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Abstract In this study, we aimed at improving the tem-

poral resolution of scanning probe microscopy (SPM) for

observing living cells by introducing soft cantilevers, low

feedback-gain operations, and cantilever deflection imag-

ing. We achieved visualization of the mechanical archi-

tecture in leading lamellae of living fibroblasts at a

temporal resolution of around 10 s, which is higher than

that of conventional contact-mode SPM. Time-lapse SPM

could be used to monitor not only cytoskeletal dynamics

but also the dynamics of numerous microgranules. Statis-

tical analysis of microgranular motion revealed that the

microgranules have superdiffusive behaviors and signifi-

cant directional order of motion. We also found that the

direction of their motion is correlated with the direction of

growing actin stress fibers. The combination of SPM with

fluorescence microscopy showed that vinculin, a compo-

nent of cell-substratum adhesion sites, localizes at the

microgranules. Our experimental data provides a new

insight into the intracellular mechanical architecture and its

structural dynamics, suggesting that high-speed live-cell

SPM has great potential for investigating the structural

origin of cellular dynamics.

Keywords SPM � Atomic force microscopy �
Cytoskeleton � Lamella � Leading edge � Cell mechanics

Introduction

Scanning probe microscopy (SPM), also known as atomic

force microscopy, is a powerful technique for investigating

the structure and mechanics of biological components,

because this method can be applied directly to image the

topography of mechanical architecture in soft materials and

measure mechanical forces quantitatively in liquid condi-

tions. A topographic imaging application, such as contact-

mode SPM, allows visualization of mechanical architectures

in cells or tissues (Henderson et al. 1992; Raspanti et al.

2001; Habelitz et al. 2002; Pesen and Hoh 2005), whereas

quantitative force measurement reveals the viscoelasticity of

cells or tissues (Radmacher et al. 1996; Alcaraz et al. 2003;

Goffin et al. 2006) and the adhesive force between molecules

or cells (Baumgartner et al. 2000; Benoit et al. 2000;

Helenius et al. 2008). SPM has also been applied to examine

the active and dynamical behaviors of biological compo-

nents. However, the typical temporal resolution in conven-

tional contact-mode SPM is longer than 1 min (Hansma

et al. 2006). Therefore, time-lapse contact-mode SPM is

suitable for observing minute-scale dynamics, such as the

morphological changes of epithelial cells (Schoenenberger

and Hoh 1994). In brief, conventional contact-mode SPM

excels in the observation of slow biological dynamics rather

than fast dynamics.

Recently, two types of high-speed SP microscopes for

topographic imaging, based on either a high-speed feed-

back system (Ando et al. 2001) or no feedback system

(Picco et al. 2007), have been introduced; these SP

microscopes can achieve a temporal resolution of \0.1 s
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even in liquid conditions. They have been used to visualize

various biological components in vitro, such as motor

proteins (Ando et al. 2001), collagen fibrils (Picco et al.

2007), and chromosomes (Picco et al. 2008). However, as

both types of microscopes likely apply large frictional and

compressive forces on samples, their application for visu-

alizing living cells with soft and highly undulating surfaces

seems difficult. A method allowing modulation of the

applied forces is likely required for high-speed SP micro-

scopic observation of the fast dynamics of biological

components under physiological conditions.

Leading lamellae, the broad and thin peripheries of motile

cells, are difficult but worthwhile to observe using SPM. The

mechanical architecture in leading lamellae shows fast

dynamics and produces drastic morphological changes of

these lamellae, such as expansion, contraction, and ruffling.

It is well known that the actin cytoskeleton is a main com-

ponent of such mechanical architecture and plays a critical

role in morphological regulation of leading lamellae: the

elongation of filamentous actin (F-actin), induced by poly-

merization, elicits protrusions of the plasma membrane at

the edge; the centripetal movement of F-actin networks,

driven by molecular motor myosin II, results in retraction

of the edge. Accompanied by the centripetal movement,

F-actin is bundled into thick cables, called actin stress fibers

(SFs). Recently, specific molecular interactions originating

in these processes of actin cytoskeletal reorganization have

been investigated. However, the comprehensive structural

dynamics of such mechanical architecture is still poorly

understood; there might be as-yet-unrecognized features of

the overall mechanical architecture. High-speed live-cell

SPM could reveal more comprehensive structural dynamics

of this mechanical architecture.

In this study, to advance the application of SPM for

observing the fast dynamics of living cells, we combined

soft cantilevers to modulate the force applied to cells, low

feedback-gain operations of a commercial SP microscope,

and imaging of cantilever deflection. We achieved live-cell

imaging of the mechanical architecture in leading lamellae

with a temporal resolution of about 10 s. Time-lapse

observations of the lamellae showed not only drastic

remodeling of the actin cytoskeleton but also granular

matter, which showed retrograde movement and minute-

scale lifetimes. The number of granules decreased and their

direction of movement correlated with the alignment of

newly assembled SFs. Therefore, the dynamical behaviors

of the mechanical architecture in leading lamellae were

revealed for the first time using high-speed live-cell SPM.

Combination of SPM with fluorescence microscopy

showed that a part of the granular matter included vinculin,

a terminal component of SFs. Our observations provided a

new insight into the dynamics of the mechanical archi-

tecture in leading lamellae.

Materials and methods

Cell culture

Mouse embryonic fibroblasts (NIH-3T3; RIKEN Cell Bank,

Tsukuba, Japan) were cultured in Dulbecco’s modified

Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) with

10% heat-inactivated bovine serum (Invitrogen) and 1%

antibiotic solution (Sigma-Aldrich, St. Louis, MO) at 37�C

in a 5% CO2 atmosphere. Trypsinized cells were spouted

onto a chambered glass coverslip; a relatively low cell

density was used to prevent intercellular contacts. After

overnight culture, the medium was replaced with 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-

buffered DMEM (pH 7.4; Sigma-Aldrich) with 10%

heat-inactivated bovine serum and 1% antibiotic solution for

the measurements with SPM. The cells showed random

migration because we did not apply a serum concentration

gradient or chemical attractant to control cell migration. For

these experiments, we used the extending lamellae of the

cells.

SPM

The measurements were based on a commercial SP

microscope (BioScope NanoScope IIIa; Veeco, Woodbury,

NY), located in a thermally insulating box with a control

unit for atmospheric temperature. The temperature-con-

trolled microscope was combined with an inverse optical

microscope (Eclipse TE2000-U; Nikon, Tokyo, Japan) on a

vibration isolator. The sample temperature was controlled

at 36 ± 1�C.

We introduced the following procedures to achieve high

temporal resolution. In typical contact-mode imaging, it is

difficult to determine the topography of samples with

highly undulating surfaces at high temporal resolution

because the cantilever easily oscillates in response to the

electronic feedbacks from the SP microscopic control unit.

On the other hand, when the feedback is delayed, it is

possible to visualize the topography by measuring canti-

lever deflection. This operation mode is called ‘‘error

mode,’’ because the deflection in contact-mode means the

error in maintenance of constant deflection. In error-mode

SPM (E-SPM), the cantilever height is kept almost con-

stant, but cantilever deflection changes depending on the

surface morphology of the samples (Fig. S1). We set the

integral gain at 0.050, proportional gain at 0.050, and line

scan rate at 10.2 or 15.3 Hz. We also set the number of

lines in an image to 128. E-SPM has often been used for

rigid and undeformable samples but not for cells because a

cantilever may push the cell surfaces more strongly in error

mode than in contact mode. To reduce cell damage, we

controlled the force applied to cells to\1 nN by adjusting
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the cantilever height. To improve the contrast of the images

obtained using E-SPM, we used relatively soft cantilevers

with a spring constant of 0.01 N/m (MLCT-AUHW; Ve-

eco). Therefore, the inner architecture could be visualized

with good contrast. Using these procedures, we achieved a

temporal resolution of about 10 s without serious cell

damage (e.g., cell death or membrane breakage). In this

study, we used a temporal resolution of 12.6 s (line scan

rate 10.2 Hz) or 8.4 s (line scan rate 15.3 Hz). The

acquired images were filtered with a plane-fit. To reduce

noise in some images, we finally filtered the images with an

appropriate Fourier mask using Image-Pro (Media Cyber-

netics, Silver Spring, MD).

During SP microscopic observation, we captured optical

microscopic images of the observed cells and the sur-

rounding cells in order to identify the observed cells under

the fluorescence microscopy system.

Fluorescence microscopy

Cells were fixed with 3.7% formaldehyde in phosphate-

buffered saline (PBS) for 10 min, permeabilized with 0.5%

Triton-X100 in PBS for 20 min, and incubated in PBS

containing 0.5% bovine serum albumin (BSA) for 30 min

prior to the reaction with antibodies. The cells were stained

with mouse anti-a-tubulin antibody (1:500; Sigma-

Aldrich), rabbit anti-myosin-IIA antibody (1:100; gift from

Dr. Masayuki Takahashi, Hokkaido University, Sapporo,

Japan), or mouse anti-vinculin antibody (1:2,500; Sigma-

Aldrich) for 60 min followed by a mixed solution of

MFP488-conjugated phalloidin (1:500; Mo Bi Tec, Göt-

tingen, Germany) and secondary antibody for 60 min. The

secondary antibody was Alexa546-conjugated goat anti-

mouse IgG antibody (1:500; Invitrogen), for the mouse

primary antibodies, or HiLyte555-conjugated goat anti-

rabbit IgG antibody (1:200; AnaSpec, San Jose, CA), for

the rabbit primary antibodies. All antibodies were diluted

in PBS containing 0.5% BSA. After staining, we observed

the fluorescent-stained cells using confocal laser scanning

microscopy (CLSM, C1 confocal imaging system; Nikon).

We were able to identify the cells observed using the SP

microscope from the outline of the cells observed on

optical microscopic images captured under the SPM

system.

Movement tracking and statistical analysis

To analyze the two-dimensional movement of the granules

observed using E-SPM, we manually measured x–y posi-

tion ci(j) of the ith single granule as a function of time-

lapse frame number j from its appearance to disappearance

in the observed window using Scion Image (Scion,

Frederick, MD). The time sequence, ci(j), of a single

granule gives its individual trajectories.

Displacement vector di,Dj(j) of the ith single granule at

the jth frame with frame interval Dj was calculated as

follows:

di;DjðjÞ ¼ ciðjþ DjÞ � ciðjÞ ð1Þ

We then analyzed the mean-square displacement

(MSD), of the ith single granule, calculated as follows:

MSDi;Dj ¼ jdi;DjðjÞj2
D E

j
¼ 1

m

X
j

jdi;DjðjÞj2 ð2Þ

where m is the total number of di,Dj(j) at given i and Dj.

We calculated the time interval, Dt, as Dj multiplied by

the temporal resolution and calculated MSD at Dj = 1, 2,

3,..., 10.

To evaluate directional order and mean direction, we

calculated normalized displacement vector ui(j), as

follows:

uiðjÞ ¼
di;DjðjÞ
jdi;DjðjÞj

ð3Þ

where Dj = 2. The mean vector, r, of the normalized

displacement vectors was introduced to evaluate the

directional order and mean direction of ui(j) statistically,

as follows:

r ¼ uiðjÞh ii;j¼
1

n

X
i

X
j

uiðjÞ ð4Þ

where n is the total number of ui(j). We defined directional

order and mean direction as |r| and direction of r, respec-

tively. The ui(j) orients randomly for |r| = 0 and uniformly

for |r| = 1. To determine whether the calculated directional

order is significantly different from 0, we applied Ray-

leigh’s z test (Greenwood and Durand 1955; Zar 1999) to

the data. We considered a P value of\0.001 as statistically

significant.

Pharmacological treatment

To modulate the structure of actin cytoskeleton, we treated

cells with cytochalasin-D or Y-27632. Cytochalasin-D

inhibits actin polymerization and induces depolymerization

of F-actin. Y-27632 specifically inhibits Rho-associated

coiled-coil kinase (ROCK), which activates myosin regu-

latory light chain (MRLC). Dephosphorylation of MRLC

induced by Y-27632 is known to disrupt SFs but not F-

actin networks (Hirata et al. 2007). We prepared a Y-27632

solution at a concentration of 1 mg/ml and a cytochalasin-D

solution at a concentration of 0.1 mg/ml. During the

observation, we added these solutions to the cell culture

media to a final concentration of 10 lM.
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Results

Characterization of high-speed live-cell SPM

To confirm that E-SPM is superior for high-speed obser-

vation of living cells, we compared E-SPM with conven-

tional contact-mode SPM by observing a lamella in a living

fibroblast at a frame rate of 12.6 s/frame (Fig. 1). We set

the field of view to 10 lm for observing both the near-cell

edge and the near-cell body regions in the lamella simul-

taneously. In the case of the lowest feedback gain (corre-

sponding to the observation condition on E-SPM), the

deflection image clearly showed cytoskeletal filaments,

although little signal was detected in the height image.

With increased feedback gain (corresponding to the con-

ventional contact mode), the oscillatory noise became

stronger in both the deflection images and the height

images. The height images did not clearly show cytoske-

letal filaments. These results meant that the contact-mode

SP microscope, showing height images based on feedback

electronics, failed to monitor the mechanical architecture at

the subminute-scale temporal resolution and that E-SPM

was suitable for high-speed observation of living cells.

We estimated the tip indentation depth at the cell surfaces

during high-speed observation by applying the procedures

reported previously (Hertz 1882; Lavenberg 1944; Marquardt

1963; Haga et al. 2000; Tamura et al. 2007). The results have

been described in the Supplementary Materials.

Dynamics of mechanical architecture

We succeeded in high-speed time-lapse observation of the

lamellae in living fibroblasts using E-SPM. Obvious dam-

age to cell morphology was not seen during our

observations. We obtained a typical time-lapse sequence of

images with a frame rate of 12.6 s/frame (Fig. 2a, see also

Supplemental Movie S1). In the images, we observed

micrometer-sized granular matter embedded on filamen-

tous networks. We named the granular matter ‘‘micro-

granules.’’ The microgranules appeared, moved, and then

disappeared several minutes after their appearance.

Simultaneously, thick cables of about 500 nm in diameter

gradually emerged. The cables extended from the cell body

toward the cell edge with a highly ordered alignment. The

alignment feature of the cables was similar to SFs. We

quantitatively analyzed time-dependent changes in the

number of microgranules and length of the SF-like cables

(Fig. 2b). The total number of microgranules in the image

gradually decreased with time. Then, the SF-like cables

gradually elongated. To further characterize the elongation

dynamics of the SF-like cables (e.g., determination of

elongation velocity), we analyzed time-dependent changes

in the SP microscopic images during the formation of SF-

like cables at subminute temporal resolution (Fig. 2c). The

time-lapse sequence did not show continuous elongation of

the SF-like cables. Hence, we could not define the elon-

gation velocity in the subminute time scale. Instead, the

sequence showed that the space surrounded by thin fila-

ments gradually narrowed with time, and the thin filaments

were finally bundled into a micrometer scale SF-like cable.

The cable was assembled within approximately 2 min in a

stepwise fashion. Similar observations were made eight

times. Moving microgranules were observed in 6/8 cells. In

the other two cells, microgranules were observed, but these

were not motile. In 2/8 cells, we observed the emergence of

new thick cables.

To examine whether the movement of the microgranules

is based on a purely passive process (i.e., simple Brownian

Fig. 1 Changes in height and

deflection images of a lamella of

a living fibroblast depending on

the increase of feedback gain.

The lowest feedback gain was

set to the same condition as for

E-SPM. As the feedback gain

was gradually increased, the

oscillatory noise became

stronger. Scale bar 2 lm
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diffusion) or not, we analyzed two-dimensional diffusion

behavior of the microgranules by calculating the MSD. The

trajectories of 11 microgranules are shown in Fig. 3a. The

MSD of individual microgranules was plotted as a function

of the time interval (Fig. 3b). The MSD–Dt curves fitted to

the following power-law equation:

MSD ¼ CðDtÞb ð5Þ

where C is a constant. If the movement was a purely pas-

sive process, power exponent b should equal 1. Almost all

the curves showed clear power-law behavior, and b was

1.19 ± 0.06 (mean ± SE), indicating that the microgra-

nules showed slightly but significantly faster diffusion than

Brownian particles did (i.e., superdiffusion). To assess

artifactual effects, such as hysteresis of the SP microscope

and measurement noise, on microgranular MSD, we

observed extracellular points and compared their MSD

with the microgranular MSD. The MSD of the extracellular

points was significantly smaller than that of the micro-

granules. Therefore, artifactual factors did not sufficiently

affect the microgranular MSD. These findings meant that

the microgranules showed superdiffusion and that active

processes (e.g., ATP-dependent processes) might drive

microgranules.

To investigate the spatial coordination of microgranular

motion, we evaluated the directional order of their move-

ment. Vector r, the mean of normalized displacement

vectors, was introduced and analyzed (Fig. 3c). The values

of components of r were -0.232 ± 0.034 for the x-axis

and -0.082 ± 0.037 for the y-axis (mean ± SE; calculated

for 376 vectors from 11 microgranules). Directional order,

|r|, was estimated to be 0.247. Applying Rayleigh’s z test

(Greenwood and Durand 1955; Zar, 1999) to the experi-

mental |r|, we confirmed that |r| was significantly larger

than 0, with P \ 0.001. The result indicated that the

microgranular movement was oriented in a particular

direction. In addition, the mean direction was toward the

cell body. By comparing with trajectory maps (Fig. 3a) and

the images obtained using E-SPM (Fig. 2a), we found that

the microgranules moved along with the elongating SF-like

cables. Here, we defined the range of the alignment angle

of the SF-like cables by measuring their angle at 630 s

(Fig. 3c). The mean direction of microgranular motion was

in the range of the alignment angle. The result suggested

that the movement orientation of the microgranules was

based on a mechanism similar to the alignment of the SF-

like cables.

Molecular compositions of mechanical architecture

To identify molecular compositions of the mechanical

architecture (i.e., SF-like cables, filamentous networks, and

microgranules), we fixed cells \1 min after observation

using E-SPM and stained them with fluorescent-tagged

antibodies or phalloidin. Figure 4 shows image sets

observed at the lamellae, obtained using E-SPM and

CLSM. In the images obtained using E-SPM, we focused

on SF-like cables (Fig. 4a), filamentous networks (Fig. 4c),

and microgranules (Fig. 4e). Along the SF-like cables, F-

actin and myosin-IIA were observed (Fig. 4a, b). This

Fig. 2 Dynamics of microgranules and filamentous networks

observed using time-lapse E-SPM. a Time-lapse images of a lamella

of a living fibroblast obtained using E-SPM. Each image represents

every tenth frame. The open arrowheads and solid arrowheads
indicate typical microgranules and cables, respectively. The number
in each image represents time in seconds. Scale bar 2 lm. b Number

of microgranules and length of the longest cable within the images

obtained using E-SPM plotted as a function of time. The solid squares
and solid lines indicate time-dependent change in the number of

microgranules. The open squares and dashed lines indicate time-

dependent change in the length of the longest cable. c Time-lapse

E-SPM images at high temporal resolution in the area shown by the

square in a. The arrowheads indicate thin filaments that are bundled

into a cable. Scale bar 1 lm
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indicated that the cables were SFs. F-actin was observed in

the filamentous networks but a-tubulin was not (Fig. 4c, d).

These results indicated that the filamentous networks

mainly comprised F-actin and not microtubules. We also

found that some microgranules included F-actin and/or

vinculin (Fig. 4e, f). Vinculin is known to be one of the

general components of focal adhesions located at the ends

of SFs. However, the vinculin foci at the microgranules did

not associate with the SFs. This result implied that the

vinculin foci were likely to be precursors of focal adhe-

sions (Rottner et al. 1999). We noted that all the micro-

granules did not always include F-actin and vinculin, which

meant that microgranules were not identical to the cyto-

skeleton or focal complexes. Microgranules might change

their molecular compositions dynamically or be associated

with various existing components in cells.

Drug-induced changes in mechanical architecture

To test the hypothesis that the filamentous architecture,

including cables and thin filaments, is based on F-actin, we

subjected the cells to pharmacological treatment during SP

microscopic observation and examined the deconstruction

dynamics of filamentous architecture. First, we treated the

cells with cytochalasin-D (Fig. 5a). The filamentous archi-

tecture, including the thick cables and thin filaments,

immediately disappeared within 1 min after treatment. This

indicated that the filamentous architecture depended on

F-actin. Next, to determine whether the cables are SFs, we

treated the cells with Y-27632, which disrupts SFs but not

F-actin networks (Fig. 5b). Unlike cytochalasin-D, Y-27632

was required for [1 min to deconstruct the filamentous

architecture. The cables gradually thinned with time and

finally disappeared within 10 min after the treatment.

However, thin filaments were still visible for 15 min after

the treatment. This suggests that Y-27632 selectively

digested the cables but not the thin filaments. Hence, we

conclude that the cables visualized by SPM are in fact SFs.

Discussion

We believe that the high-speed live-cell SPM has great

potential to investigate biological dynamics based on the

structural changes in mechanical architecture. SPM allows

visualization of mechanical architecture in a molecularly

Fig. 3 Statistical analysis of microgranular movement. a Trajectories

of the microgranules shown in Fig. 2 (polygonal lines). The colors
distinguish 11 different microgranules. Starting positions of the

trajectories are indicated by open squares. b MSD of the microgran-

ules (solid symbols) and drift (open symbols) plotted as a function of

time interval Dt in a double logarithmic fashion. The solid lines
indicate power-law regressions. Inset identical MSD–Dt relationships

represented in a double linear fashion. The colors indicate microg-

ranules corresponding to those shown in a. c Mean vector r of 376

unitized displacement vectors, ui(j), plotted on an x–y plane (solid
square). The error bars indicate SE. The directional order, |r|, is

significantly different from 0, tested by Rayleigh’s z test (P \ 0.001).

Solid lines indicate the alignment angles of the SF-like cables

observed at 630 s
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nonspecific manner, whereas live-cell fluorescence micros-

copy, which is generally used to measure the spatial distri-

bution and activation state of molecules in cells, allows

visualization of only a couple of specific molecules.

Recently, it has been suggested that the mechanical pro-

perties of cells are not based only on the actin cytoskeleton

(Trepat et al. 2007). Moreover, nonfilamentous microgran-

ules have been visualized in various types of cells using

contact-mode SPM (Schoenenberger and Hoh 1994; Le

Grimellec et al. 1998; Yamane et al. 1999; Grzywa et al.

2006), but their molecular compositions were largely

unknown. Therefore, an SP microscope that permits

molecularly nonspecific microscopy and high-speed obser-

vation is required for investigating the dynamics of

mechanical architecture. Previous types of high-speed SP

microscopes, which are equipped with an ultrafast feedback

system or ultrafast oscillatory scanner, are quite effective for

relatively stiff and small (submicrometer scale) samples but

seem to be difficult to use for observing soft or large

(micrometer scale) samples. In this study, we improved the

temporal resolution in SPM for live-cell observation by

introducing simple methods and achieved high-speed

observation of the mechanical architecture in leading

lamellae. Our data enabled analysis of the spatiotemporal

dynamics at subminute temporal resolution. This temporal

resolution is likely suitable to examine biological dynamics

of not only leading lamellae but also other materials, such as

epithelial microvilli (Gorelik et al. 2003). Our methods are

only based on the commercial SPM system and the set of

parameters for the system. The parameter set includes

integral gain, proportional gain, and scan rate, which are the

general parameters for SPM. Hence, we consider that our

Fig. 4 Fluorescence

microscopic analysis of the

cables, networks, and

microgranules visualized using

E-SPM. a, c, e Images of

lamellae of living fibroblasts

obtained using E-SPM. The

solid arrowhead, solid ellipse,

and dotted ellipses indicate a

cable, networks, and

microgranules, respectively.

b Distributions of F-actin and

myosin-IIA visualized using

CLSM in the cell shown in a.

The solid arrowheads indicate

the cable corresponding to the

one in a, and the open
arrowheads indicate myosin-

IIA foci clearly localized at the

F-actin cable. d Distributions of

F-actin and a-tubulin visualized

using CLSM in the cell shown

in c. The solid ellipses indicate

the area corresponding to the

one indicated by the solid
ellipse in c. f Distributions of

F-actin and vinculin visualized

using CLSM in the cell shown

in e. The dotted ellipses indicate

the area corresponding to the

one indicated by the dotted
ellipse in e. All dashed squares
in the images obtained using

CLSM correspond to the scan

area on E-SPM. Scale bars
1 lm (a, c, e) and 2 lm (b, d, f)
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methods are easily and generally applicable to commercial

SPM. However, temporal resolution is still limited to the

subminute scale. Further improvement in the temporal res-

olution for live-cell E-SPM imaging may require special

equipment(s) such as softer cantilevers for reducing cell

damage and stable scanners for reducing image noise.

Superdiffusive movement of microgranules and its

directional order suggest that non-Brownian processes

drive the microgranules. It has been reported that micro-

beads linked to transmembrane protein integrin on cell

surfaces show superdiffusion depending on actomyosin

contractility in the time scale comparable to the micro-

granules (Bursac et al. 2005). Integrin colocalizes with

vinculin, which is able to bind to actin directly (Menkel

et al. 1994) or another actin-binding protein (McGregor

et al. 1994), to connect to the actin cytoskeleton. Locali-

zation of vinculin at microgranules suggests that micro-

granules are associated with both integrin and the actin

cytoskeleton for actomyosin-dependent superdiffusion.

Further, the microgranules moved toward the cell body

with a significant directional order. In lamellae, many

intracellular components such as actin-related molecules

show cell body-directed movement, called ‘‘retrograde

flow’’ and driven by centripetal movement of actin cyto-

skeletal networks based on actomyosin contractility

(Waterman-Storer and Salmon 1997; Ponti et al. 2004;

Vallotton et al. 2004; Brown et al. 2006; Cai et al. 2006;

Hu et al. 2007). Therefore, actomyosin contractility likely

drives microgranules.

Although the biological function of microgranules in

cells is unknown, the dynamical behaviors of microgra-

nules may reflect their function. We found that the

microgranular movement was oriented in the same direc-

tion as the alignment of newly formed SFs. We also found

that the number of microgranules decreased with the

development of the SFs. Therefore, the dynamical behav-

iors of microgranules are possibly related to SF assembly.

It has been reported that actomyosin contractility delivers

F-actin for assembly of F-actin cables (Anderson et al.

2008), which elongate in the direction of the contractility

(Hirata et al. 2007). As microgranules are likely delivered

by actomyosin contractility and store F-actin occasionally,

we speculate that microgranules transport F-actin and/or

actin-binding proteins (e.g., vinculin) to assemble SFs. We

will perform further experimental analysis to clarify the

function of microgranules.
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