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ABSTRACT Although two-dimensional cultures have been used extensively in cell biological research, most cells in vivo exist
in a three-dimensional environment with complex topographical features, which may account for at least part of the striking
differences between cells grown in vivo and in vitro. To investigate how substrate topography affects cell shape and movement,
we plated fibroblasts on chemically identical polystyrene substrates with either flat surfaces or micron-sized pillars. Compared to
cells on flat surfaces, 3T3 cells on pillar substrates showed a more branched shape, an increased linear speed, and a
decreased directional stability. These responses may be attributed to stabilization of cell adhesion on pillars coupled to myosin
II-dependent contractions toward pillars. Moreover, using FAK�/� fibroblasts we showed that focal adhesion kinase, or FAK, is
essential for the responses to substrate topography. We propose that increased surface contact provided by topographic
features guides cell migration by regulating the strength of local adhesions and contractions, through a FAK- and myosin
II-dependent mechanism.

INTRODUCTION

Cell migration is essential for tissue development and homeo-

stasis, including the responses to wounds and inflammation.

Although cell migration on two-dimensional (2D) surfaces in

vitro has been investigated in detail, migration in vivo is

known to occur predominantly in a three-dimensional (3D)

environment with complex physical, chemical, and topo-

graphical features. Compared to cells on 2D surfaces, cells in

vivo or in model tissues show a drastically different mor-

phology and behavior, including the lack of prominent stress

fibers and focal adhesions (1–3).

Although most investigations have focused on chemical

factors, accumulating evidence indicates that cells can respond

to physical parameters such as substrate rigidity and mechan-

ical stress, as well as topographic features such as grooves on

the surface. Fibroblast migration may be directed toward in-

creased substrate adhesivity (4), stiffness (5), or tension (5). In

addition, on substrates inscribed with grooves, fibroblasts

become highly elongated and crawl either inside or along the

edge of grooves (depending on the depth of the groove; (6)),

as if they were seeking maximal topographical stimulation.

This phenomenon has been referred to as contact guidance (7).

Recent observations further indicate that the dorsal-ventral

asymmetry of substrate adhesion in 2D cultures plays a major

role in stimulating cell spreading and stress fiber assembly.

When both dorsal and ventral surfaces are anchored on the

extracellular matrix (ECM), fibroblasts become elongated and

show few large stress fibers, similar to what is found in

connective tissues (3).

Despite the long awareness of contact guidance, there has

been only limited knowledge of how cells detect and respond

to topographic features. There are strong indications that

integrins and focal adhesions play a major role in the responses

to nonchemical stimuli. Focal adhesions, associated with the

actin cytoskeleton on the cytoplasmic side and the ECM on the

extracellular side, are the exertion points of cellular contractile

forces on the substrate. The cytoplasmic face of the focal

adhesion is also known to carry a complex battery of structural

(e.g., vinculin, a-actinin, and paxillin) and signaling proteins

(e.g., focal adhesion kinase, or FAK, and src) (8). Although

the exact functions of these signaling molecules are unclear,

they presumably play the important role of transmitting

extracellular physical or topographic signals across the

membrane and translating them into intracellular chemical

or physical signals. Consistent with this idea, cells in some

late-stage tumors show overexpression of FAK (9–13),

whereas FAK�/� and myosin IIB�/� fibroblasts are also

defective in their responses to mechanical stimulations

(14,15).

Although grooved substrates have been used extensively

for studying cellular responses to topographic signals (6,16–

18), the exclusive localization of cells within the grooves and

the extremely narrow width impede the investigation into the

migration responses and structural organization. We have

therefore designed polystyrene substrates that contain a field

of semiordered, micron-sized pillars, such that migrating

cells continuously encounter alternating flat and bumpy sur-

faces. Comparison with cells on flat polystyrene surfaces

allowed us to determine unambiguously the responses to
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topographical features. This strategy has provided not only

new insights into how normal fibroblasts respond to substrate

topography, but also a powerful test for the requirements of

specific proteins. Our results suggest that substrate topography

guides cell migration by enhancing the stability of adhesions

at pillars coupled to myosin II-dependent contractions. In ad-

dition, we demonstrate that FAK is essential for these responses.

MATERIALS AND METHODS

Preparation and characterization of substrates

To generate the pillar topography, polymethylmethacrylate was applied to a

silicon oxide surface and subjected to a strong electric field as described

elsewhere (19,20). Electrohydrodynamic instabilities caused the surface to

form micron-sized pillars. Polydimethylsiloxane was then poured over the

pillars and cured overnight at 60�C to serve as the template. The template

was then pressed onto a 1-mm thick polystyrene film at 150�C atop a

coverslip and peeled off. This simple approach generated a semiordered array

of pillars on part of the polystyrene surface. The surfaces were then made

hydrophilic by reactive ion etching.

Topographical images of the substrate (Fig. 1) were obtained using an

Autoprobe M4 atomic force microscope (AFM) (Veeco, Santa Barbara, CA)

equipped with ProScan V1.51b software (Veeco). Images were acquired in

contact mode with a standard tipped CSC12 cantilever of 0.03 N/m nominal

stiffness (Veeco). Dimensions of the pillars were determined from AFM

images collected on three different samples. All observations reported here

were made in regions with a similar size, density, and distribution of the

pillars. Typical pillars are 1.78 6 0.02 mm in height, 10.30 6 0.19 mm in

diameter, and are spaced 15.76 6 0.26 mm center-to-center (mean 6 SE,

n ¼ 33 for each). Assuming a regular distribution of pillars on a grid, we

estimated that ;46% of the total surface is located on the top and side of

pillars, and ;54% as flat surfaces between the pillars.

Coverslips carrying the polystyrene substrate were mounted onto 35-mm

cell culture dishes (Falcon, Nowhere, NV), with a hole drilled at the center,

using ultraviolet-cured optical adhesive (Type 71, Norland Products,

Cranbury, NJ). Before use, culture dishes containing the substrates were ster-

ilized by exposure to ultraviolet light inside a cell culture hood for 10 min.

Cell culture and transfection

All cells were maintained in a standard incubator with 5% CO2. Experiments

were performed within 3 days of plating onto topographical substrates. NIH

3T3 fibroblasts were obtained from Dr. Ann F. Chambers, University of

Western Ontario, London, Ontario, Canada (1,21) and were cultured in

Dulbecco’s modified Eagle medium (Sigma, St. Louis, MO) containing 10%

donor calf serum (Hyclone, Logan, UT) supplemented with 10,000 units/ml

penicillin, 10,000 mg/ml streptomycin, and 29.2 mg/ml L-glutamine for up

to 20 passages. FAK�/� fibroblasts reexpressing FAK under Tef-off

control have been described previously (22). The cells were cultured in

Dulbecco’s modified Eagle medium (Sigma) containing 10% fetal bovine

serum (Atlanta Biologicals, Norcross, GA) supplemented with 10,000 units/

ml penicillin, 10,000 mg/ml streptomycin, 29.2 mg/ml L-glutamine, and 1%

nonessential amino acids (GIBCO/BRL, Grand Island, NY). Tetracycline

(Calbiochem, San Diego, CA) was added during each change of media at a

concentration of 1 mg/ml to prevent expression of the FAK protein in

FAK�/� experiments. To induce FAK expression, the same FAK�/� cells

were transferred to media lacking tetracycline for 36–48 h before

experiments (22). To image focal adhesions, cells were transfected with

plasmids carrying enhanced green fluorescent protein (EGFP) tagged

paxillin (23), using the Amaxa nucleofector and kit R following the

protocol recommended by the manufacturer (Amaxa, Gaithersburg, MD).

Cells were plated onto the substrates at a low density to minimize cell-cell

contacts.

Blebbistatin (Toronto Research Chemicals, Ontario, Canada), an inhib-

itor of nonmuscle myosin II ATPase (24,25), was applied by replacing the

culture medium with medium containing 100 mM blebbistatin as described

previously (26). Experiments were performed after 2 h of incubation.

Because blebbistatin is sensitive to blue light (27,28), a red filter was placed

in the transmission illumination light path during image acquisition, and the

total period of data acquisition was limited to within 8 h.

Video microscopy and cell motility measurements

Cell-plated substrates were loaded into a stage incubator on a Zeiss (Jena,

Germany) IM35 microscope equipped with a Neo-Fluar 253 N.A. 0.8 oil

phase objective lens. Images were acquired with a video rate surveillance

charge-coupled device (CCD) camera (Mintron 12V1E-EX, Santa Clara,

CA) or with a Roper NTE/CCD-512-EBFT camera (Roper Scientific,

Trenton, NJ). Time-lapse images were recorded every 2–4 min for a period

of at least 2 h and analyzed with custom software. Cells selected for analysis

were spread, motile, separated from neighboring cells, and were neither

exiting nor entering mitosis. Additionally, all the quantitative analyses were

performed in regions of similar pillar size and density. Coordinates of the

nuclear centroid were determined automatically using a pattern recognition

algorithm. Because double-reciprocal analysis as applied previously did not

generate straight lines for cells on pillar substrates (14,29), linear speed (S, in
mm/min) was calculated by simply dividing the integrated travel distance

with the total time T (Eq. 1, where xi and yi are coordinates at frame i).

S ¼ ðSOððxi � xi�1Þ2 1 ðyi � yi�1Þ2ÞÞ=T: (1)

Note that this approach is unaffected by the turning behavior whereas the

previous approach based on mean squared displacements is sensitive to

migration pattern (14). Average acceleration of velocity (A, in mm/min2,

Eq. 2) was calculated based on changes in the distance of travel along

x- and y-directions between three consecutive frames.

A ¼ ðSOðððxi � xi�1Þ � ðxi�1 � xi�2ÞÞ2 1 ððyi � yi�1Þ
� ðyi�1 � yi�2Þ2ÞÞÞ=T2

: (2)

A turn was defined as a change in direction of at least 30� between two

consecutive intervals of recording with a distance of at least 2.0 mm in the

intervals following the change in direction. The total number of turns for

each series was then divided by the recording time to yield average turns per

hour. Unpaired Student’s t-tests were performed using GraphPad software

and all data represented as mean 6 SE unless otherwise indicated. Average

lifespan of focal adhesions was determined using cells transfected with

EGFP-paxillin, as the length of time between the appearance and

FIGURE 1 Topography of pillar substrate. Topographical images of pillar

substrates were taken by AFM in contact mode. A 50- 3 50-mm region is

shown as a projected three-dimensional image. Fine features on top of the

pillars are likely an imaging artifact.
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disappearance of an adhesion (30). The average was calculated from 27 focal

adhesions in four cells in each group.

Cell fixation and staining

Cells were rinsed twice with 37�C phosphate buffer saline (PBS), and fixed

with 4% paraformaldehyde (Electron Microscopy Sciences, Fort Wash-

ington, VA) and 0.2% Triton X-100 (Sigma) in PBS for 10 min. After

rinsing twice in PBS with 1% bovine serum albumin (Sigma) for 10 min

each, focal adhesions were stained with a monoclonal anti-vinculin antibody

(1:100 dilution; Sigma), and Alexa-546 goat anti-mouse secondary IgG

(1:100 dilution, Molecular Probes, Eugene, OR). Cells were counterstained

with Alexa-488 phalloidin (Molecular Probes) to visualize actin filaments,

following the manufacturer’s instructions.

Fluorescent images were obtained using a Zeiss Axiovert-10 microscope

with a Roper NTE/CCD-512-EBFT camera. A Zeiss Fluar 1003 N.A. 1.30

phase objective lens was used to acquire fluorescence images as optical

slices at a distance interval of 0.25 mm. Images were deconvolved using a

constrained iterative algorithm using custom software. In addition, low-

magnification fluorescence images, along with phase contrast images, were

collected with a Neo-Fluar 403 N.A. 0.75 lens for morphometry. Cellular

processes, defined as nonoverlapping, vinculin plaque-containing regions of

the cell boundary where the distance from cell center is longer than both

neighboring regions, were determined from phalloidin and vinculin images.

The perimeter, p, of each cell was traced by hand on phalloidin-stained

images and the spread area, A, computed based on the number of pixels

within the perimeter. Form factor, a measure of the degree of branching in

cell shape, was then calculated as 4pA / p2. Cells with a spread area between

485 and 1725 mm2 were included in the analysis of cellular processes and

form factor, to exclude rounded or abnormally large cells.

Fibronectin adsorption and characterization

To determine if fibronectin (FN) in the media was adsorbed uniformly over

the surface of pillar substrates, FN was fluorescently labeled and the relative

intensities on top and in between pillars were compared. Substrates were

incubated overnight in the medium used for 3T3 cells, rinsed and incubated

twice with 37�C PBS with 1% bovine serum albumin (Sigma) for 10 min

each, and then labeled sequentially with a monoclonal anti-FN antibody

(1:100 dilution; Sigma), and Alexa-488 goat anti-mouse secondary IgG

(1:100 dilution, Molecular Probes) for 45 and 30 min, respectively. Fluo-

rescent images were acquired as described above with a Fluar 1003 N.A.

1.30 phase objective lens. Intensities measured on top and in between pillars

(n ¼ 50 for each from two substrates) were corrected by subtracting average

background fluorescence measured on similar substrates prepared without

the primary antibody.

RESULTS

Pillar topography induces branched morphology
and erratic movement of 3T3 fibroblasts

To create substrates with topographic features, coverslips

were coated with polystyrene and pillar features were cast on

part of the surface using polydimethylsiloxane molding (see

Materials and Methods). The topographic feature consisted

of cylindrical pillars that are on average 1.78 mm in height,

10.30 mm in diameter, and 15.76 mm in center-center

spacing as determined by atomic force microscopy (Fig. 1).

The entire substrate was then modified by reactive ion

etching to promote cell adhesion. The resulting surfaces were

chemically similar to that of conventional polystyrene tissue

culture dishes. Flat and pillar regions shared identical chemical

properties and differed only in topographical features. Quan-

titative immunofluorescence indicated that the surface was

coated similarly with FN on top of the pillars and in the flat

region between pillars (relative intensities of 49.96 2.4 on top

of pillars and 48.16 1.6 in between pillars, p-value ¼ 0.592).

NIH 3T3 fibroblasts on pillar substrates were able to

follow the topography and form focal adhesions on the top

and sides of the pillars, and in the flat regions between pillars

(Fig. 2 and supplemental Video 1 in Supplementary Material).

Compared to those on the flat substrates, focal adhesions on

pillar substrates appeared smaller in size (Fig. 2). In addition,

cells on pillars appeared to be more branched in shape (Fig. 3,

FIGURE 2 Focal adhesions and stress fibers in NIH 3T3 cells on pillar

and flat substrates. NIH 3T3 cells on flat (A and D), or pillar (B, C, E, and F)

substrates were fixed and stained for actin filaments (A–C), or vinculin

(D–F). Optical sections were deconvolved and partially reconstructed to

show structures in the upper (C and F), or lower half (B and E), of the cell.

Pillars were indicated as circles. On pillar substrates, focal adhesions form

both on pillars and on the flat surface between pillars. In addition, cells

appeared to form more prominent focal adhesions on flat substrates than on

pillar substrates. Bar, 20 mm. See also supplemental Videos 1 and 2.
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A–C), as confirmed by measuring the form factor (defined as

4p area / perimeter2; more convoluted shapes show a longer

perimeter relative to the area, thus a smaller form factor). We

obtained a value of 0.1616 0.010 for cells on pillar substrate

and 0.230 6 0.014 for cells on the flat region (p-value ¼
0.0001, Fig. 3 D), confirming that cells on pillar substrates

have a more complex shape.

We noticed that branches of the cell appeared to associate

preferentially with pillars (Fig. 3 B). Quantitative analysis of
fluorescently stained cells confirmed that vinculin-contain-

ing cellular processes were twice as likely to terminate at

pillars as in the region between pillars (66.9% vs. 33.1%

from 25 cells), even though pillars account for only ;46%

of the total surface area. These observations may be explained

if pillars promote stable cell adhesion.

The branched morphology and the preferential association

of cellular processes with pillars suggest that pillar topog-

raphy may affect cell migration. We found that cells on pillar

substrates moved in a zigzag fashion, as if they were dragged

from pillar to pillar by the anchored extensions (Fig. 4 A and

supplemental Videos 3 and 4). Quantification of the fre-

quency of turns confirmed this observation (3.74 6 0.43 vs.

1.17 6 0.39 turns per hour for pillar and flat substrates,

respectively, p-value ¼ 0.0006, Fig. 4 B). Measurements of

cell movement indicated that cells on pillar substrates moved

at a significantly higher linear speed than those on flat regions

(0.692 6 0.051 vs. 0.459 6 0.077 mm/min, respectively,

p-value ¼ 0.0246; Fig. 4 C and supplemental Videos 3–5).

The irregular movement was further supported by measuring

the vectorial acceleration, which decreased from 0.153 6
0.011 mm/min2 on pillars to 0.094 6 0.015 mm/min2 on flat

substrates (p-value ¼ 0.0071; Fig. 4 D) due to less frequent

changes in direction on flat substrates (Fig. 4, A and B).

Responses to pillar topography involve
stabilization of focal adhesions and myosin
II-dependent contractility

The preferential association of cellular processes with pillars

and the erratic pattern of cell movement suggest that the

pillar topography promotes stable cell adhesion. To address

this possibility, we measured the turnover of focal adhesions

on pillar and flat surfaces, using NIH 3T3 cells transfected

with EGFP-paxillin to label focal adhesions (23). The

average lifespan of focal adhesions on pillars was 40.74 6
4.01 min, compared to 21.11 6 0.98 min for those on flat

surfaces between pillars (p-value , 0.0001, Fig. 5), indicat-

ing that topographic features increase the stability of focal

adhesions.

The zigzag migration pattern on pillar substrates further

suggests that contractile forces may play a role, by dragging

cells from pillar to pillar. To determine if myosin II is involved

FIGURE 3 Morphology of NIH 3T3 cells on pillar and flat substrates.

Phalloidin staining shows a more branched morphology for cells on pillar

substrate (A and B), than cells on flat substrate (C). Images of phalloidin and

vinculin were merged (A and C), then merged with phase contrast image to

show the location of pillars (B). Bar, 20 mm. Shape complexity is quantified

by calculating the form factor (D); more branched shape yields a smaller

form factor. Bars represent mean 6 SE for 33 cells under each condition.

FIGURE 4 Migration characteristics of NIH 3T3 cells on pillar and flat

substrates. Representative paths of cell migration, as determined by tracing

the nuclear centroid over a period of 2 h, show a longer, more zigzag path on

pillar substrate (A, solid line), than on flat substrate (A, dotted line). The

differences are quantified by measuring the turning frequency (B), the linear

speed (C), and vectorial acceleration (D). Compared to cells on flat

substrates, those on pillar substrates show a significantly higher turning

frequency (B, solid bar), linear speed (C, solid bar), and vectorial

acceleration due to frequent changes in direction (D, solid bar). Bars

represent mean 6 SE for eight cells (B, C, and D). See also supplemental

Videos 3–5.
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in this process, we treated cells with blebbistatin, a potent

inhibitor of nonmuscle myosin II ATPases (25). Blebbistatin-

treated cells showed a highly elongated, irregular morphology

independent of substrate topography (Fig. 6, A and B).
Although the cells remained motile, neither the linear speed

(0.3846 0.028 vs. 0.4086 0.052 mm/min for pillar and flat,

respectively, p-value¼ 0.6943; Fig. 6 C), nor the vectorial ac-
celeration (0.111 6 0.008 vs. 0.099 6 0.012 mm/min for

pillar and flat, respectively, p-value ¼ 0.3523; Fig. 6 D),
responded to the pillar topography (supplemental Video 6).

These results suggest that myosin II provides the driving

forces for the detection and/or responses of 3T3 cells to

substrate topography.

Responses to substrate topography require FAK

We demonstrated previously that FAK is required for cellular

responses to mechanical stimulation (14). To determine if

FAK is required for the responses to substrate topography, we

analyzed time-lapse images of FAK�/� fibroblasts reexpress-

ing FAK under the control of a Tet-off system. FAK

expression was inhibited when cells were cultured in the

presence of tetracycline. Removal of tetracycline for 36–48 h

induced reexpression of FAK (22).

Rescued cells responded to the pillar topography in a

similar manner as did NIH 3T3 cells. The extensions showed

a preferential association to pillars, as 61.1% of processes

terminated on pillars versus 38.9% in between pillars (data

from 24 cells, Fig. 7 A), and an increased frequency of turns

on pillar substrates (5.14 6 0.43 vs. 2.34 6 0.28 turns per

hour for pillar and flat substrates, respectively, p-value ¼
0.0001; Fig. 8, A, B, and E, and supplemental Videos 7 and

8). As for 3T3 cells, rescued cells showed a lower form factor

FIGURE 5 Stability of focal adhesions on pillar and flat substrates.

Average life span of focal adhesions, determined using NIH 3T3 cells

expressing EGFP-paxillin, indicates a higher stability for focal adhesions

on pillars than for those on the flat surface between pillars. Bars represent

mean 6 SE for 20–30 focal adhesions in four cells under each condition.

FIGURE 6 Effect of myosin inhibitor on NIH 3T3

cells plated on pillar and flat substrates. Cells are treated

with 100 mM blebbistatin for at least 2 h before imaging.

Approximate boundaries, drawn for clarity due to poor

contrast relative to pillars, show a similar elongated and

irregular shape on pillar (A) and flat (B) substrate. Bar, 50
mm. Linear speed (C) and vectorial acceleration (D),

calculated as for Fig. 4, also show statistically similar

values. Bars represent mean 6 SE calculated for eight

cells under each condition. See also see supplemental

Video 6.
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(0.155 6 0.008 vs. 0.188 6 0.010, p-value ¼ 0.0094; Fig. 7

C), higher linear speed (0.870 6 0.109 vs. 0.394 6 0.024

mm/min, p-value ¼ 0.0008; Fig. 8 C and supplemental

Videos 7 and 8), and higher vectorial acceleration (0.263 6
0.032 vs. 0.102 6 0.005 mm/min2, p-value ¼ 0.0002; Fig. 8

D and supplemental Videos 7 and 8), on pillar than on flat

substrates. In addition, compared to rescued cells on flat

substrates, those on pillars displayed a greater number of

extensions, most of which terminated at a small ruffling

region on a pillar (Fig. 7 A).
In contrast to rescued cells, FAK�/� cells showed no

detectable response to the pillar topography (Fig. 7 A).
Comparisons of migration paths indicated a similar pattern

on the pillar and flat substrates (Fig. 8, A and F), confirmed

by the similar turning frequency (2.44 6 0.34 vs. 2.04 6
0.31 turns per hour for pillar and flat substrates, respectively,

p-value ¼ 0.4017, Fig. 8 B). In addition, cellular processes

showed a reduced tendency to terminate at pillars (48.9% vs.

51.1% for pillar and between pillars from 25 cells). The form

factor (0.219 6 0.013 vs. 0.235 6 0.013, p-value ¼ 0.3834;

Fig. 7 C), linear speed (0.427 6 0.044 vs. 0.471 6 0.028

mm/min, p-value ¼ 0.4248; Fig. 8 C), and vectorial

acceleration (0.137 6 0.017 vs. 0.108 6 0.008 mm/min2,

p-value ¼ 0.1479; Fig. 8 D) all remained similar on pillar

and flat substrates. The linear speed of FAK�/� cells was

similar to that for FAK rescued cells on flat substrates (0.394

6 0.024 vs. 0.471 6 0.028 mm/min, p-value ¼ 0.0553, Fig.

8 C; to be distinguished from root mean squared displace-

ment based speed (14), see Materials and Methods) (31,32).

FAK�/� cells also showed a less convoluted shape and

lower ruffling activities than rescued cells on flat surfaces

(form factor of 0.235 6 0.013 vs. 0.188 6 0.010, p-value ¼
0.0052; Fig. 7, A and C).

DISCUSSION

Although the phenomenon of contact guidance has been

known for decades (7), the mechanism of cellular responses

to substrate topography remains poorly understood. Pillar

substrates allow migrating cells to continuously encounter

localized topographic stimuli, and facilitate direct compar-

ison of cell behavior on surfaces with or without topographic

features. Compared to cells on flat surfaces, 3T3 cells on

pillar substrates showed a more branched shape, increased

linear speed, and decreased directional stability. The pillars

appeared to serve as preferred sites for ruffling activities and

anchorage, as extensions of 3T3 fibroblasts were more than

twice as likely to terminate at a pillar than in between pillars

at a given time, even though the pillar surface area accounted

for less than one-half of the total surface area.

Observations of focal adhesions and blebbistatin treatment

provided mechanistic insights into the responses to topo-

graphic signals. Stable association at pillars was likely

caused by localized stabilization of focal adhesions, as

shown by the decrease in the turnover rate of focal adhesions

on pillars from that on flat regions between pillars. Anchor-

age to pillars was typically followed by contractions of the

cell extension, causing acceleration toward the pillars and

abrupt changes in direction. This enhanced contraction may

account for the increase in linear speed despite the increased

stability of focal adhesions. In addition, inhibition of the

responses to surface topography by blebbistatin suggests that

myosin-II-dependent contraction plays a role in the process,

possibly by providing forces for the cell to surge toward

stabilized adhesions at pillars. Similar combinations of

localized enhancement of adhesions and contractions would

readily explain cellular responses to other topographic features,

FIGURE 7 Morphology of FAK�/� and rescued cells on pillar and flat

substrates. Phalloidin staining shows a more convoluted shape for rescued

cells on pillar substrate (A), than on flat substrate (B), whereas FAK�/�
cells show a similar simple shape on both substrates. In addition, FAK�/�
cells show reduced ruffling activities on either pillar or flat substrate

compared to FAK-expressing cells (A, arrows). Distribution of the pillars is

shown in the merged fluorescence and phase contrast images (A, bottom

row). Bar, 20 mm. Shape complexity, quantified by the form factor (C),
indicates that FAK�/� cells fail to respond to the pillars whereas rescued

cells show statistically significant responses similar to NIH 3T3 cells. Bars

represent mean 6 SE for 33 cells under each condition.
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including the alignment with grooves in classic contact guid-

ance.

The response to surface topography may involve re-

sponses to surface curvature or to increased substrate contact

area. However, since grooves and ridges, and pits and pillars,

were previously found to induce similar responses (6,16–

18,33), the sign of the curvature does not appear to play an

important role. Instead, it is probably the density of anchored

surface receptors relative to cell volume that is responsible

for the stimulation. Interestingly, large pits and/or spacing

were reported to inhibit cell migration (33). This may be ex-

plained if cells were unable to straddle multiple pillars or pits

under these conditions, such that strong anchorage to single

topographic features may limit the ability of cells to migrate

onto the surrounding flat surface.

The responses to surface topography appear very similar

to the responses to substrate rigidity. We have shown that

fibroblasts exert stronger traction forces on stiff substrates

than on soft substrates (5). Moreover, cells also adhere more

tightly to stiff substrates than to soft substrates, as shown by

a centrifugation assay and by a microneedle peeling assay

(34,35). Similar increases in cellular spreading, migration

speed, and traction forces were reported in response to

increases in collagen surface density (36). Thus, mechanical

and topographic signals may elicit similar responses, causing

cells to steer toward maximal stimulation through enhance-

ments of anchorage and contraction.

Although detailed mechanism for the transduction of such

topographic or physical signals is unclear, one possibility is

that mechanical forces transmitted through integrins may

cause an associated sensing protein on the cytoplasmic side

to change its conformation and enzyme/substrate activities.

Mechanical forces are also known to cause calcium entry

through ubiquitous stretch-sensitive channels, and activate a

number of potential downstream effectors including calmod-

ulin and myosin II (37,38). Topographic features may induce

similar responses, by increasing the density of local contacts

and associated signals relative to the cell volume.

Although FAK has been recognized as a key enzyme in

regulating cell migration (39), its functional role remains

poorly defined. We showed that cellular responses to surface

topography require FAK. The cell shape, linear speed, and

migration pattern for FAK�/� cells were similar on flat and

pillar substrates, as if FAK�/� cells were blind to the

FIGURE 8 Migration characteristics

of FAK�/� and rescued cells on flat

and pillar substrates. (A) Migration

patterns of representative cells (chosen

based on linear speed) indicate that

rescued cells move in a more zigzag

pattern on pillar substrates than on flat

substrates, unlike the similar migration

patterns of FAK�/� cells on pillar and

flat substrates. Quantification of turns

confirms these observations (B). In

addition, linear speed (C) and vectorial

acceleration (D) of FAK�/� cells fail

to respond to the pillars, whereas those

of rescued cells respond in a way

similar to 3T3 cells. Linear speed and

vectorial acceleration for FAK�/� and

rescued cells are analyzed as for 3T3

cells shown in Fig. 4. Bars represent

mean 6 SE for eight cells under each

condition. Representative sequences of

phase contrast images for rescued (E),
and FAK�/� cells (F), on pillar sub-

strates also show a lack of turning

responses to pillars for FAK�/� cells.

Due to low contrast on pillar substrates,

approximate cell boundaries are traced

in black and migration paths indicated

in red. Bar, 50 mm. See also supple-

mental Videos 7 and 8.
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presence of pillars. Consistent with this idea, we reported

previously that FAK�/� cells lacked the response to sub-

strate stiffness (14). Furthermore, we observed limited

lamellipodia formation in FAK�/� cells on both flat and

pillar substrates, whereas FAK-expressing cells showed

localized enhancement of ruffling activities on pillars

(unpublished data). Cells treated with siRNA against FAK

showed a similar reduction in ruffling activities, suggesting

that FAK is required for the activation of membrane protru-

sion and cell polarity (32). These observations indicated that

FAK is involved in the detection of adhesion-mediated

physical signals, possibly by amplifying the cytoplasmic

chemical responses.

The physiological role of micron-scaled topographic

signals remains largely unexplored in vivo. These signals

may be created by aggregation or fibrillar assembly of ECM

proteins. In addition, topographic signals may arise as a

result of cell shape changes or cell-cell interactions. As dem-

onstrated in this and previous studies with FAK�/� cells

(14), defects in responses tomechanical or topographic signals

may lead to relatively minor phenotypes when cells were

examined under conventional culture conditions, but severe

consequences under conditions where these signals play a

major role such as during embryonic development or wound

healing. Given the profound effects on cell shape, adhesion,

andmigration, topographic features also represent an important

factor in the engineering of artificial tissues and prosthetic

devices.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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