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ABSTRACT The regulation of cellular traction forces on the extracellular matrix is critical to 
cell adhesion, migration, proliferation, and differentiation. Diverse lamellar actin organiza-
tions ranging from contractile lamellar networks to stress fibers are observed in adherent 
cells. Although lamellar organization is thought to reflect the extent of cellular force genera-
tion, understanding of the physical behaviors of the lamellar actin cytoskeleton is lacking. To 
elucidate these properties, we visualized the actomyosin dynamics and organization in U2OS 
cells over a broad range of forces. At low forces, contractile lamellar networks predominate 
and force generation is strongly correlated to actomyosin retrograde flow dynamics with 
nominal change in organization. Lamellar networks build ∼60% of cellular tension over rapid 
time scales. At high forces, reorganization of the lamellar network into stress fibers results in 
moderate changes in cellular tension over slower time scales. As stress fibers build and ten-
sion increases, myosin band spacing decreases and α-actinin bands form. On soft matrices, 
force generation by lamellar networks is unaffected, whereas tension-dependent stress fiber 
assembly is abrogated. These data elucidate the dynamic and structural signatures of the 
actomyosin cytoskeleton at different levels of tension and set a foundation for quantitative 
models of cell and tissue mechanics.

INTRODUCTION
In adherent cells, forces generated within the actin cytoskeleton are 
transmitted at focal adhesions and result in traction forces on the 
extracellular matrix (ECM) (Burridge and Chrzanowska-Wodnicka, 
1996; Parsons et al., 2010). The regulation of cellular traction force 
is fundamental to cell adhesion, motility, and extracellular matrix re-
modeling (Bershadsky et al., 2003; Discher et al., 2005; Geiger et al., 
2009; Gardel et al., 2010). Near the cell periphery within the lamel-
lipodium, polymerization of densely branched F-actin networks 
drives F-actin retrograde flow that coincides with focal adhesion as-
sembly (Alexandrova et al., 2008; Choi et al., 2008; Gardel et al., 
2008). The traction stresses transmitted at these nascent, myosin-

independent lamellipodial adhesions are small (Gardel et al., 2008; 
Aratyn-Schaus and Gardel, 2010; Fournier et al., 2010). Proximal to 
the lamellipodium, myosin II motors generate contractile forces on 
F-actin which both modulate F-actin dynamics and organize the la-
mellar actin cytoskeleton into networks and bundles that generate 
large traction stresses on the ECM (Gardel et al., 2010). There is a 
qualitative understanding of the interplay among myosin II activity, 
lamellar actin organization, and traction force generation. When 
myosin activity is inhibited, the actin cytoskeleton is organized into 
a lamellar network that generates low force, while high myosin activ-
ity results in stress fibers that generate high tension (Chrzanowska-
Wodnicka and Burridge, 1996; Balaban et al., 2001; Beningo et al., 
2006). However, a quantitative biophysical understanding of how 
lamellar F-actin dynamics and organization regulate the extent of 
cellular force generation is largely unknown. This knowledge is 
sorely needed to elucidate the physical mechanisms of cellular force 
generation and to build predictive physical models of cells and tis-
sues.

Contractile lamellar networks, or “contractile-network arrays,” 
are composed of randomly polarized actin filaments interspersed 
with submicrometer puncta of myosin II motors (Verkhovsky et al., 
1995, 1997; Svitkina et al., 1997). The spatial coordination of F-actin 
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ated. Quite surprisingly, we found that lamellar networks generated 
up to 60% of the maximum forces generated. In lamellar networks, 
changes in force output were dominated by changes in lamellar ret-
rograde flow dynamics with very little change in lamellar organiza-
tion. The remainder of the cellular force (∼40%) was generated as 
lamellar networks remodeled into stress fibers over significantly lon-
ger time scales. During myosin-mediated remodeling of F-actin into 
bundles, α-actinin accumulated onto bundles in a banded pattern. 
The spacing of myosin and α-actinin bands decreased as force was 
built. On soft matrices, which inhibit stress fiber formation, lamellar 
network force generation was unaffected. Altogether, our data sug-
gest that a contractile lamellar actin network can act as a prominent 
force generator, allowing for the rapid growth of cellular tension in 
the absence of stress fibers. At higher force levels, stress fiber for-
mation is correlated with further increases in force over much longer 
time scales. These results identify the dynamic and structural signa-
tures of force generation by the actomyosin cytoskeleton and pro-
vide the foundation for biophysical models of cellular contractility.

RESULTS
Formation and remodeling of stress fibers in U2OS 
osteosarcoma cells
To visualize the dynamics of the lamellar cytoskeleton, we coex-
pressed mApple-actin and green fluorescent protein–myosin light 
chain (GFP-MLC) (Figure 1A) in U2OS osteosarcoma cells plated on 
fibronectin-coated glass coverslips and acquired time-lapse fluores-
cence images using a spinning-disk confocal microscope. As previ-
ously observed, U2OS cells prominently display stress fibers, identi-
fied by actin bundles with periodic bands of myosin (Figure 1A). In 
portions of stress fibers devoid of myosin, α-actinin is localized (Sup-
plemental Figure 1). Thus stress fibers are characterized by alternat-
ing bands of α-actinin and myosin occurring at intervals of 1.1 ± 
0.2 μm and 1.0 ± 0.3 μm, respectively (Figure 1B) (Peterson et al., 
2004; Hotulainen and Lappalainen, 2006). Although stress fibers can 

assembly dynamics and myosin II activity within lamellar networks 
results in coherent, continuous flow of F-actin away from the cell 
periphery (Vallotton et al., 2004; Schaub et al., 2007). In the ab-
sence of focal adhesions, the rate of retrograde flow is 100 nm/s 
(Alexandrova et al., 2008; Zhang et al., 2008), similar to the un-
loaded velocity of myosin IIA (Cuda et al., 1997). In the presence 
of focal adhesions, this retrograde flow is markedly reduced to 
∼10–20 nm/s (Giannone et al., 2004; Hu et al., 2007; Alexandrova 
et al., 2008) and it is thought that tension sustained at adhesions 
assists in remodeling lamellar networks into bundles (Verkhovsky 
and Borisy, 1993). However, direct measurements of forces involved 
during lamellar remodeling into stress fibers are lacking.

F-actin cross-linking by myosin IIA and α-actinin assist in the for-
mation of a variety of contractile F-actin bundles (Cramer, 1999; 
Hotulainen and Lappalainen, 2006; Gardel et al., 2010). Stress fi-
bers, reminiscent of sarcomeric structures in striated muscle, are 
characterized by short actin filaments of alternating polarity deco-
rated with periodic bands of myosin and α-actinin (Peterson et al., 
2004; Naumanen et al., 2008). It was proposed that α-actinin–
mediated bundling of F-actin occurs as the first step of stress fiber 
formation, creating an F-actin architecture against which myosin can 
efficiently generate force (Hotulainen and Lappalainen, 2006; 
Naumanen et al., 2008). However, because stress fiber assembly in 
spread cells occurs predominately in a small region near the cell 
periphery, our understanding of the sequential steps of force-de-
pendent stress fiber assembly is incomplete.

Here we quantified the lamellar F-actin organization and dynam-
ics at different levels of cellular force generation. By dynamically 
modulating myosin activity, we observed the transition from con-
tractile lamellar networks to stress fibers occurring across the entire 
lamella of individual cells within a single experiment. By combining 
high-resolution quantitative imaging of the lamellar cytoskeleton 
with traction force microscopy, we were able to correlate lamellar 
F-actin dynamics and organization to the total cellular force gener-

FiGUrE 1: Transitions between lamellar networks and stress fibers occurs near the periphery of spread cells. (A) Images 
of mApple-actin and GFP-MLC (myosin light chain), used to visualize myosin II, in a U2OS cell. Scale bar, 5 μm. 
(B) Average center-to-center band spacing for myosin (n = 24 band pairs within three cells) and α-actinin (n = 16 band 
pairs within two cells) along actin bundles. Error bars indicate SE. (C) Left, image is the region of interest indicated by 
box in (A), with a dashed yellow line indicating bundle used to generate kymograph. Right, a kymograph generated 
from images along the line scan in the image on the left and stacked over time. The yellow arrows indicate locations of 
two neighboring myosin bands during stress fiber formation. (D) Top, time-lapse images of GFP-MLC; bottom, 
underlying traction stress during cell protrusion. Traction stress vectors are overlaid as white arrows on top of heat scale 
images, which indicate the stress magnitudes. Vector scale bar, 400 Pa; distance scale bar, 5 μm. Time indicated in min:s.
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after blebbistatin removal to ∼0.6 bundles per mm within 20 min 
(Figure 2B). These data could be well fit to a single exponential with 
a half-time of 8 min, reflecting a time scale of myosin-dependent 
actin bundle formation in U2OS cells.

As new bundles formed, the GFP-actin intensity of individual 
bundles also increased. Transverse line scans across bundles in GFP-
actin images showed clear peaks of actin intensity within the bundle, 
Ib, compared with that of the surrounding cytoplasm, Ic. After cor-
rection for photobleaching, the intensity of the cytoplasmic pool did 
not change over time (unpublished data). By contrast, the ratio of 
bundle intensity to the surrounding cytoplasm intensity, Ib/Ic, did 
change, increasing from a ratio of 1 at time zero, indicating that no 
bundles were detected, to a ratio of 1.5 ∼15 min after myosin reac-
tivation (Figure 2C). Thus stimulation of contractility induced thick-
ening of individual bundles such that the amount of F-actin con-
tained within individual bundles increased.

As an independent quantitative measure of the formation of 
strongly aligned F-actin structures in the cell, we developed an algo-
rithm to measure the local order parameter in small (∼6 μm2) regions 
of GFP-actin images. This order parameter utilizes information from 
the image Fourier transform to assess the existence and extent of 
linear alignment in the image region, with a value of 0 correspond-
ing to a homogeneous region with random alignment and a value of 
1 corresponding to a fully parallel arrangement. Indeed regions in 
the GFP-actin images with actin bundles had an order parameter 
larger than 0.8, whereas regions with fewer bundles had an order 
parameter less than 0.5 (Figure 2A, Supplemental Movie 2). We 
then calculated the average order parameter in the cell as a function 
of time after blebbistatin removal (Figure 2D). The average order 
parameter was markedly decreased for blebbistatin-treated cells 
compared with control cells. On removal of blebbistatin, the aver-
age order parameter increased from ∼0.45 to 0.65 over a period of 
20 min. These data could be well fit to a single exponential with a 
half time of 10 min. Thus all three quantitative metrics of F-actin or-
ganization indicate that myosin-dependent remodeling of the la-
mellar network into stress fibers occurred over a 15–20 min time 
scale. This remodeling consisted of both the de novo formation of 
actin bundles and the increased intensity of existing bundles.

To simultaneously quantify cellular tension, the total cellular trac-
tion force exerted by the cell was measured during myosin-depen-
dent remodeling. Within 3 min of blebbistatin removal, significant 
peripheral traction stresses were observed (Figure 2A) and the total 
cellular traction force increased from 120 to 240 nN (Figure 2E). 
Thereafter, in ∼60% of cells observed, the cellular traction force con-
tinued to slowly increase. In the remaining cases, traction forces 
reached a steady state within 3 min of drug removal (unpublished 
data). The increase of the traction force after removal of blebbistatin 
could be well fit to a double exponential, composed of a “rapid” 
growth phase with a half time of ∼30 s and a “slow” growth phase 
with a half time of 10 min. During the rapid phase, ∼60–70% of trac-
tion recovered while the slow phase coincided with an additional 
30–40% increase of cellular traction force (Figure 2E). Strikingly, the 
rapid recovery of cellular traction forces preceded the formation of 
bundled F-actin. The time scales of actin bundle formation and the 
slow phase of traction recovery were similar.

rapid increase in tension occurs with diminished rates  
of myosin motion
Since significant traction force was generated with little change in 
lamellar actin organization, we speculated that myosin-driven actin 
dynamics may play an important role. After treatment with 50 μM 
blebbistatin, myosin puncta were intact and distributed throughout 

be further classified by their orientation with respect to the cell edge 
and F-actin assembly mechanisms (Hotulainen and Lappalainen, 
2006), we identify stress fibers by using this characteristic spacing of 
myosin and α-actinin bands.

In spread cells, stress fiber assembly occurs near the lamellipo-
dium–lamella interface (Hotulainen and Lappalainen, 2006). As pre-
viously described, myosin puncta appear near the lamellipodial 
base, undergo retrograde motion, and coalesce into bands along 
an actin bundle (Supplemental Movie 1). During assembly and ret-
rograde motion of stress fibers, the spacing between myosin bands 
decreases from 2 to 1 μm (Supplemental Movie 1, Figure 1C).

To directly correlate stress fiber assembly with changes in cellular 
traction force, we imaged cells expressing GFP-MLC spread on fi-
bronectin-coated polyacrylamide gels for the application of traction 
force microscopy (Sabass et al., 2008). Over similar time scales of 
stress fiber assembly, traction stresses in two discrete foci, presumed 
to underlie focal adhesions, were observed to increase nearly two-
fold (Figure 1D). Because a component of the traction stress vectors 
pointed in the direction of newly formed stress fibers, it is likely that 
this change in stress could be attributed to stress fiber formation. 
However, because numerous modes of cytoskeletal organization 
and dynamics occurred within nearby regions simultaneously, local 
correlations between changes in traction stress and stress fiber as-
sembly were limited.

Substantial traction is exerted prior to F-actin  
bundle formation
To facilitate measurements of F-actin cytoskeletal organization at 
different levels of cellular tension, cellular contractility was dynami-
cally perturbed by incubation of cells with blebbistatin, a pharmaco-
logical inhibitor of myosin II ATPase activity (Straight et al., 2003). It 
is well established that myosin inhibition abolishes actin bundles, 
decreases focal adhesion size, and reduces traction stress (Balaban 
et al., 2001; Beningo et al., 2006; Gardel et al., 2008). Moreover, 
it is known that removal of this inhibition induces stress fiber assem-
bly, focal adhesion elongation, and increased traction stress 
(Chrzanowska-Wodnicka and Burridge, 1996; Katoh et al., 2007). 
However, quantitative measurements to assess the changes in actin 
organization and dynamics while measuring cellular traction force 
have been lacking.

A 30-min incubation of U2OS cells in media containing 50 μM 
blebbistatin eliminated actin bundles, decreased focal adhesion 
size, and reduced traction stress (Figure 2A, Supplemental Figure 
1B, Supplemental Movie 2). Myosin II activity was restored uniformly 
across the cell by washing out blebbistatin-containing media and 
rapidly inactivating any residual drug by blue light imaging 
(Sakamoto et al., 2005). Within 3 min of blebbistatin removal, dim 
F-actin bundles appeared throughout the cell and were identified 
by linear structures with an enhanced intensity relative to the sur-
rounding cytoplasm. During this time, the formation of peripheral 
F-actin bundles coincided with the elongation of focal adhesions at 
which bundles terminated (Supplemental Figure 1B) (Hotulainen 
and Lappalainen, 2006; Choi et al., 2008; Aratyn-Schaus and Gardel, 
2010). Central bundles were often interconnected into the surround-
ing cytoskeleton rather than directly anchored to focal adhesions 
localized to the cell periphery (Hotulainen and Lappalainen, 2006). 
Several minutes after stimulation of myosin ATPase activity, focal 
adhesions reached a constant length while F-actin bundles contin-
ued to increase in number. Within 15–20 min, a bundled F-actin cy-
toskeleton similar to control cells was restored. To quantify the linear 
bundle density, we calculated the number of bundles per mm and 
found that the density of bundles increased from zero immediately 
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the lamella and cell body (Figure 3A, Sup-
plemental Movie 3). Three minutes after 
blebbistatin removal, myosin puncta be-
came associated with dim actin bundles. By 
20 min, linear bands of myosin colocalized 
with bright actin bundles. Thus rearrange-
ment of myosin coincided with the forma-
tion of actin bundles.

To quantify myosin dynamics during 
blebbistatin removal, we used customized 
image processing algorithms to identify the 
centroid and movement of myosin puncta 
with submicrometer accuracy (Ji and 
Danuser, 2005). We found that myosin mo-
tion corresponded closely to actin motion. 
In the first 30 s after blebbistatin removal, 
myosin puncta throughout the cell under-
went rapid movement with an average 
speed of ∼20 nm/s and a maximal speed of 
∼60 nm/s (Figure 3, B and C). Within 
∼5–10 mm of the cell periphery in the la-
mella, coherent retrograde motion of myo-
sin was observed (Figure 3B). Closer to the 
cell center in the cell body, the direction of 
flow was characterized by locally coherent 
movement toward foci of contraction (Fig-
ure 3B). Within 2 min after blebbistatin re-
moval, the average myosin speed decreased 
to ∼5 nm/s, the typical F-actin speed ob-
served in stress fibers of U2OS cells in con-
trol conditions (Hotulainen and Lappalainen, 
2006). Similar to flow patterns observed at 
early times, coherent retrograde flow was 
observed in the lamella but the direction of 
flow varied widely in the cell body.

Strikingly, the decrease in average myo-
sin speed occurred over a similar time scale 
as the rapid phase of traction force recovery 
observed in Figure 2E. Indeed a strong in-
verse correlation between traction force 
and myosin speed was observed for the ini-
tial fast phase of tension buildup (Figure 
3D). This correlation diminished at longer 
times as the traction forces continued to in-
crease while the myosin speed remained 
constant. Thus the initial stages of force 
buildup coincided with diminished rates of 
movement. These changes in actomyosin 
retrograde flow dynamics coincided with 
the recovery of ∼60% of the total cellular 
traction force and preceded the formation 
of actin bundles.

Myosin ii drives local remodeling 
during bundle formation
The formation of stress fibers occurred 
over a period of 10–20 min after myosin 
motion reached a steady state (Figure 3C). 
The steps in stress fiber assembly were 
qualitatively similar across the cell. During 
the rapid phase of traction increase after 
blebbistatin removal, myosin puncta 

FiGUrE 2: Dynamic coordination of F-actin remodeling with changes in traction force. 
(A) Top, GFP-actin images before (control) and after treatment and removal of 
blebbistatin. Scale bar, 10 μm. Middle, pseudocolor images of the order parameter 
calculated from GFP-actin images shown above, with red representing the highest order 
and blue representing the lowest order. Bottom, images of mApple-paxillin for the region 
of interest indicated by white box in GFP-actin images with traction stress vectors (red 
arrows) overlaid. Vector scale bar, 150 Pa. Time indicated in min:s. (B) The mean linear 
density of actin bundles vs. time after blebbistatin removal. Dashed line indicates a fit of 
the data with a single exponential, with a time scale, t1, of 8 ± 3 min. Error bars indicate 
SE, with a sample size of 31 bundles within three cells. (C) The ratio of the peak GFP-actin 
intensity within bundles, Ib, to the GFP-actin intensity of the surrounding cytoplasm, Ic, as 
a function of time after blebbistatin removal, with each data point representing 
9–12 bundles within three cells. (D) Order parameter as a function of time prior to and 
after blebbistatin removal. Dashed line indicates fit of data to a single exponential 
with a time scale of 10 ± 6 min. Data reflect mean and SE from n = 4 cells. (E) Total 
cellular traction force prior to and after blebbistatin removal. The relative force, calculated 
as a percentage, that is used in subsequent figures is shown on the right-hand 
axis. Dashed line indicates a fit to a double exponential with a fast time scale of 
t1 = 0.5 ± 0.5 min and a slower time of t2 = 10 ± 3 min. Data reflect mean and SE from 
n = 10 cells.
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spacing of myosin bands decreased from ∼1.8 to 1.2 μm, 
the value observed in control conditions (Figure 1D). 
Thus a nearly twofold reduction in myosin band spacing 
correlated with the slow phase of traction buildup, which 
occurred at the highest levels of tension.

recruitment of α-actinin to actomyosin bundles 
occurs at high tension
In contrast to myosin, no prominent α-actinin bands re-
mained after blebbistatin treatment (Figure 5A, Supplemen-
tal Movie 4), consistent with previous observations (Katoh 
et al., 2007). In the rapid phase of traction recovery, which 
occurred in the first minutes after blebbistatin removal, there 
was very little change in α-actinin localization. As faint actin 
bundles formed, α-actinin accumulated onto bundles in 
sparse and faint bands (Figure 5A, 02:00). As the actin inten-
sity within bundles increased over time, prominent α-actinin 
bands became apparent (Figure 5A, 07:00–35:00). A kymo-
graph of α-actinin intensity along a bundle during tension 
buildup shows the initial appearance and subsequent in-
creased intensity and density of α-actinin bands around 
7 min (arrows, Figure 5B).

The number of α-actinin bands observed per unit length 
of actin bundle remained close to zero when the extent of 
traction force generation was less than 50% and started to 
increase at higher force levels (Figure 5C). At these higher 
values of cellular tension, the average spacing of α-actinin 
bands was similar to those observed for the myosin bands at 
similar tension, decreasing from 1.4 to 1.1 μm as the force 
generated increased from 70–100% (Figure 5D). These re-
sults are consistent with the decreased α-actinin band spac-
ing observed after enhanced myosin activity (Peterson et al., 
2004). In contrast to myosin, this reduced spacing occurred 
through the de novo assembly of new α-actinin bands rather 
than local remodeling events.

In addition to the formation of new α-actinin bands, the 
intensity of individual α-actinin bands also increased. The 
relative intensity of α-actinin band intensity compared with 
the surrounding cytoplasm increased from 1.0 at low force 

levels to 1.6 at high force levels (Figure 5E). This finding suggests 
that α-actinin accumulation into bands during stress fiber assembly 
is also tension-dependent.

Force generation by contractile lamellar network is 
unaffected by ECM stiffness
Previous experiments showed that extracellular matrix compliance 
can have a profound impact on the organization of the actin cytoskel-
eton such that lamellar networks predominate on soft matrices and 
stress fibers predominate on sufficiently stiff matrices (Yeung et al., 
2005). To explore how modifying extracellular tension affected the 
dynamics of lamellar actin force generation, we plated cells on fi-
bronectin-coated polyacrylamide gels with a shear elastic modulus of 
0.6 kPa. On soft matrices, the extent of bundles within the lamellar 
actin cytoskeleton was markedly reduced and focal adhesion size 
was decreased (Figure 6A). The total traction force generated by cells 
also decreased by ∼30% to 240 nN (Figure 6, A and B, “Control”).

After blebbistatin treatment, there were no differences between 
lamellar organization, focal adhesion size, and traction forces for 
cells plated on the two different gel stiffnesses. On removal of the 
blebbistatin, traction forces built up rapidly for cells plated on soft 
substrates within 1 min after drug removal (Figure 6B). Following 
this rapid force buildup, no significant changes in force generation 

moved into linear arrangements that colocalized with thin actin 
bundles (Figure 4A). After the formation of linear structures, myo-
sin puncta continued to reorganize, and the degree of coherency 
of myosin movement in different regions changed over time. Local 
motions of myosin puncta were influenced by movements in 
neighboring bundles, appearing to undergo a “tug of war” be-
tween different areas of the actomyosin network (Figure 4B, 03:30 
and 09:30). Myosin bands along bundles did not always move in 
the same direction, with antiparallel movement of bands along 
single bundles resulting in local extensions (Figure 4B, 13:30). At 
even later times following blebbistatin inactivation, the flow of 
myosin bands appeared to become coordinated once again 
(Figure 4B, 14:30).

Although locally both extensile and contractile remodeling 
occurred, the bundles formed were, overall, contractile, with the 
length of bundles decreasing at a rate of ∼1.6 nm/s (Figure 4A). 
This contraction coincided with an overall decreased spacing 
of myosin bands along the bundle, as observed in Figure 4A 
and in the kymograph in Figure 4C. Interestingly, no significant 
reduction in myosin band spacing was observed as the total 
force generated by the cell increased from 0–50%, coinciding 
with the rapid phase of tension buildup (Figure 4D). By contrast, 
as the traction force generated increased from 50–100%, the 

FiGUrE 3: Rapid force generation is inversely correlated to lamellar retrograde 
flow speed. (A) Images of (left) GFP-MLC and (right) mApple-actin before 
(Control) and after removal of blebbistatin. Insets show color combine images at 
3:00 and 20:00, which reveal colocalization of MLC (green) and F-actin (red) for 
regions outlined by white boxes in the bottom panel. Scale bar, 10 μm. Time 
indicated in min:s. (B) Images of GFP-MLC from region of interest indicated by 
white rectangle in the MLC image at 0:00 overlaid with corresponding flow 
vectors (yellow) obtained at 25 s and 2 min after blebbistatin removal. Vector 
scale, 30 nm/s. (C) Average myosin flow speed vs. time after blebbistatin 
removal. Data reflect mean and SE from ∼500 flow vectors. Inset, maximum 
myosin speed over the same times. (D) Relative force vs. average myosin flow 
speed with different symbols indicating data obtained for three representative 
cells. Each data point reflects the mean of more than one hundred flow 
measurements. A strong inverse relationship is observed between 0 and 60% 
force (Pearson r = −0.79), and the dashed line indicates the best linear fit to 
these data.
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FiGUrE 5: α-Actinin bands form and intensify during stress fiber formation. (A) Images of mApple-actin and 
GFP-α-actinin over time after blebbistatin removal. Time indicated in min:s. Scale bar, 1 μm. (B) Kymograph of a line 
scan along an actin bundle over time after blebbistatin removal. High-intensity streaks indicate the location of α-actinin 
bands along the bundle. The yellow arrows indicate the location of two neighboring bands at the average time of 
appearance along the bundle (7:00) and at later times. Relative force is indicated on the right-hand axis. (C) Average 
linear density of α-actinin bands in bundles as a function of force. Error bars indicate SE from a sample size of 35 bundles 
within three cells. (D) Bar chart of α-actinin band spacing as a function of force. The absence of bands precludes 
measurements at lower forces. Error bars indicated SD about the mean for a sample size, n = 7, 8, and 24 α-actinin band 
pairs for 70%, 85%, and 100% force recovered, respectively. The * indicates p-values < 0.05 between the data and data 
obtained at 70% force recovery, as determined by Student’s t test. (E) Peak intensity of GFP-α-actinin band, Ib, relative to 
the surrounding cytoplasm, Ic, as a function of relative force. Data reflect mean and SE from 24–60 bands in three cells.

FiGUrE 4: Remodeling of myosin bands during bundle formation. (A) Images of GFP-MLC after blebbistatin removal 
showing typical process of stress fiber formation. Scale bar, 1 μm. Times indicate min:s. Dashed lines indicate locations of 
terminal ends of the same bundle over time. (B) Images of GFP-MLC with overlaid flow vectors across several time points 
during stress fiber formation. Red vectors indicate bands within a bundle of interest; yellow vectors indicate bands within 
surrounding bundles. Scale bar, 1 μm; flow vector scale bar, 2.5 nm/s. Times indicated in min:s. (C) Kymograph of a line 
scan of GFP-MLC along a bundle as a stress fiber is formed after blebbistatin removal, with high-intensity streaks 
revealing the location of myosin bands. Relative force indicated on right-hand axis. Yellow arrows indicate locations on 
neighboring myosin bands at early times (low force) and late times (high force). (D) Average myosin band spacing along 
bundles vs. relative cellular traction force. Data reflect mean and SD for n = 10–47 pairs of myosin bands within three 
cells. The * indicates p-values < 0.05 between data and data obtained at 0%, as calculated by Student’s t test.
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et al., 1995) and Nmyosin ∼ 20 (Niederman and Pollard, 1975; 
Verkhovsky and Borisy, 1993), the number we obtain is on the order 
of 80–100 nN, consistent with the total cellular traction exerted at 
this time. We speculate that this stall force sets the transition when 
retrograde flow is stabilized and remodeling of the network into 
bundles commences. Thus over half of the total force output of the 
cell can be obtained through modifications to retrograde flow dy-
namics of a contractile lamellar actomyosin network (Figure 7).

When the retrograde flow of actin and myosin flow stabilizes, 
lamellar actin is remodeled into a network of stress fibers spanning 
the lamella and cell body (Figure 7). This remodeling requires suffi-
ciently stiff ECM and is correlated to moderate changes in cellular 
tension over long time scales. During this period, both the number 
of actin bundles increases and individual bundles thicken. During 
bundle thickening, bundles accumulate actin, myosin band spacing 
decreases, and α-actinin bands form and intensify. At the highest 
levels of cellular tension, a network of stress fibers with alternating 
bands of α-actinin and myosin with a spacing of ∼1 μm is formed.

Our data strongly suggest a model of stress fiber formation 
whereby myosin remodels actin into thin bundles, which then pro-
motes the accumulation of α-actinin. We speculate that myosin-
mediated alignment of F-actin into compact parallel and/or anti-
parallel filaments facilitates the enhanced binding of α-actinin, 
which favors the binding of closely spaced F-actin (Bartles, 2000). 
Future work is required to test this speculation and to rule out other 
mechanisms of α-actinin recruitment. Our model contrasts previous 
models, which suggest that α-actinin bundling of F-actin precedes 
the incorporation of myosin (Hotulainen and Lappalainen, 2006). 
One possibility for this difference is that previous experiments 
studied stress fiber formation near the leading cell edge. Near the 
leading edge, stress fiber assembly occurs rapidly within a small 
region. Thus low-tension actomyosin dynamics and organization 
could be difficult to assess.

or lamellar actin organization were observed in any of the cells im-
aged. Quite strikingly, the dynamics of the rapid force buildup was 
quantitatively similar for the soft and stiff matrices; cells built up the 
same magnitude of force over similar time scales (Figure 6B).

During the period of rapid traction force buildup, the actin retro-
grade flow decreased from ∼100 to 5 nm/s (Figure 6C). Thus the 
rapid force generation by lamellar networks was not affected by ex-
tracellular matrix mechanics. However, the nominal force buildup 
associated with lamellar remodeling into stress fibers was absent.

DISCUSSION
In this study, we characterized the dynamics and organization of F-
actin, myosin, and α-actinin in the formation of contractile lamellar 
networks and stress fibers that generate and sustain varying levels of 
cellular tension. Altogether we describe two distinct phases of ten-
sion buildup: the first, at low tension, is governed primarily by 
changes in lamellar actomyosin dynamics; the second, at higher ten-
sion, is governed primarily by the remodeling of lamellar networks 
into stress fibers.

At the lowest force levels, the lamellar actomyosin network un-
derwent rapid flow, at maximum rates of ∼70 nm/s, consistent with 
the unloaded speed of nonmuscle myosin II measured in vitro (Cuda 
et al., 1997). This retrograde flow decayed fourfold as cellular force 
generation increased. During this time, thin bundles formed in the 
lamellar network and focal adhesions elongated. The changes in 
dynamics suggest that, during this stage, myosin motors rapidly 
contract an actin meshwork until they stall. An estimation of the stall 
force of myosin motors in the cell is approximated by Fcell ∼ FsAn-
punctaNmyosin, where Fs is the stall force of the motor, A is the cell 
area, npuncta is the density of myosin puncta in the lamella, and Nmy-

osin is the number of myosin motors per puncta. Indeed using ex-
perimentally measured values of A ∼ 3600 μm2 and npuncta ∼ 
1 puncta/μm2 along with reported estimates of Fs ∼ 2 pN (Molloy 

FiGUrE 6: Dynamic coordination of F-actin remodeling with changes in traction force on soft matrices. (A) Images of 
(top) GFP-actin and (middle) mApple-paxillin before (Control) and after treatment and removal of blebbistatin for U2OS 
cells plated on a PAA gel with stiffness of 0.6 kPa. Heat maps of traction stresses (bottom) underlying focal adhesions, 
with stress magnitude scale on the right. Time indicated in min:s. Scale bar, 5 μm. (B) Total cellular traction force prior to 
and after blebbistatin removal for stiff (2.8 kPa) and soft (0.6 kPa) gels. Dashed line indicates a fit to a double 
exponential for force recovery on stiff gels and red line indicates a fit to a single exponential for force recovery on soft 
gels, showing nearly identical recovery at fast time scales. Error bars indicate the SE with a sample size of n = 10 cells for 
2.8 kPa gel and n = 4 cells for 0.6 kPa gel. (C) Relative force vs. average myosin flow speed on soft (0.6 kPa) gels.
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ideally, these would be integrated to take into account 
large rearrangements in forces observed during dynamic 
cellular processes. From this, a coherent biophysical un-
derstanding of force generation by the actomyosin cy-
toskeleton will likely emerge.

MATERIALS AND METHODS
Cell culture and transfection
Human osteosarcoma (U2OS) cells were obtained from the 
American Type Culture Collection and maintained in 
McCoy’s medium (Hyclone Thermo Scientific, Rockford, IL), 
supplemented with 10% fetal bovine serum (HyClone), 
penicillin, and streptomycin (Life Technologies, Carlsbad, 
CA). Transient transfections of GFP-actin, GFP-α-actinin 
(C. Waterman, National Institutes of Health), mApple-
actin, mApple-paxillin, and GFP-MLC (M. Davidson, Uni-
versity of Florida) were performed with FuGENE6 Trans-
fection Reagent (Roche, Madison, WI) per manufacturer’s 
instructions.

Preparation of polyacrylamide (PAA) substrates for traction 
force microscopy
Fibronectin-coated PAA substrates containing 40-nm fluorescent 
spheres were prepared on glass coverslips (Gardel et al., 2008; 
Sabass et al., 2008) with an acrylamide/bis-acrylamide ratio of 
7.5/0.1% to obtain gels with a shear elastic moduli of 2.8 kPa and 
5/0.075% for a shear elastic modulus of 0.6 kPa, as characterized 
previously (Aratyn-Schaus and Gardel, 2010). Fibronectin was cova-
lently attached to the top surface of the PAA gel by utilizing the 
bifunctional cross-linker sulfo-SANPAH (Pierce Thermo Scientific, 
Rockford, IL).

Live-cell microscopy
Coverslips containing transfected cells bound to PAA substrates 
were mounted in a perfusion chamber (Warner Instruments, 
Hamden, CT) in imaging media consisting of culture media supple-
mented with 30 μl/1 ml Oxyrase (Oxyrase Enzyme system, EC0050) 
and 10 mM HEPES, pH 7.5. Cells were imaged at 37°C, 24–48 h 
posttransfection, on a multispectral spinning-disk confocal micro-
scope consisting of a Nikon Ti with a 60× 1.2 NA plan Apo WI objec-
tive (Nikon, Melville, NY) through a CSUX spinning-disk head 
(Yokogawa, Sugar Land, TX) using a charge-coupled device camera 
(Coolsnap HQ2; Photometrics, Tucson, AZ). The microscope was 
controlled with Metamorph acquisition software (MDS Analytical 
Technologies, Sunnyvale, CA). Focal adhesions and beads were 
monitored at the same confocal section; F-actin, myosin light chain, 
and α-actinin were imaged 0.2 mm into the cell interior.

Cells were treated with 50 μM blebbistatin (Sigma, St. Louis, MO) 
for 30 min (Aratyn-Schaus and Gardel, 2010). To inactivate blebbi-
statin, cells were washed with imaging media and visualized with 
488-nm light (Sakamoto et al., 2005).

image analysis
Particle Imaging Velocimetry code in MATLAB (mpiv, http://
www.oceanwave.jp/softwares/mpiv/) was used to identify, with 
subpixel accuracy, the movement of beads embedded in PAA 
substrate. Fourier transform traction cytometry methods were 
used to determine the traction stress from bead displacements 
(Sabass et al., 2008). The total cellular traction force was calcu-
lated by summing the force per unit area, obtained from the trac-
tion stress vector magnitude, across the entire cell. Fiducial marks 
of GFP-MLC were tracked using computational tracking software 

We speculate that the mechanisms for remodeling of the la-
mellar meshwork into actin bundles is likely to occur both by the 
realignment of preexisting F-actin into bundles by myosin 
(Verkhovsky et al., 1995) and by the polymerization dynamics 
of F-actin (Hotulainen and Lappalainen, 2006). Although it is dif-
ficult to directly assess the former, photobleaching measure-
ments have shown that actin in lamellar contractile networks 
turns over quite rapidly (∼30 s), making it unlikely that individual 
actin filaments are stable during the 10 min of bundle assembly 
and that mechanisms to promote actin assembly along the entire 
bundle length during thickening are necessary. Dissecting the 
molecular mechanisms that control this accretion process 
requires future work.

A surprising result stemming from our study is that a significant 
amount of force can be generated in a contractile lamellar network 
absent of stress fibers. Moreover, this force generation appears to 
be unaffected by changes in ECM compliance. This finding sug-
gests that one must reconsider the assumptions of a cellular con-
tractile state based solely on the prevalence of stress fibers. We 
speculate that the contractile lamellar networks may allow for 
rapid tuning of cytoskeletal tension in response to changes in ex-
ternal or internal forces over second time scales. By contrast, the 
slow dynamics of stress fiber assembly may not facilitate such 
rapid tuning.

Our results reveal a continuum of actomyosin organizations at 
different levels of tension with contractile lamellar networks and 
networks of stress fibers characterizing the lower and upper 
bounds, respectively. These bounds can be described by com-
mon cell types, such as keratocytes or Ptk1 cells, which exert low 
levels of force and tend to form contractile lamellar networks 
(Theriot and Mitchison, 1991; Lee et al., 1994), and fibroblasts, 
which can exert high levels of force and typically display abundant 
stress fibers (Pelham and Wang, 1997; Balaban et al., 2001; Tan 
et al., 2003). Consistent with our data, traction forces in kerato-
cytes and Ptk1 cells are largely regulated by actin dynamics 
(Gardel et al., 2008; Fournier et al., 2010), consistent with several 
recent models of actomyosin contractility (Kruse et al., 2006; 
Rubinstein et al., 2009). By contrast, we expect forces in stress fi-
ber–rich cells to be regulated by structural effects, as speculated 
by other models of cellular force generation (Bischofs et al., 2008). 
Our results indicate that both types of models are needed to cap-
ture the biophysical behavior over a large range of forces and, 

FiGUrE 7: Correlation between cellular tension states and changes in 
cytoskeletal organization and dynamics. At low tension and rapid time scales, 
increased cellular force generation is inversely correlated to retrograde flow 
dynamics in a contractile actin network. At higher tension and slower time 
scales, retrograde flow stabilizes and F-actin bundles form and thicken. During 
bundle thickening, both actin and α-actinin bands intensify and the band 
spacing decreases from ∼2 to ∼1 μm. At the highest tension, stress fibers 
composed of α-actinin and myosin bands with a spacing of ∼1 μm are formed.
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developed at the laboratory of G. Danuser (Ji and Danuser, 2005). 
To evaluate the location of myosin puncta along bundles over 
time, kymographs were created using line scans across bundles 
that were aligned in the bundle reference frame.

Calculation of total cellular force
Force was calculated by multiplying the sum of stresses per unit area 
by the total cell area. The force recovery data indicate the normal-
ized recovery profiles for data taken after blebbistatin removal, with 
data normalized to the total traction force recovered.

Measurement of band spacing
Band spacing was determined by averaging the center-to-center 
spacing between neighboring fluorescent bands, containing either 
GFP-tagged myosin or α-actinin, along stress fibers.

Linear density of actin bundles
Line scans of 10-mm length and 2-mm width were drawn perpendicu-
lar to F-actin bundles. Background-subtracted fluorescence profiles 
revealed series of peaks and troughs, with actin bundles identified by 
peaks with a full width at half maximum of approximately seven pix-
els. The value of Ib/Ic was calculated by taking the ratio of the back-
ground-subtracted peak intensity to the surrounding cytoplasm. This 
method was repeated for calculating the linear density of α-actinin 
bands within bundles, with the intensity profile given by GFP-α-
actinin.

Curve fitting
Recovery profiles were fit using a least-squares minimization to ei-
ther a first-order exponential function, y = y0 + A(−t/k), or a second-
order exponential function, y = y0 + A1

(−t/k1) + A2
(−t/k2), with offset 

value y0; constants A, A1, and A2; and exponential constants, k, k1, 
and k2.

Order parameter calculation
Images were prefiltered using a series of elongated Laplace of 
Gaussian filters to create a maximum response image as described 
by Zemel et al. (2010). Local directions of alignment were then 
determined by breaking the image down into a grid of small over-
lapping windows. We used a window size of 31 × 31 pixels, with 
the centers of the windows spaced 5 pixels apart. The window was 
then convolved with a Gaussian filter and the two-dimensional fast 
Fourier transform (FFT) of the window was calculated. The Gauss-
ian filter applied to the window before the FFT reduced the noise 
created by edge effects of the two-dimensional FFT. A series of line 
scans determined the direction of skew in the transform, which is 
perpendicular to the direction of alignment in real space. Correla-
tions in alignment were determined by comparing the direction of 
alignment for a given window with its neighboring windows by ex-
amining the average of the second Legendre polynomial, a tech-
nique traditionally used to measure alignment in liquid crystals (de 
Gennes, 1974):

1
2

3 12cos θ −( ) .

For the data presented here, the average was taken over a 7 × 7 
box of neighboring grid points, with θ measured in reference from 
the direction defined at the center of the box. High values reveal 
regions where there is local correlation in alignment (i.e., more bun-
dles all in the same direction). Low values indicate regions of ran-
dom or noisy alignment. As the extent of actin bundles in the cell 
increases we see an increase in local measures of alignment.
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