microscopy. Scale bar =20 um.
(C) Immunoblotting analysis of 1IP-MRLC and 2P-MRLC of control
and Y-27632-treated cells. Numbers inscribed on the top indicate
the time after the plating (0.5, 1, 2 and 4h).

Effects of Inhibition of MRLC Phosphorylation on
Focal Adhesions and Cell Morphology—It is known
that the formation of stress fibres requires contractility,
which is brought about by the phosphorylation of MRLC
(41). We thus examined how the inhibition of the
phosphorylation of MRLC might affect the structure of
actin bundles, cell shape and the process of formation
of focal adhesions during cell spreading (Fig. 5).

In the presence of 10pM Y-27632 (Fig. 5A) or 10puM
blebbistatin (Fig. 5B) before the fixation, circular bundles
were not formed at 1h (panel b) and even at 4h (panel e)
after the plating, although thin dorsal stress fibres
(panel ¢, arrowheads) and immature vinculin clusters
(panels d and g, white and grey arrows) were revealed by
TIRF microscopy. Magnified images (panels d and g)
show that vinculin clusters (1h, white arrows; 4h, grey
arrows) became smaller and rounder than those in the
control cells, as shown in Figs 2D and 3C. Thus, the
phosphorylation of myosin-II and active interaction
between actin and myosin-II is necessary for the forma-
tion of circular bundles and development of adhesion
structures.

Figure 5A and B also suggest that as a result of
the inhibitor treatments, the cell shape became irregular.
We also analysed cell morphology (Fig. 5C). In the
cells treated with 10 uM Y-27632 or 10 uM blebbistatin,
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Fig. 5. Effect of myosin-II inhibitors on the formation of
circular bundles. (A) Experimental procedure (a), epifluores-
cence images of F-actin in a Swiss 3T3 cell cultured for 1 (b) or
4h (e) in the presence of 10 uM Y-27632. Circular bundles were
not formed at 1h after the plating. TIRF images of the same cell
show that dorsal stress fibres (c, inset shows magnified image
of the place indicated by arrowhead) were thinner than those in
the control cells with smaller vinculin clusters (d, inset shows
magnified image of the place indicated by white arrow) located
at their ends. At 4h after the plating, stress fibres were
not observed by epifluorescence (e) and TIRF microscopy (f) and
vinculin-containing focal adhesions were smaller than those of
the control cells (g, inset shows magnified image of the place
indicated by grey arrow) as revealed by TIRF microscopy. Scale
bar =20 um. (B) Swiss 3T3 cells were cultured in the presence of
10 uM blebbistatin (a). As in the Y-27632-treated cells, circular
bundles were not formed at 1h as shown by epifluorescence
microscopy (b). Thinner dorsal stress fibres (c, inset shows

the cell areas were larger than those of the control cells
particularly at the early stages of spreading (Y-27632:
0.25, 0.5, 1 and 2 h; blebbistatin: 0.5 and 1h). The reason
for a smaller area in blebbistatin-treated cells at 8h
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magnified image of the place indicated by arrowhead) and
smaller vinculin clusters (d, inset shows magnified image of the
place indicated by white arrow) were formed as shown by TIRF
microscopy. At 4h after the plating, stress fibres were not
organized as shown by epifluorescence (e) and TIRF microscopy
(f) and vinculin clusters were immature as shown by TIRF
microscopy (g, inset shows magnified image of the place indicated
by grey arrow). Scale bar =20 pm. (C) Left panel, projected area of
the control and inhibitor-treated cells (mean+SD, n =200 for
each condition); right panel, form factor (mean +SD, n =200 for
each condition). In the Y-27632-treated cells (grey bar), the cell
area was significantly larger than that of the control cells (black
bar) at 0.25, 0.5, 1 and 2h (*P<0.05; **P<0.01), whereas the
form factor was lower than that of the control cells at all the time
points. In the blebbistatin-treated cells (white bar), the cell area
was larger at 0.5 and 1h and lower at 8 h than that of the control
cells. The form factor was significantly lower than that of the
control cells at all time points.

seems to be due to the extremely irregular cell shape.
The values of the form factor of the inhibitor-treated cells
were significantly lower than those of the control cells at
all the time points. Hence, suppression of the formation
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A 10 uM Y-27632

69 min

B a Incubation DMSO or inhibitor
) 1h 0.5h s oo
Plating g p-Fixation
Control Y-27632 Blebbistatin

Vinculin
2P-MRI.C (TIRF)

Fig. 6. Maintenance of the structure of circular bundles
was regulated by actomyosin contractility. (A) Effect of
the treatment with Y-27632 on circular bundles in Swiss 3T3
fibroblasts expressing GFP-actin. The cells were observed by
epifluorescence microscopy. The leftmost panel shows the cell
69min after the plating. Circular bundles are indicated by
arrows. At 70min, 10 pM Y-27632 was added. Scale bar =20 pm.
(B) Experimental procedure (a): at 1h after the plating, Swiss
3T3 fibroblasts were treated with DMSO, 10puM Y-27632 or
10uM blebbistatin for 30min followed by fixation. Cells were

of circular bundles resulted in faster spreading in the
early stages and a more irregular shape throughout the
following stages.

Contractility Is Essential for the Maintenance of the
Structure of Circular Bundles—The above experiments
have demonstrated that the contractility that depends on
the phosphorylation of myosin-II was necessary for
the formation of circular bundles. It has been suggested
that isometric tension in stress fibres, which develops
when the contractile force generated by stress fibres is
sustained by adhesions at both ends (42), is necessary
for the maintenance of the structure of stress fibres (41).
To elucidate this point with circular bundles, we next
examined the inhibitor effect on the organized circular
bundles (Fig. 6) in order to examine the role of con-
tractility in the maintenance of the integrity of the
structure of circular bundles (hereafter, we have called it
‘maintenance’ of circular bundles).

Swiss 3T3 fibroblast expressing GFP-actin, which
was allowed to spread for 69min, and which developed
circular bundles (Fig. 6A, arrow), was treated with 10 uM
Y-27632 at this time point and observed using epifluores-
cence microscopy. At 85min, organized circular bundles
became difficult to identify and the formation of arcs had

2P-MRILC

Vinculin
(TIRF)

then stained for F-actin (b, d, f, h, j: epifluorescence) plus
2P-MRLC (c, g: epifluorescence) or vinculin (e, i, k: TIRF). White
arrow in (c) indicates colocalization of 2P-MRLC with organized
circular bundles, and white arrowhead in (e) indicates vinculin
clusters (inset shows magnified image indicated by white arrow-
head) in control cells. Grey arrow in (i) and grey arrowhead
in (k) show vinculin-containing adhesions in the Y-27632 and
blebbistatin-treated cells, respectively [insets in (j) and (k) shows
magnified image of the place indicated by grey arrow and grey
arrowhead, respectively]. Scale bar =20 um.

ceased (Supplementary Movie 3). This result suggests
the necessity of the phosphorylation-dependent contrac-
tility for the maintenance of the structure of circular
bundles.

To examine the distribution of phosphorylated MRLC
and the focal adhesion protein vinculin after the
disruption of circular bundles, Swiss 3T3 fibroblasts
were allowed to spread for 1h and then treated with
10 uM Y-27632 or 10 uM blebbistatin for 30 min followed
by fixation and immunostaining for 1P-MRLC, 2P-MRLC
or vinculin (Fig. 6B, panel a). In the control cells, circular
bundles (panel b) colocalized with 2P-MRLC (panel c,
arrow) and 1P-MRLC (data not shown). Vinculin clusters
were radially elongated (panel e, arrowhead; magnified
image in the inset). In the Y-27632-treated cells, circular
bundles disappeared (panels f and h), the fluorescence
intensity of 2P-MRLC (panel g) significantly decreased
and vinculin-containing adhesions became rounder and
smaller (panel i, grey arrow; magnified image in the
inset) than those of control cells. The fluorescence
intensity of 1P-MRLC also decreased (data not shown).
In blebbistatin-treated cells, circular bundles diminished
(panel j) and vinculin-containing adhesions became
rounder and smaller than those of control cells as in
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Fig. 7. Analysis of contractility of actin bundles.
(A) Contraction of circular bundles. Sequential images of Hs68
cell had been allowed to spread for 2h followed by extraction with
digitonin and staining for F-actin. Images were obtained by
epifluorescence microscopy. Arrowheads indicate the contraction
of circular bundles after perfusion with 0.1 mM Mg-ATP (0 min).

the Y-27632-treated cells (panel k, grey arrowhead; mag-
nified image in the inset). Thus, even after the cell was
spread completely, the inhibition of contractility sup-
pressed the formation of circular bundles and vinculin-
containing adhesions.

To investigate the role of organized circular bundles
in cell morphology, we compared the area of control cells
at 1.5h after the plating of cells that were allowed
to spread for 1h and further treated with 10 uM Y-27632
or 10uM blebbistatin for 30min. In the control cells,
the cell area was 161141011 pm? (mean =+ SD, n=>50).
On the other hand, the cell area of the Y-27632-treated
cells was 2025+ 896 um? (mean+SD, n=50) and that
of the blebbistatin-treated cells was 18884873 um?®
(mean £=SD, n=>50). Thus, as a result of the inhibition
of contractility, circular bundles diminished and the
average cell area increased (P<0.05 in the case of
Y-27632-treated cells). Thus, the disappearance of cir-
cular bundles was accompanied with additional cell
spreading.

Circular Bundles Are Contractile—The inhibition
experiments and analysis of MRLC phosphorylation
suggested that circular bundles as well as stress fibres
possess contractility that depends on the phosphorylation
of myosin-II. Therefore, we investigated the role of
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Scale bar=20pum. (B) Contraction of stress fibres. Hs68 cell had
been allowed to spread for 8 h and was processed as mentioned
earlier. Arrow indicates one of the contracting stress fibres.
C: Time course of the contraction of circular bundles (diamond
plots) and stress fibres (square plots), as represented with
percent length change.

contractility in the formation and maintenance of cir-
cular bundles by using a digitonin-permeabilized cell
model that is capable of contraction (Fig. 7).

Hs68 fibroblasts that were extracted with digitonin
and stained for F-actin were perfused with 0.1mM
Mg-ATP solution (Fig. 7A). Circular bundles (arrow-
heads) began to contract immediately after the addition
of Mg-ATP (Supplementary Movie 4). In the well-spread
cells, stress fibres (Fig. 7B, arrows) contracted following
the addition of Mg-ATP (Supplementary Movie 5). This
contraction did not seem to be due to the depolymeriza-
tion of F-actin, because the fluorescence intensities per
unit area of the region of shortening stress fibres were
increasing (arrows). No contraction occurred upon perfu-
sion of the contraction buffer without ATP. Thus, these
contractions were ATP dependent. Both types of contrac-
tion were almost completed within 5min after the
addition of Mg-ATP.

Figure 7C shows the time courses of the decrease in
the length of circular bundles and stress fibres in the
digitonin-permeabilized cells. Contraction of circular
bundles (diamonds) and that of stress fibres (squares)
was biphasic as previously reported (6, 43, 44). The
length of circular bundles decreased to 57.2% +7.2% of
the original length within 1min and then gradually
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Fig. 8. Isometric tension is necessary for the maintenance
of the structure of circular bundles. (A) Effect of partial
destruction of adhesions on the structure of circular bundles.
Swiss 3T3 fibroblasts expressing GFP-actin were allowed to
spread for 1h. Then, 0.05% trypsin-EDTA was perfused at 0 min
and the cell was observed by epifluorescence microscopy. The
time after the addition of trypsin-EDTA is indicated in each
panel. Arrowheads indicate the shape change of circular bundles
after trypsinization. Scale bar=20pm. (B) Effect of partial
destruction of adhesions on stress fibres. Swiss 3T3 fibroblasts
expressing GFP-actin were allowed to spread for 4h, and images

decreased to 43.0% + 8.5% (n =8). Stress fibres contracted
to 63.6%+7.3% within 1min and then gradually
decreased to 45.9% +5.8% (n=11). These results demon-
strate that the contractility of actomyosin bundles had
developed from early stages of spreading, which is
consistent with the presence of phosphorylated MRLC
in circular bundles.

Detachment of Focal Adhesions from the Substrate
Results in the Disappearance of Circular Bundles—We
next examined the role of mechanical tension in the
maintenance of the structure of circular bundles and cell
retraction: Swiss 3T3 fibroblasts expressing GFP-actin
were detached from the substrate with 0.05% trypsin-
EDTA in phosphate-buffered saline (Fig. 8).

After the addition of trypsin-EDTA, circular bundles
in the cells spreading for 1h (Fig. 8A, arrowheads)
changed their round shape concomitant with the aniso-
tropic retraction of the cell due to the partial destruc-
tion of adhesion structures (Supplementary Movie 6).
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were obtained by epifluorescence microscopy. Arrows indicate
the contraction of stress fibres after treatment with 0.05%
trypsin-EDTA. Scale bar=20um. (C) Trypsinization of Swiss
3T3 fibroblasts expressing GFP-actin after incubation with
Y-27632. As shown in the upper schematic diagram, cells were
incubated with 10 pM Y-27632 for 1h or 4h (data not shown).
Then 0.05% trypsin-EDTA was added and observed for 10 min by
epifluorescence microscopy. Scale bar =20 um. (D) Analysis of the
change in the relative area ratios versus initial area of the cells.
Control (diamond plots) and Y-27632-treated cells (square plots)
were compared 10 min after trypsinization.

Blurring of the fluorescence image of circular bundles
suggests that slackening occurred in circular bundles.
Stress fibres in the cell spreading for 4h (Fig. 8B,
arrows) also contracted and diminished with retraction of
the cell as previously reported (45).

On the other hand, the cell retraction induced by
trypsin-EDTA was suppressed by treatment of the cells
with 10pM Y-27632 for 1 (Fig. 8C) or 4h (data not
shown), which inhibited the formation of circular bundles
and stress fibres as demonstrated in Figs 4 and 5.

We analysed the areas of the control and inhibitor-
treated cells after trypsinization (Fig. 8D). At 1h after
the plating, the relative area of the control cells
(diamonds) significantly decreased immediately after
the treatment of trypsin-EDTA, then gradually decreased
to 18.9% +12.1% of the initial area by 10min (n=12).
In the Y-27632-treated cells (squares), however, the cells
contracted very slowly only up to 51.1% +19.3% (n =15).
Similar results were obtained in the case of stress fibres
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in the cells 4h after the plating (control: 18.9% + 10.8%
by 10min, n=13; Y-27632: 41.7% +20.8% by 10min,
n=24). These results suggest the presence of isometric
tension in circular bundles that was generated as a
result of interaction between phosphorylated myosin-II
and actin.

DISCUSSION

Two types of actin structures—circular bundles and
stress fibres—and their existence at distinctive stages
of cell spreading have been reported (19). However, the
role of actomyosin contractility in the formation of
circular bundles and the relationship between circular
bundles and stress fibres in the context of cell spreading
has remained unclear. To elucidate these points, we
observed the structure and distribution of actin filament
bundles, examined the contractility of these structures
and attempted to relate these characteristics to cell
morphology and adhesions at different stages of cell
spreading.

As schematically shown in Fig. 9, our study strongly
suggests that circular bundles are organized in an
actomyosin-dependent manner and regulated the organi-
zation of cell morphology and focal adhesions in the early
stages of cell spreading. Our live cell observations
confirmed that until 1h after the plating, the cells were
round and that circular bundles were formed from arcs
that were generated at the cell periphery (Figs 1B and
2A). Circular bundles were similar to stress fibres in
molecular composition; however, as we have demon-
strated, cell-to-substrate adhesions were mediated by
dorsal stress fibres that were connected to circular
bundles at one end and to the substrate at the other
end (Fig. 2D). Around 2h after the plating, the

15 min lh

@....

= F-actin bundle

. Focal adhesion

Cell attachment Rho-kinase-dependent formation of

contractile circular bundles

Fig. 9. Schematic representation of the actin bundle
dynamics during fibroblast spreading. By 1h after the plat-
ing, circular bundles and dorsal stress fibres are formed. The ends
of dorsal stress fibres are attached to the substrate through focal
adhesion proteins such as integrin o,B3 and vinculin. Arcs are
organized at the cell periphery, transported, joined with each
other and then transformed into circular bundles with myosin-II.
In circular bundles, MRLC is phosphorylated mainly by Rho-
kinase. Thus, circular bundles possess the contractility that is
necessary for the formation and maintenance of circular bundles.
The isometric tension arising from the contractility of circular
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Rotation and rearrangement of
circular bundles

centripetal flow of actin filament bundles stopped and
the rotation of circular bundles occurred, which was
followed by the disassembly of circular bundles and
reorientation of actin bundles, and finally stress fibres
were formed with polarization of the cell shape (Fig. 3).

We found that MRLC in circular bundles was
diphosphorylated (Fig. 4). Diphosphorylation of MRLC
enhances actin-activated myosin-II ATPase activity more
strongly than does monophosphorylation (16). Thus,
circular bundles would have a relatively high contrac-
tility. In the Y-27632-treated cells, the levels of mono-
and diphosphorylation were considerably low, suggesting
that MRLC in circular bundles as well as in stress fibres
is mainly phosphorylated by Rho-kinase. The results of
the immunoblotting analysis support this notion.

We have shown that when Rho-kinase or the interac-
tion between actin and myosin-II was inhibited, neither
circular bundles nor stress fibres were formed (Figs 5A
and 5B), suggesting that these structures are organized
in a manner dependent on myosin-II activity that
is enhanced by Rho-kinase-mediated MRLC phosphoryla-
tion. When Rho-kinase was inhibited, cells initially
spread to a larger extent than did the control cells
(Fig. 5C). Since contractility arises from the activity of
myosin-II phosphorylated by Rho-kinase, and circular
bundles contain phosphorylated myosin-II, the inhibition
of Rho-kinase would lead to a loss of contractility of
circular bundles. Furthermore, circular bundles were
destroyed when myosin-II activity was inhibited by
Y-27632 or blebbistatin (Fig. 6). Therefore, isometric
tension arising from the contractility is essential for the
maintenance of the structure of circular bundles, and
this tension appeared to restrict cell spreading because
the cell area increased after the inhibitor treatments

increased.

4h

Stress fiber

Formation of stress fibers

bundles must be transmitted to the underlying substrate through
dorsal stress fibres whose ends are located at focal adhesions, and
this tension appears as a traction force that is directed radially
towards the nucleus judging from the elongated shape of focal
adhesions. In this scenario, circular bundles are presumed to
regulate cell morphology by inhibiting spreading. When arcs cease
to flow, circular bundles begin to undergo rotation (grey arrows).
After 4 h, stress fibres are formed. This process mainly depends on
Rho-kinase. Organized stress fibres are static, and unlike circular
bundles, do not show dynamic behaviour. Vinculin clusters are
oriented in the direction of stress fibres by this time.
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Other kinases, such as the MLCK, have been known to
phosphorylate MRLC. Thus, we examined the effect of
MLCK on circular bundles using an MLCK inhibitor,
ML-7 or ML-9. However, circular bundles and stress
fibres were formed in the cells incubated with 10uM
ML-7 or 30 uM ML-9 (data not shown). The possibility of
decomposition of the inhibitor was remote, because the
medium-containing ML-7 was replaced every 2h after
the first addition. Furthermore, increase in the ML-7
concentration up to 20uM produced the same results.
A further increase in the ML-7 concentration would
cause effects other than inhibiting the phosphorylation of
MLCK (23). Thus, MLCK-dependent MRLC phosphoryla-
tion did not appear to be necessary for the formation
of circular bundles and stress fibres. However, ML-7
treatment did affect the cell morphology. The cell area
was smaller at 0.5, 1, 2 and 4h (P<0.01) after the
plating and the form factor was larger than that of
the control cells at 15min (P<0.01), 1h (P<0.05), 2h
(P<0.01), 4h (P<0.01) and 8h (P<0.05), indicating
a rounder shape of the ML-7-treated cells during cell
spreading. One reason for this may be the loss of the
arch-shaped peripheral actin bundles that are organized
from lamellipodial membrane protrusions (9, 12, 46-48).
Thus, the inhibition of MLCK seems to suppress the
formation of peripheral actin bundles, which induced
a rounder cell shape. These results suggest that the
formation of circular bundles strongly depends on Rho-
kinase but not on MLCK-mediated myosin activity.

The experiments with a digitonin-permeabilized cell
model that is capable of contraction provide a greater
understanding of the mechanical behaviour of circular
bundles (Fig. 7). Mg-ATP induced the isotropic contrac-
tion of circular bundles in a lateral direction. Traction
force microscopy has previously revealed that in the
early stages of cell spreading, traction force on the sub-
strate was generated in the radial direction (49). Our
results suggest that the origin of traction force is the
isometric tension of circular bundles, which is thought to
be transmitted to the substrate through dorsal stress
fibres that are arranged in the radial direction. The fact
that elliptical shape of vinculin clusters observed at this
stage of cell spreading supports this idea, because the
orientation of elongated focal adhesions generally coin-
cides with the direction of the contractile force (50).
In well-spread cells, the direction of the contraction and
the orientation of vinculin clusters were parallel to the
long axis of the cell. We suggest that the direction of the
traction force changed concomitantly with the morpholo-
gical changes in F-actin bundles during cell spreading,
which also altered the direction of vinculin clusters.

Furthermore, when cells were partially dissociated
using trypsin-EDTA in the early stages of spreading, the
cells retracted and circular bundles contracted followed
by complete disappearance (Fig. 8A). On the other hand,
cells in which the formation of circular bundles was
inhibited by Y-27632 treatment did not show a rapid
retraction after partial dissociation from the substrate
(Figs 8C and 8D). The cell area slowly decreased by
Y-27632 treatment, but this was probably due to the
effect of the tension that was developed in the membrane
of the spread cell (51). These results suggest that circular
bundles maintained their structure via the isometric

Y. Senju and H. Miyata

tension that they develop and that the maintenance of
the straight structure of stress fibres occurred similarly
(52, 53). These findings will offer new insight into the
study of cell migration and cell adhesions as well as the
study of cell spreading.

When circular bundles were restructured into stress
fibres, they underwent rotation. It has been suggested
that the elongating dorsal stress fibres induced this
rotation (39). Actin polymerization of the dorsal stress
fibres is known to be promoted by mDial, an actin poly-
merization factor (2). To further understand the relation-
ship between the elongation of dorsal stress fibres and
the rotation of circular bundles, it will be necessary to
investigate the role of mDial in spreading cells. On the
other hand, it is known that the centrosome of micro-
tubules induces the rotation of the nucleus in polarizing
cells (54). Recent studies have shown that mDial regu-
lates microtubule alignment in polarizing cells (55-57).
It is important to understand the cooperation between
mDial function and microtubule dynamics in spreading
cells.
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