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Microtubules (MTs) have been proposed to act mechanically as compressive struts that resist both actomyosin contractile
forces and their own polymerization forces to mechanically stabilize cell shape. To identify the origin of MT bending, we
directly observed MT bending and F-actin transport dynamics in the periphery of LLC-PK1 epithelial cells. We found that
F-actin is nearly stationary in these cells even as MTs are deformed, demonstrating that MT bending is not driven by
actomyosin contractility. Furthermore, the inhibition of myosin II activity through the use of blebbistatin results in
microtubules that are still dynamically bending. In addition, as determined by fluorescent speckle microscopy, MT
polymerization rarely results, if ever, in bending. We suppressed dynamic instability using nocodazole, and we observed
no qualitative change in the MT bending dynamics. Bending most often results from anterograde transport of proximal
portions of the MT toward a nearly stationary distal tip. Interestingly, we found that in an in vitro kinesin-MT gliding
assay, MTs buckle in a similar manner. To make quantitative comparisons, we measured curvature distributions of
observed MTs and found that the in vivo and in vitro curvature distributions agree quantitatively. In addition, the
measured MT curvature distribution is not Gaussian, as expected for a thermally driven semiflexible polymer, indicating
that thermal forces play a minor role in MT bending. We conclude that many of the known mechanisms of MT deformation,
such as polymerization and acto-myosin contractility, play an inconsequential role in mediating MT bending in LLC-PK1 cells
and that MT-based molecular motors likely generate most of the strain energy stored in the MT lattice. The results argue
against models in which MTs play a major mechanical role in LLC-PK1 cells and instead favor a model in which mechanical
forces control the spatial distribution of the MT array.

INTRODUCTION

Microtubules (MTs) are self-assembling linear polymers that
serve a range of functions within the cell, including trans-
port and positioning of intracellular cargo via coupling to
molecular motors. The mechanical stiffness of MTs has been
proposed to play an important role in the mechanics of the
cell (Wang et al., 1993, 2001; Ingber et al., 2000; Howard, 2001;
Stamenovic et al., 2001; Ingber, 2003; Brangwynne et al.,
2006). This hypothesis derives in part from the observation
that in interphase animal tissue cells, MTs are commonly
observed to form a radial array, which qualitatively resem-
bles the spokes of a bicycle wheel. MTs are therefore ideally
positioned to act as rigid struts that mechanically bear com-
pressive loads in the cell to oppose and balance the tensional
forces (Buxbaum and Heidemann, 1988; Ingber, 1993; Wang
et al., 1993, 2001; Stamenovic et al., 2001; Ingber, 2003). The
ability of MTs to resist compressive loading has recently
been proposed to be enhanced by lateral reinforcement
from the actin cytoskeleton, which could make MTs even

more effective in their putative role as compressive struts
(Brangwynne et al., 2006). MTs are indeed mechanically stiff
structures, with a “flexural rigidity” (EI)—a measure of
bending resistance—of �21 pN-m2, �300 times larger than
that of an actin filament (Gittes et al., 1993; Howard, 2001;
VanBuren et al., 2005). Note, however, that this value has
only been measured in vitro; it remains a formal possibility
that MTs are softer in living cells due to the presence of MT
binding proteins or lattice defects.

Despite their mechanical stiffness, MTs in living cells are
often highly buckled, consistent with the model prediction
that MTs bear compressive loads (Wang et al., 1993, 2001;
Ingber et al., 2000; Stamenovic et al., 2001; Ingber, 2003;
Brangwynne et al., 2006). There have been several mecha-
nisms suggested to cause the deformation of MTs. These
include MT polymerization against a stationary distal tip
(Dogterom and Yurke, 1997), acto-myosin contractility
(Forscher and Smith, 1988; Waterman-Storer and Salmon,
1997; Zhou et al., 2002) and transport (Schaefer et al., 2002),
and buckling of MTs due to direct interactions with molec-
ular motors such as dynein or kinesin (Koonce et al., 1999;
Burakov et al., 2003; Dujardin et al., 2003; Malikov et al., 2004;
Baas et al., 2005, 2006; Brito et al., 2005; Ferenz and Wads-
worth, 2007), all of which may act alone or together in the
presence of thermal fluctuations.

It is well known that MTs can exert pushing forces during
polymerization. During mitosis, for example, it is believed
that assembling MTs can exert pushing forces on chromo-
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somes (Dogterom and Yurke, 1997). It also has been ob-
served in vitro that MTs buckle as they assemble against
microfabricated barriers (Dogterom and Yurke, 1997). In
living cells, MTs are known to polymerize against the edge
of the cell (Waterman-Storer and Salmon, 1997), and forces
exerted by plus-end MT polymerization have been shown to
play a role in positioning of the nucleus in fission yeast (Tran
et al., 2001). Figure 1A is a schematic representation of a
microtubule assembling against a stationary obstacle and
buckling.

Another mechanism known to exert forces on MTs and
buckle them is acto-myosin contractility (see Figure 1B). It
has been shown that acto-myosin contractility can cause MTs
to buckle and promote breaking in motile cells (Waterman-
Storer and Salmon, 1997; Gupton et al., 2002). In particular
MTs are observed to deform and break in central cell regions
where actin retrograde and anterograde flow powered by
myosin motors forms a convergence zone (Gupton et al.,
2002). It also has been argued that during cell migration this
mechanism plays a major role in spatially modulating MT
turnover by regulating MT breakage (Gupton et al., 2002).
For this mechanism to work, MTs have to interact with the
F-actin bundles, and it has been suggested that MTs and
F-actin bind to one another in migrating newt lung epithelial
cells (Salmon et al., 2002).

Molecular motors linked to the actin cytoskeleton or MTs
also can directly exert forces that are resisted by passive
cross-links to the actin cytoskeleton. MT-based molecular
motors, such as kinesin and dynein can bind to MTs and
cause them to buckle upon movement (as shown in Figure
1C1a and 1C2a). Recent evidence also suggests that cyto-
plasmic dynein is localized to sites of cell–cell contact and
that microtubules can become tethered to these dynein
patches at the cell cortex, allowing dynein to also act as a
passive cross-linker (Gundersen et al., 2004; Ligon and
Holzbaur, 2007). In addition, it has been argued that cyto-
plasmic dynein, possibly acting together with motors such
as kinesin, plays a crucial role in the maintenance of the
centrosome position (Brito et al., 2005), as well as the orga-

nization of MTs into radial arrays in interphase cells (Burakov
et al., 2003; Malikov et al., 2004). In migrating adherent cells
such as fibroblasts, inhibition of dynein stimulates microtu-
bule organizing center reorientation, suggesting that dynein
at the cell cortex can exert a pulling force on MTs (Palazzo
et al., 2001). In contrast, experiments in Dictyostelium show
that overexpression of dynein induces the formation of loose
bundles and results in movement of the entire MT array
(Koonce et al., 1999; Brito et al., 2005). These results also
suggest that the actin-rich cortical mesh serves as a relatively
stiff mechanical substrate upon which MT-based motors or
linker proteins bind (Brito et al., 2005). Alternatively, motors
such as myosin V can cross-link actin filaments and MTs,
and plus- or minus-end–directed motion against a passive
cross-link can induce buckling of MTs, as shown in Figure
1C1b and 1C2b.

Interestingly, similar behavior has been observed in glid-
ing assays in vitro in which molecular motors are attached to
a rigid glass substrate (Amos and Amos, 1991; Weiss et al.,
1991). In the gliding assay, a fraction of nonfunctional
“dead” motors would serve as passive cross-linkers against
which the “active” motors work. Similar to the in vivo
observations, MTs are occasionally seen to buckle and rap-
idly relax when the passive cross-links fail. Despite this
resemblance, there has been no quantitative comparison
between the bending of MTs in gliding assays and in living
cells. Moreover, to the best of our knowledge, a quantitative
assessment of the various mechanisms that lead to MT de-
formation in a given cell type has not been reported in the
literature.

Here, we report a systematic analysis of MT deformation
in the periphery of living LLC-PK1 cells, and assess the
contribution of the different mechanisms discussed above.
We also characterize local deformations of MTs in both
LLC-PK1 cells and kinesin gliding assays in vitro by using
curvature distributions (Bicek et al., 2007). Our results argue
against models in which MTs play a passive structural role
and instead favor a model in which active motor forces and
cell shape control the spatial distribution of MTs.

Figure 1. Different force mechanisms that re-
sult in MT buckling. (A) A MT can polymerize
against a stationary distal tip and buckle as the
MT grows. The rate of polymerization slows
down as the MT buckles. (B) Acto-myosin con-
tractility can cause a cross-linked MT to buckle.
An actin-based motor, such as myosin II, can
cross-link antiparallel actin filaments and con-
tract them as it moves. As a result, a MT that is
passively attached to the actin will buckle as
shown in the figure. (C1a) An MT-based motor
such as dynein can walk toward the minus end
of a MT, which is cross-linked at the plus end,
and cause it to bend. (C1b) The plus-end–di-
rected motion of an actin based motor, such as
myosin V, can cause a MT that is cross-linked to
the actin to buckle. (C2a) A plus-end–directed
MT-based motor, such as kinesin, can buckle a
MT that is cross-linked at its minus end to the
actin. (C2b) The plus-end–directed motion of
an actin based motor also can buckle a MT that
is oriented antiparallel to the actin filament and
cross-linked at its minus end.
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MATERIALS AND METHODS

Cell Culture and Transfection
LLC-PK1� (pig kidney epithelial) cells, stably transfected with green fluores-
cent protein (GFP)-�-tubulin (Rusan et al., 2001) were plated at low density
(�200 cells/mm2) on 35-mm glass-bottomed dishes (MatTek, Ashland, MA)
and allowed to spread overnight at 37°C and 5% CO2 in Opti-MEM I (In-
vitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum. For
F-actin studies, LLC-PK1 cells (American Type Culture Collection, Manassas,
VA) were transiently transfected with an enhanced green fluorescent protein
(EGFP)-actin plasmid (Clontech, Mountain View, CA) by using FuGENE 6
transfection reagent (Roche, Indianapolis, IN) or a Genepulser II electropora-
tor (set at 0.25 kV, 975 mF; Bio-Rad, Laboratories, Hercules, CA) and incu-
bated for 24–48 h. In addition, a subgroup of stably transfected LLC-PK1�
cells was transiently transfected with mCherry-actin (Shaner et al., 2004) for
dual expression of fluorescent MTs and F-actin.

Digital Fluorescence Microscopy
Cells were observed on a TE200 inverted microscope (Nikon, Tokyo, Japan)
by using a 60�, 1.49 numerical aperture (NA) Plan Apo objective outfitted
with a 2.5� projection lens for a total magnification to the camera of 150�.
Fluorescent images were collected on a CoolSNAP HQ2 cooled charge-cou-
pled device (CCD) camera (Photometrics, Tucson, AZ), with a resulting image
pixel size of �42 nm in the combined camera/microscope system. The cam-
era/microscope system was running under the control of MetaMorph soft-
ware, version 7.2 (Molecular Devices, Sunnyvale, CA), and the cells were kept
at 37°C during imaging. Time sequences were collected with the camera in
streaming acquisition mode using an exposure time of 200–400 ms, with a
100-W mercury arc lamp. Images were taken in the periphery of the cell, often
within cell protrusions, to ensure that individual MTs could be observed in a
single focal plane. This also ensured that bending occurred almost exclusively
in the two dimensions that define the focal plane.

Drug Studies
To inhibit myosin II motor activity, and hence F-actin retrograde flow, the
cells were treated with 75 �M blebbistatin dissolved in dimethyl sulfoxide
(DMSO) (EI-315; BIOMOL Research Laboratories, Plymouth Meeting, PA)
(Murthy and Wadsworth, 2005). We collected images of a cell before the
treatment and 15 min after the application of the drug.

To study the effect of polymerization on microtubule deformations, we
treated the cells with nocodazole (T-101; BIOMOL Research Laboratories) and
used concentrations varying between 10 nM and 50 �M to determine the
optimum range to inhibit dynamic instability. The images of a given cell were
taken before the treatment and after 15 min of exposure to the drug. Time-
lapse images also were recorded at 2-s intervals after the treatment after 15
min.

Fluorescent Speckle Microscopy Kymographic Analysis
Kymographs of MT and F-actin motion were made using the kymograph tool
of MetaMorph software, version 7.2 (Molecular Devices). Briefly, a region of
interest was selected from a time series that encompassed the area to be
analyzed. For F-actin motion, the region (rectangle) was typically 20 pixels
(1 pixel � 42 nm in the field) wide by the length of the feature. This was to
ensure that intense fluorescent speckles would remain in the region during
the time series. The kymograph tool recorded the maximum pixel intensity
across every row in the region for each time point in the stack. For kymo-
graphs of MT motion, an isolated MT or portion of a MT was selected that
developed a bend during the time series. A region of interest was selected
around the MT so that the selected MT remained inside the region during the
entire time series. Again, the kymograph tool recorded the maximum pixel
intensity across every row in the region for each time point in the stack. By
using a large region that encompassed an isolated bending MT, the fluores-
cent speckle pattern recorded in the kymograph resulted in identification of
the direction of the applied force. The direction of the applied force provides
useful information in screening force models (shown in Figure 1) that cause
MT bending.

Kinesins and In Vitro Microtubules
Drosophila melanogaster conventional kinesin heavy chain was bacterially ex-
pressed and purified by nickel column chromatography as described previ-
ously (Hancock and Howard, 1998). Two batches of kinesin motors were
prepared and used in this study. Bovine brain tubulin (Williams and Lee,
1982) was purified and rhodamine labeled as described previously (Hyman
et al., 1991) MTs were polymerized by mixing 32 �M rhodamine-labeled
tubulin, 4 mM MgCl2, 1 mM guanosine triphosphate, and 5% DMSO in BRB80
buffer [80 mM piperazine-N,N�-bis(2-ethanesulfonic acid), 1 mM EGTA, and
1 mM MgCl2, pH 6.9 with KOH] and incubating at 37°C for 20 min. Poly-
merized MTs were stabilized with 10 �M paclitaxel.

Kinesin–Microtubule Gliding Assay
Flow cells were constructed by attaching a coverslip to a glass slide with
double-stick tape and were incubated with casein solution (0.5 mg/ml casein
in BRB80 buffer for 5 min). The flow cell was incubated with 3 �g/ml kinesin.
The motors were diluted from stock to the final concentration in solutions
containing 1 mM ATP and 0.2 mg/ml casein in BRB80. After 5-min incuba-
tion, motility solution containing �32 nM MTs, 1 mM ATP, 10 �M paclitaxel,
0.2 mg/ml casein, 20 mM d-glucose, 0.02 mg/ml glucose oxidase, 0.008
mg/ml catalase, and 0.5% �-mercaptoethanol in BRB80 buffer was introduced
into the flow cell. MT movements were observed by fluorescence microscopy
using a TE2000 inverted microscope (Nikon) with a 100� 1.3 NA objective.
Experiments were conducted at room temperature. Images were captured by
a Cascade 512B CCD camera at a frame rate of 0.5 s�1 and saved to a
computer.

Semiautomated Tracking Algorithm for Identifying
Microtubule Contours
A semiautomated microtubule tracking algorithm was written in MATLAB
(The MathWorks, Natick, MA). The algorithm is designed to extract coordi-
nates of a MT within user-defined rectangular regions. MTs often have
complex trajectories making it difficult to fit an entire filament by using a
single rectangle. We therefore split a given MT into a subset of rectangular
regions before estimating the coordinates. A single MT region is specified by
two points located at the two opposite corners of a rectangle. Once a region
is chosen, the center of mass of the microtubule is calculated by assigning
brighter pixels more weight, i.e., Rcm � ¥i miri/¥i mi, where mi and ri corre-
spond to pixel’s brightness and position, respectively. The MT is then rotated
about its center of mass by integer multiples of 90° to find the closest
alignment with the x-axis and so that accurate vertical line-scans can be
performed. We use 90° rotations to avoid loss of information due to pixella-
tion upon rotation.

The actual coordinate estimation is done by fitting a Gaussian curve to each
vertical line-scan of the region using

I�y� � Iof fset � I0e��y�ym�2/�2�2� (1)

where I is the intensity value, and y denotes the vertical coordinates along the
line scan. Before each fit, the lowest intensity level along a line scan is set to
one by subtracting the background intensity and adding one. The initial
guesses for Ioffset, I0, ym, and � are determined from the first box corner, and
as one progresses through the MT, previous fit values for the line scans are
used as initial guesses. The width of the Gaussian fit is constrained to avoid
extensive fitting to noise. To do this, the point spread function of the actual
microscope setup, i.e., a numerical aperture value of 1.49, wavelength of 513-
and 42-nm pixel size, is fitted to a Gaussian, and the SD �PSF is determined.
We then restrict � to be in the interval [�PSF, 3�PSF]. The algorithm works on
a per-MT region basis, and after all the regions have been analyzed, the
program assembles them into a single data file. The regions are connected
using linear interpolation to fill in every pixel value, and Gaussian noise of
one pixel SD (Bicek et al., 2007) is added to linear line segments in between
regions to match the noise level to the remaining parts of the MT.

Quantitative Analysis of Microtubule Deformation
We used local estimates of the curvatures along the MT contours to charac-
terize the deformation. The estimation of local curvature and the construction
of the curvature distribution were performed as previously described (Bicek
et al., 2007). To reduce the contribution of errors from digitization and data
collection procedure (Bicek et al., 2007), we coarse-grained the MT coordinates
obtained using the semiautomated algorithm to an average spacing of 16
pixels. This spacing reduced the contribution of noise to a negligible level,
while maintaining the features of the curvature distribution. Adjacent points
along the coarse-grained coordinates were used to calculate the curvature
using (Figure 2B) the following equation:

� � �d��s�
ds
� � � ��

��s1 � �s2�/2� (2)

where � is the local curvature and �(s) is the tangent angle as a function of the
contour length s. For a discrete chain, �� is the angle change between two
adjacent points along the chain and �s1 and �s2 are the segment lengths,
respectively. This relation provides an approximation of the local curvature
for small angle changes and small bond lengths; using equation 2 to calculate
the curvature of a circular shaped polymer will underestimate curvature by
1% at moderate curvatures (� � 1(�m)�1) and by 17% at large curvatures (� �
3(�m)�1) at the suggested average spacing of 16 pixels. This error is relatively
small compared with the errors due to poor sampling of the distribution at
such large curvatures. Regardless of the error introduced by this approxima-
tion, comparisons between different experiments can still be made by using
this operational definition of curvature. The curvature distribution has been
calculated by creating a histogram of the discrete curvature values obtained
from equation 2. For the case of a thermally driven semiflexible polymer, the
local energy should be distributed exponentially according to Boltzmann’s
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law. Because energy is proportional to the curvature squared, the curvature
distribution is Gaussian. The mean of the Gaussian is zero for polymers with
zero mean curvature and the variance is inversely proportional to the persis-
tence length (Bicek et al., 2007). In our previous work (Bicek et al., 2007), we
have shown that the curvature distribution of a discretized thermally driven
semiflexible polymer chain is Gaussian as long as the segment length is much
smaller than the persistence length of the chain.

RESULTS

Direct Observation of Microtubule Bending in Living
LLC-PK1 Cells
To test the various models for MT bending in living cells, we
directly observed MT bending dynamics in the periphery of
LLC-PK1 cells (n � 6 cells, 125 individual MTs). Figure 2A
shows a representative peripheral region of an LLC-PK1�
cell stably transfected with GFP-�-tubulin (Rusan et al.,
2001). Consistent with a recent report by Brangwynne et al.
(2006), we found that some MTs exhibited short wavelength
bending (Figure 2B), suggesting that the MTs were compres-
sively loaded and laterally reinforced. However, we often
observed that highly buckled MTs were directly adjacent to
relatively straight MTs (Figure 2B), indicating that only a

subset of MTs undergo short wavelength buckling at any
one time.

Because the MTs in LLC-PK1 cells exhibit dynamic insta-
bility in the periphery, we considered whether MT polymer-
ization generates endwise compressive loading on the MT as
the growing plus end impinges on the cell margin. Growing
MTs could transiently support compressive loads until
the plus end undergoes catastrophe and the MT relaxes.
However, we noted on occasion that a buckled MT in-
creased its bending during depolymerization (Figure 2C
and Supplemental Movie 2C). This observation indicates
that an additional force independent of polymerization
can act on the MTs.

We also observed that highly bent, depolymerizing MTs
rapidly relax once the plus end depolymerized past a spe-
cific point in the cell (Figure 2D and Supplemental Movie
2D). These events suggest that the MT is cross-linked to
some other static structure, possibly the cortical F-actin net-
work, at specific points along its length. On depolymerizing
past these cross-linking points, the attachment is lost and the
MT tip region is free to relax and it rapidly straightens out.
During relaxation, the velocity of the tip reaches velocities

Figure 2. Direct observation of MT bending in
LLC-PK1 cells. (A) A typical digital image of a
GFP-tubulin labeled LLC-PK1 epithelial cell
showing a broad distribution of MT bending in
the periphery of a lamellar extension. To re-
main in focus, the z-coordinates must remain
within �0.5 �m of each other, and so the mi-
crotubules that are in focus all along their
length can be approximated as deforming in
the x-y plane only. (B) A closer view of the MT
outlined by the box in A. The x-y coordinates
determined using the semiautomated algo-
rithm are shown (in red) over the microtubule.
The curvature of a MT is estimated locally by
collecting a discrete set of x-y coordinates
spaced 16 pixels apart along the contour (blue
dots) and calculating the angle change with
respect to the average arc length of three adja-
cent points (see equation 2). Often, highly bent
MTs (MT 1) are observed directly adjacent to
straight MTs (MT 2). Microtubules were not
selected for analysis based on their curvature.
(C) A noncentrosomal MT increases its bending
during depolymerization, indicating that poly-
merization-based forces are unlikely to drive
bending in all cases. (D) A highly bent MT
rapidly relaxes after the tip depolymerizes past
a putative attachment point, providing evi-
dence that MTs are both stiff and cross-linked
to other structures in the cell. Bar in all images,
3 �m.
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greater than 5 �m/s, suggesting that the MT is indeed stiff
(relaxation time of the bend shown in Figure 2D is 	0.2 s).
This observation also suggests the idea that MT cross-links
are important in sustaining MT bending.

Actomyosin Contractility
Because actomyosin contractility has been reported to
buckle and break MTs (Waterman-Storer and Salmon, 1997;
Gupton et al., 2002; Brangwynne et al., 2006), we directly
imaged actin dynamics to determine its contribution to MT
bending in LLC-PK1 cells. As shown in Figure 3A (and
Supplemental Movies 3A1 and 3A2), we found that F-actin
is nearly stationary, whereas MTs are simultaneously ob-
served to deform. This time series indicates that microtu-
bules are bending and buckling without attendant actin-
based motion. In addition, we performed a kymographic
analysis of mCherry-actin transfected LLC-PK1 cells. Figure
3C shows a kymograph from the cell shown in Figure 3B
(and Supplemental Movie 3B) with an actin retrograde flow
velocity of 6.9 
 0.6 nm/s (n � 4 cells) to be on the time
scales of seconds which compares well with the values re-

ported by Gupton et al. (2002). To further test the role of
actomyosin contractility, we inhibited myosin II ATPase
activity with blebbistatin. Figure 4 shows a cell before and
after treatment (t �15 min) with blebbistatin. MTs are highly
bent in both cases, providing further evidence that actomy-
osin contractility does not play a major role in forming these
deformations. We conclude that, at least for LLC-PK1 cells
adhered to a glass substrate, F-actin–based retrograde flow
is too slow to drive the fast MT bending and unbending
dynamics observed experimentally.

Kymographics Analysis of Microtubule Buckling
The addition of ��-tubulin heterodimeric subunits to the tip
of a growing MT generates enough force to buckle MTs in
vitro (Dogterom and Yurke, 1997; Janson et al., 2003; Janson
and Dogterom, 2004). To determine whether polymerization
forces result in large scale MT bending in vivo, we observed
individual buckling events and used fluorescent speckle
microscopy to record motion and deformation of the MT.
The motion of MTs provides evidence for the direction of the
net applied force; for the case of polymerization-based load-

Figure 3. F-actin and microtubule
dynamics in LLC-PK1 cells. (A) The
top two images from the montage
show the first frame in a time series
of actin (left) and tubulin (right)
channels in a typical cell dually la-
beled with mCherry-actin and EGFP-
tubulin. The middle frames show
both actin and microtubule dynam-
ics, respectively, at frame 50. The
bottom frames show 50 consecutive
frames of actin and microtubule dy-
namics, respectively, compressed
into one image via a max projection
(1 min 38 s elapsed time). Note that
specific features (shown with red ar-
rows) in the actin channel seem very
similar in the before and after im-
ages, suggesting that actin does not
move significantly over the time of
the movie. In addition, the max pro-
jection image shows virtually no
blurring of the actin channel due to
F-actin movement. This stands in
contrast to the tubulin channel be-
fore and after images where signifi-
cant redistribution of the MT array
results in completely different im-
ages. In addition, the max projection
in the tubulin channel shows marked
blurring of individual microtubules
arising from movement of individual
MTs during the course of the movie.
(B) Typical image from an mCherry-
actin–labeled LLC-PK1 cell. Time-
lapse images were taken every 400
ms, and a kymograph (C) of F-actin
motion was made. The white rectan-
gle in B shows the region from which
the kymograph in C was created. The
F-actin kymograph shows that the
actin retrograde flow is very small
(�7 nm/s), which is too slow to
drive MT bending. Horizontal bar, 5
�m (A) and 3 �m (B and C). Vertical
bar, 10 s (C).
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ing, the force is applied at the plus end and acts to push the
MT retrogradely toward the center of the cell (Figure 1A).
For a MT to buckle, there must exist nearly stationary cross-
links that resist the polymerization force. Specifically, for
polymerization forces to yield significant buckling, the distal
portion of the MT, i.e., the plus end, must move backward at
some velocity and be resisted by a slower moving (or even
stationary) proximal portion of the MT (Figure 1A). We
measured the velocity gradient of individual buckling
events via a kymographic analysis of speckled MTs (Figure
5 and Supplemental Movie 5A) and found that polymeriza-
tion-based forces rarely buckle MTs. Instead, we found that
most of the large-scale buckling events originate when the
proximal portion of the MT is transported anterogradely
against a nearly stationary distal tip (Figure 5B). The antero-
grade transport of MTs is the opposite of the expected
behavior for both MT polymerization-based buckling (Fig-
ure 1A) and acto-myosin contractility (Figure 1B). It is also
not consistent with the scenarios depicted in Figure 1C2a
and 1C2b, where the MT is transported retrogradely by
molecular motors. The observed motion shows that MT
bending is driven by anterograde transport of MTs distally
against a stationary tip (as shown in Figure 1C1a and 1C1b).
It is important to note that since the minus ends of the
microtubules are difficult to identify, it is plausible that the
microtubules that are transported anterogradely are frag-
ments that are released from the centrosome.

To further clarify the role of polymerization in causing the
observed MT bends, we treated the cells with nocodazole to
suppress dynamic instability. Figure 6A shows cells before
and after (t � 15 min) treatment in 50 �M nocodazole. At
such a high concentration of the drug, aside from a few MTs
near the cell center, most of the MTs depolymerized. The
remaining MTs near the center still exhibited dynamic bend-
ing events. In the cells that are treated with 100 nM nocoda-
zole (Figure 6B), MTs were observed to have nondynamic
tips or they occasionally went through rapid depolymeriza-
tion. As shown in Figure 6B, the MT deformations that are
observed are qualitatively similar before and after the drug
treatment. Once again, we observed dynamic bending events
after the drug treatment that resulted in anterograde trans-
port. A montage from a nondynamic buckled microtubule
being transported anterogradely after nocodazole treatment
is shown in Figure 7A (see also Supplemental Movie 7). As

the kymograph in Figure 7B shows, the speckles along the
microtubule move anterogradely toward a stationary distal
tip (t � 12 s and t � 60 s).

Figure 8A shows a histogram of the observed buckling
mechanisms in microtubules (obtained using n � 33 MTs).
The majority of the buckles observed (n � 21) are consistent
with a mechanism in which the proximal portion of the
microtubule is transported anterogradely against a station-
ary distal tip. We have also assessed the different MT trans-
port mechanisms using the whole ensemble of buckled and
unbuckled MTs. As shown in Figure 8B (obtained using n �
77 MTs), most of MT transport is anterograde (n � 33),
whereas some MT transport is retrograde (n � 12) or bidi-
rectional (n � 14). In the set of MTs used in the kymographic
analysis, n � 18 were static. Although we cannot conclu-
sively rule out a possible role of an actin-based motor such
as myosin V (Figure 1C1b), we favor the idea that a MT-
based motor such as dynein (Figure 1C1a) generates the
dominant MT buckling forces in the periphery of LLC-PK1
cells. Assuming microtubule based motors play an impor-
tant role, our results suggest that upon inhibition of the
activity of a motor like dynein, the distribution will shift
toward more retrograde transport, and similarly, the down-
regulation of a motor like kinesin will result in more micro-
tubules being transported anterogradely.

Molecular Motor-based Microtubule Gliding Assays In
Vitro
The observations described in the previous section were
consistent with a model in which MT-based motors generate

Figure 4. Microtubule deformation in the absence of myosin II
activity. (A) The image from a GFP-tubulin–labeled LLC-PK1 epi-
thelial cell showing the distribution and the bending of microtu-
bules near the cell periphery before the drug treatment. (B) The
image of the same cell 15 min after the addition of blebbistatin. Time
(minutes) is in relation to the addition of blebbistatin at a concen-
tration of 75 �M. Horizontal bar, 5 �m.

Figure 5. MT bending dynamics in LLC-PK1 Cells. (A) Montage of
a speckled MT bending and unbending. The white box represents
the region from which the kymograph is created. Note that the
white box is sufficiently wide so that it encompasses the entire
bending microtubule for the duration of the movie. Bar, 3 �m. (B)
Kymograph of the speckled microtubule in A showing that antero-
grade transport of the proximal microtubule coupled with a station-
ary distal plus end drives MT bending. Magenta arrow indicates t �
18 s from A.
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the bending of MTs observed in vivo. If this model is correct,
the bending dynamics observed in vivo should be repro-
duced in an in vitro motor gliding assay, provided that some
of the purified motors can bind MTs but not retain motor

function. Using a kinesin (Drosophila melanogaster kinesin
heavy chain [dmKHC] dimers with hexa-his tag) gliding
assay (Figure 9A), we observed the generation and dissipa-
tion of MT bending in a manner that qualitatively resembled
that observed in vivo. The leading tip of gliding microtu-
bules occasionally became stuck, while the rest of the MT
continued to glide along the surface, resulting in the buildup
of curvature qualitatively similar to that observed in vivo.
An example of this type of bending is shown in Figure 9B
(also see Supplemental Movie 9B). We also observed that
highly curved MTs rapidly relax after their trailing end
glided over a putative attachment site. An example of this
type of relaxation is shown in Figure 9C (also see Supple-
mental Movie 9C); it is qualitatively similar to the relaxation
behavior seen in living cells, as shown in Figure 2D.

Microtubule Curvature Distributions
To investigate the observed bends in MTs quantitatively, we
measured the MT curvature distribution. We identified a
collection of MTs from digital fluorescence images that
clearly showed individual MTs in the periphery of living
LLC-PK1 epithelial cells and then used our semiautomated
algorithm to determine coordinates and construct the cur-
vature distributions. Figure 2B shows a typical contour
along a MT used to construct the curvature distribution.
Individual MTs were selected and tracked from their tips
back to a point where their shapes became ambiguous due
to cross-over with other MTs.

If MT bending is driven by thermal forces (or by forces
that are effectively thermal), then the distribution of curva-
tures should be Gaussian (Bicek et al., 2007). We found, as
shown in Figure 10, that the in vivo curvature distribution
has the characteristics of an exponential (and can be approx-
imated with a biexponential function; data not shown),

Figure 6. Microtubule deformation in the ab-
sence of polymerization. Distribution of micro-
tubules in the periphery of GFP-tubulin–la-
beled LLC-PK1 epithelial cells is shown before
and after exposure to different concentrations
of the drug nocodazole. (A) Nocodazole is used
at 50 �M. (B) Nocodazole is used at 100 nM.
Time (minutes) is in relation to the addition of
nocodazole. Horizontal bar, 5 �m.

Figure 7. Bending dynamics of nonpolymerizing MTs in LLC-PK1
cells. Nocodazole at a concentration of 100 nM is used to suppress
dynamic instability. (A) Montage of a speckled MT being trans-
ported anterogradely. The white box represents the region from
which the kymograph is created. The blue and red boxes denote
frames that correspond to t � 12 and t � 60 s, respectively. Bar, 3
�m. (B) Kymograph of the microtubule in A showing the antero-
grade transport of the proximal microtubule at two different times,
t � 12 s (shown by the blue arrow) and t � 60 s (shown by the red
arrow), against a stationary distal plus end (yellow line).
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rather than the Gaussian distribution expected of a ther-
mally driven polymer (shown with dashed line in Figure
10). The observed distribution is not an artifact of the image
collection and analysis method, since we have validated our
approach against a computational model of thermally fluc-
tuating semiflexible polymers (Bicek et al., 2007). In our
previous work (Bicek et al., 2007), we applied the model-
convolution technique (Sprague et al., 2003, 2004; Bicek et al.,
2007; Gardner et al., 2007) to the simulated MTs, thereby
reproducing the effects of the point-spread function of the
microscope and noise from the digital image acquisition
process inherent in our microscope/camera system. We then
showed that the observation of a thermally driven polymer
via our experimental apparatus (accounting for the observed
blur, digitization, and noise levels) and image analysis
method will indeed result in the observation of a Gaussian
curvature distribution if the data are collected at the proper
spacing between coordinates (Bicek et al., 2007).

We observed more high curvatures (deformed MTs) in
vivo, than expected from thermal fluctuations alone, as dem-
onstrated by the Gaussian curve in Figure 10. While plotting
the Gaussian curve in Figure 10, we used the flexural rigid-
ity for Taxol-stabilized MTs in vitro. Note that, not only is
the observed functional form different, but also that MTs in

vivo would have to be much softer than in vitro MTs to have
similar magnitudes in the curvature distribution. This result
clearly shows that thermal forces cannot be a dominant
source of bending and argues that MT softening alone can-
not account for the observed high curvatures in living cells.

Figure 8. Microtubule bending mechanisms and transport direc-
tion. (A) Histogram of microtubule bending mechanisms from ky-
mographic analysis of deforming microtubules (n � 33 MTs). Blue
shows the number of MTs in which the proximal portion of the
microtubule is being transported anterogradely against a stationary
distal tip, whereas red shows the number of MTs in which the distal
portion is being transported retrogradely against a stationary prox-
imal portion, and magenta shows the number of both mechanisms
working together to drive microtubule bending. (B) Histogram
showing microtubule transport regardless of bend formation (n �
77 MTs). Green shows the number of microtubules that do not move
over the observation period; blue and red show the number of
microtubules that move in an anterograde and retrograde direction,
respectively; and maroon shows the number of microtubules that
move bidirectionally.

Figure 9. MTs in gliding assays in vitro. (A) Typical digital image
of a MT-kinesin gliding assay. Some MTs are highly bent, whereas
other MTs are relatively straight, and MTs qualitatively seem to be
deformed in a manner similar to that shown in vivo (see Figure 2A).
(B) MT gliding in the direction of the arrow is cross-linked, presum-
ably by a dead motor, at its leading tip for the first three frames
while curvature develops in the MT. In the fourth and subsequent
frames, the cross-link is lost, and the MT springs forward. Arrow-
heads denote the position of the putative cross-link. (C) A bent MT
gliding in the direction of the arrow, glides past a cross-link site
(arrowhead), and rapidly relaxes similar to the relaxing MT in
Figure 2D. Bar, 3 �m.

Figure 10. MT curvature distribution in living cells and gliding
assays. MT bending in LLC-PK1 cells was quantified and the cur-
vature distribution was constructed using n � 125 individual MTs
from n � 6 cells. A spacing of 16 pixels corresponding to 0.67 �m
was used. The curvature distributions in vivo and in vitro are
shown in black and red, respectively. The experimental curvature
distribution was compared with a thermal model (Gaussian) of MT
bending using the flexural rigidity of Taxol-stabilized MTs (EI �2
pN-m2) and showed poor agreement (shown in dashed lines), es-
pecially in the tail of the distribution.
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Although MT-associated proteins can potentially bind and
soften MTs, this possibility seems unlikely because it re-
quires a large change in the material properties of MTs,
whose composition and lattice structure in vivo is thought to
be very similar to its composition and lattice structure in
vitro. In addition, the rapid relaxation behavior of some
depolymerizing MT tips further supports the view that the
flexural rigidity in vivo is similar to that measured in vitro
(shown in Figure 2D and Supplemental Movie 2D).

We also considered the effects of a length-dependent flex-
ural rigidity, as recently suggested from in vitro studies
(Pampaloni et al., 2006; Taute et al., 2008). If the MTs in our
data set were composed of two populations, each with a
different flexural rigidity, and driven only by thermal forces,
the resulting curvature distribution would be the sum of two
Gaussians. Such a distribution has a concave downward
form in the tail, and will not able to explain the exponential
tail shown in Figure 10. We therefore conclude that length-
dependent changes in EI do not play a significant role in
LLC-PK1 cells.

To compare with a much simpler model system, we mea-
sured the curvature distribution of the MTs in gliding assays
in vitro, and we found essentially quantitative agreement
between the in vitro and in vivo MT curvature distributions,
as shown in Figure 10. Such agreement further supports a
model where MT-based motor forces are the major driver of
bending in LLC-PK1 epithelial cells.

DISCUSSION

In this study, we systematically investigated the origin of the
forces that drive MT bending in living epithelial cells. This is
important, because it gives insight into how the cell regu-
lates the MT cytoskeleton, and potentially how the cell reacts
to mechanical forces. We considered known force generation
mechanisms, namely, acto-myosin contractility, polymeriza-
tion forces, and MT- and actin-based motor forces. Our
results show that anterograde MT transport, presumably
mediated by MT-based motors, plays a dominant role in MT
bending, whereas the other mechanisms are largely incon-
sequential in LLC-PK1 cells. Further experiments are neces-
sary to determine the applicability of our results to different
cell lines.

Analysis of Microtubule and F-Actin Motion
Previous work has demonstrated close correlation between
the retrograde flow of F-actin and the buckling of MTs
(Waterman-Storer and Salmon, 1997; Gupton et al., 2002). In
addition, MTs are clearly observed to bend as they polymer-
ize against the edge of the cell or a microfabricated barrier
(Dogterom and Yurke, 1997; Waterman-Storer and Salmon,
1997). In the present study, the kymographic analysis of
speckled F-actin features and MTs (Figures 3C and 5B) pro-
vides a direct method to determine the site of application
and direction of active intracellular forces. Both F-actin ret-
rograde flow and MT polymerization forces result in com-
pressive loading of the MT. These forces act by pushing the
distal segment of the MT retrogradely against a stationary,
or at least a slower moving, proximal segment of the MT. In
either case, the distal MT tip and its associated fluorescent
speckles move retrogradely. This feature is diagnostic when
screening for the origin of forces that produce MT motion,
such that any force that originates within the cell interior
and pushes the proximal portion of the MT outward antero-
gradely cannot be the result of either MT polymerization at
the distal plus end or F-actin retrograde flow. Anterograde
MT motion originating from within the cell body that

pushes the proximal MT segments forward, while the distal
segments remain stationary contradicts both the F-actin ret-
rograde flow and MT polymerization models for MT bend-
ing in LLC-PK1 cells. Instead, our findings rather imply that
the anterograde speckle movement of the proximal MT seg-
ment against a stationary distal MT segment is motor based
and that the MTs are transported anterogradely against
passive cross-links that hold the distal segment stationary.
Our results are also consistent with earlier studies of neuro-
nal growth cones (Schaefer et al., 2002) in which microtu-
bules were observed to buckle during anterograde transport.

Evidence for Microtubule-based Motor-driven Buckling
The quantitative similarity between curvature distributions
in the in vitro MT gliding assays and the in vivo data are
remarkable. This is interesting because in this simple in vitro
system, in which only thermally fluctuating, nongrowing
MTs and MT-based motors are present, the curvature dis-
tribution observed in a living cell is recapitulated. The non-
Gaussian nature of the resulting curvature distribution in-
dicates the presence of active forces of nonthermal origin,
such as those caused by molecular motors. These results
suggest that the cell is regulating the MT array via active
force generators, consistent with previous observations
(Koonce et al., 1999; Burakov et al., 2003; Malikov et al., 2004;
Brito et al., 2005).

For active forces to deform MTs in the gliding assay, we
speculate that some dead motors act as passive cross-linkers
and resist the forces generated by functional motors, result-
ing in MT bending. Alternatively, the motors attached to the
MT could act at slightly different rates, resulting in instabil-
ities that are “grabbed” by other nearby motors, which may
further amplify the curvature. Because in vitro motor prep-
arations invariably have some fraction of dead motors in
them, we favor the former explanation, but further work will
be required to distinguish between these two possibilities.

Interestingly, because both living cells and gliding assays
show evidence of highly curved MTs rapidly relaxing upon
loss of attachment sites, similar mechanisms may be in-
volved. This suggests that in living cells, the MT-based
motors can act as both passive cross-links that resist trans-
port and active force generators, an emerging theme in the
molecular motor field (Tao et al., 2006; Saunders et al., 2007).
Alternatively, there may be a second set of molecules that
passively cross-link, most likely to the stationary F-actin
cytoskeleton, such as ACF7 (Chishti et al., 1998; Kodama
et al., 2003). The anterograde movement of the MTs suggests
that the motor that drives bending is either dynein or a
minus-end–directed kinesin.

Microtubule-based Mechanotransduction
The results presented here argue against a major cell-level
passive structural function for interphase MTs in LLC-PK1
epithelial cells in which MTs act as compressive struts that
resist actomyosin contractility. Instead, our results lead us to
favor a role where mechanical forces act to control the
spatial distribution of MTs in living cells. In this model, MTs
are pushed and pulled around the cell mainly by MT-based
motor forces (Figure 11), although other forces discussed
above are also likely to contribute to varying degrees, per-
haps more dominantly in other cells types or phases of the
cell cycle. Our results also argue that forces are not only
generated near the tips of the MTs but also in the middle
regions of the cell, suggesting that the MT based motors,
such as dynein, anchored at the actin rich cortex may act on
MTs and deform them, as shown in Figure 11. Some of these
forces can be accommodated by the repositioning or the
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deformation of the centrosome. Alternatively, the forces
may exceed a threshold for detachment from the centrosome
and lead to MT release (Keating et al., 1997; Piehl et al., 2004).
If a MT becomes highly curved due to motor or other forces
acting upon it, it is more likely to break or depolymerize
(Waterman-Storer and Salmon, 1997), which, over time,
would reorganize the MT array in a force-dependent man-
ner (Odde et al., 1999). However, MT breaking may not be a
widespread phenomenon, because we have rarely observed
MT breaking in LLC-PK1 cells, even though the magnitude
of the observed curvatures was similar to that in cells where
breaking has been observed (Odde et al., 1999). Mechanically
based regulation of the MT array raises the possibility that
the MT array could act as a mechanosensory apparatus.
Similar to motor-based forces, externally applied mechanical
loads could result in changes to the MT distribution. Because
MTs act as “railroad tracks” for the transport of intracellular
cargo, and because they are also capable of providing signals
at their tips via plus-end tracking proteins, a mechanical
reorganization of the MT array could cause cellular cargo or
plus-end–associated signaling molecules to be redirected to
another cellular location. This process could lead to a mech-
anotransduction event and cause a mechanical force to result
in a cellular response via the MT cytoskeleton.
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