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Elastic wrinkling of keratocyte lamellipodia driven
by myosin-induced contractile stress
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ABSTRACT During actin-based cell migration, the actin cytoskeleton in the lamellipodium both generates and responds to
force, which has functional consequences for the ability of the cell to extend protrusions. However, the material properties of
the lamellipodial actin network and its response to stress on the timescale of motility are incompletely understood. Here, we
describe a dynamic wrinkling phenotype in the lamellipodium of fish keratocytes, in which the actin sheet buckles upward
away from the ventral membrane of the cell, forming a periodic pattern of wrinkles perpendicular to the cell’s leading edge. Cells
maintain an approximately constant wrinkle wavelength over time despite new wrinkle formation and the lateral movement of
wrinkles in the cell frame of reference, suggesting that cells have a preferred or characteristic wrinkle wavelength. Generation
of wrinkles is dependent upon myosin contractility, and their wavelength scales directly with the density of the actin network and
inversely with cell adhesion. These results are consistent with a simple physical model for wrinkling in an elastic sheet under
compression and suggest that the lamellipodial cytoskeleton behaves as an elastic material on the timescale of cell migration
despite rapid actin turnover.
SIGNIFICANCE Many adherent cells crawl using a thin and flat protrusive structure known as a lamellipodium. Because
the lamellipodium is so thin and dynamic, it has been difficult to determine whether it has the mechanical properties of a
viscous fluid or an elastic solid, which is important for understanding the mechanical workings of cell motility. We observed
that lamellipodia in fish epidermal cells buckle into a periodic pattern of wrinkles. This pattern is shown to be consistent with
a physical model in which the lamellipodium behaves as an elastic sheet compressed by myosin motor activity. These
results imply that the lamellipodium can store mechanical energy and maintain its integrity over length scales and
timescales relevant to cell migration.
INTRODUCTION

The actin cytoskeleton is essential for force generation and
mechanosensing in many different contexts, including the
regulation of cell migration, division, shape, and differentia-
tion (1). The types of F-actin structures found within cells are
often heterogeneously distributed and diverse, ranging from
the highly branched, dense, and thin sheet of F-actin found in
lamellipodia, to the bundled structures in filopodia and stress
fibers, to the looser network that makes up the cell cortex (2).
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The lamellipodium is of particular interest because it is the
structure responsible for many forms of actin-based motility,
and it both generates and responds to force that is related to its
function. Specifically, the force of actin polymerization is
responsible for pushing out the membrane (3), whereas
myosin motors pull on the actin network to restrain protru-
sion (4). Thus, to understand actin-basedmotility, it is impor-
tant to understand the mechanical properties of the
lamellipodial actin network and especially its mechanical
response to stress on the timescale of cell migration.

However, the mechanical properties of the lamellipodial
actin cytoskeleton have proved to be difficult to measure
directly using standard microrheology techniques because
the network is too dense to permit the entry of tracer parti-
cles and too thin for atomic force microscopy. Studies of
in vitro reconstituted actin networks have found that pure
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Elastic wrinkling in lamellipodia
polymerized actin behaves as a viscoelastic material whose
elastic and viscous properties can be affected by various
actin binding proteins (5–9). In addition, in vitro dendritic
networks nucleated by Arp2/3, which most resemble lamel-
lipodial network structure, have been shown to have an
elastic response to force (10–12). However, actin turnover
is known to occur at a much faster rate in the lamellipodia
of living cells than can be reproduced in vitro (13–17), sug-
gesting that the living lamellipodial cytoskeleton is rapidly
rearranging and might thus behave more like a viscous fluid
than the highly cross-linked, largely elastic networks
observed in vitro. Indeed, measurements of the local proper-
ties of the cortical cytoskeleton in living cells have shown
that, on micron length scales, the cortex behaves largely
like a fluid (18,19), but it is not clear whether the same is
true for the lamellipodial cytoskeleton, which is both denser
and more highly cross-linked than the cell cortex (20).
Furthermore, the mechanical properties of the cytoskeleton
might be scale dependent and more solid-like on longer
length scales in which small local rearrangements due to
turnover might play less of a role.

Although rheological measurements have been difficult
to perform on lamellipodia, the mechanical properties of
the lamellipodial actin cytoskeleton can be inferred from
its large-scale morphodynamics in certain cell types. Specif-
ically, fish epidermal keratocytes, which have a single large
lamellipodium with relatively uniform cytoskeletal structure
(20), have been observed to have an apparently periodic
pattern of lamellipodial wrinkles that are oriented perpen-
dicular to the leading edge and are visible in phase-contrast
or differential interference contrast microscopy (21–24).

The formation of a stable pattern of wrinkles is expected of
elastic but not of viscous materials. Regular periodic patterns
of wrinkles in thin elastic sheets under lateral stress or strain
are generally formed when the minimal energy configuration
of the sheet corresponds to buckling at an optimal wave-
length (i.e., buckling with either too short or too long a wave-
length would have a higher potential energy) (25–30). For a
given lateral strain, the wavelength and amplitude of a peri-
odic wrinkling pattern are inter-related, with the amplitude
proportional to the wavelength. At a fixed lateral strain, wrin-
kling with small wavelengths corresponds to higher curva-
ture of the elastic sheet, with the bending energy
proportional to the inverse square of the wavelength (31).
Long wavelengths, on the other hand, give rise to higher
amplitude deformations for a given strain. The physical
mechanisms that penalize wrinkling with large wavelength
and amplitude are diverse and can include the vertical
stretching of an elastic foundation to which the thin sheet
is glued (31), gravity (32), or tension along the wrinkles
(26). Importantly, in all these cases, the characteristic wave-
length of the wrinkle pattern scales directly with the bending
modulus of the elastic sheet, penalizing small wavelengths,
and inversely with the strength of the specific forces, penal-
izing large amplitudes and, hence, large wavelengths.
Here, we characterize the geometry and dynamics of the la-
mellipodial wrinkles in zebrafish embryonic keratocytes and
demonstrate that the wrinkles can be explained by a simple
physical model in which the compressive force from myosin
contractility leads to buckling of the lamellipodial F-actin
network that behaves as a thin elastic sheet. These results sug-
gest that, on the timescale of cell migration, even in rapidly
moving cells with a high rate of F-actin turnover, the lamelli-
podial F-actin behaves largely as an elastic material.
MATERIALS AND METHODS

Cell culture and reagents

Keratocytes were cultured from zebrafish embryos at 2 days postfertilization

(dpf) as described (33). Briefly, embryos were treated with cell dissociation

buffer (Gibco, Waltham, MA) for 30 min, followed by 0.1% trypsin supple-

mentedwith 0.9mMEDTA for 10min to dissociate the epithelium. The disso-

ciated cell suspension was transferred to a collagen-coated coverslip and

allowed to adhere for 1 h before imaging. Cells were imaged in Leibovitz’s

media (L-15; Gibco) supplemented with 10% fetal bovine serum, 14.2 mM

HEPES (pH 7.4), and 1% antibiotic-antimycotic. The cytoplasmic RFP-ex-

pressing cells are from a transgenic krt4-RFP zebrafish line (34), which was

a kind gift from A. Sagasti. The membrane GFP-expressing cells are from a

transgenic bactin-EGFP-CAAX zebrafish line previously described (33). All

experimental protocolswere approvedby the StanfordUniversityAdministra-

tive Panel on Laboratory Animal Care under protocol no. 10240. Pharmaco-

logical agents included blebbistatin (Sigma, St. Louis, MO), latrunculin A

(Molecular Probes, Eugene, OR), and ERTracker Blue-White DPX (Invitro-

gen,Carlsbad,CA).Media pHwasadjustedby replacing theHEPES in regular

culture media with either 15 mMMES (pH 6.0) or Tris (pH 9.0).
Immunofluorescence and phalloidin staining

Indirect immunofluorescence for adhesions was performed using a mouse

monoclonal phospho-tyrosine antibody at 1:50 (no. 9411; Cell Signaling

Technology, Danvers, MA). Indirect immunofluorescence for myosin was

performed using polyclonal rabbit anti-pS19 myosin light chain antibody

(ab2480; Abcam, Cambridge, UK) at 1:100 dilution. The secondary anti-

bodies were AF546 goat anti-rabbit (no. A-11035; Life Technologies,

Carlsbad, CA) and AF405 goat anti-mouse (no. A-31553; Life Technolo-

gies), each at 1:1000 dilution. Cells were fixed in 4% formaldehyde and

0.32 M sucrose in fixation buffer (234 mM KCl, 6 mM MgCl2, 4 mM

EGTA, and 10 mM MES (pH 6.1)) for 15 min, permeabilized with 0.5%

Triton X-100 for 10 min, and blocked with phosphate-buffered saline

(PBS) BT (3% bovine serum albumin, 0.1% Triton X-100, and 0.02% so-

dium azide) for 30 min before incubation with primary antibody and sec-

ondary antibody diluted in PBS-BT. F-actin was labeled with 0.2 mM

fluorescently conjugated phalloidin (Molecular Probes).
Microscopy

For phase-contrast microscopy, live cells were imaged on an inverted micro-

scope (TiEclipse; Nikon, Tokyo, Japan) using a 100� NA 1.4 Plan-Apo oil

objective (Nikon). Images were collected with a cooled back-thinned EM-

CCD camera (iXon þ DU888; Andor Technology, Belfast, UK) with a 1�
or 1.5� optovar using MicroManager 1.4 software (35). For total internal

reflection fluorescence (TIRF)microscopy, live cells were imaged on a ZEISS

AxioObserver TIRF3 system using a 100� NA 1.46 Plan-Apo oil objective

(ZEISS, Jena, Germany). Images were collected with a cooled back-thinned

EM-CCD camera (ImagEM-1k; Hamamatsu Photonics, Hamamatsu City,

Japan) using AxioVision software (ZEISS). For three-dimensional (3D)
Biophysical Journal 120, 1578–1591, May 4, 2021 1579



Lou et al.
structured illumination microscopy (SIM) experiments, fixed cells were

mounted in SlowFade Gold mounting media (Invitrogen) and imaged on a

DeltaVision OMX (GE Healthcare, Chicago, IL) microscope using

DeltaVision software (GE Healthcare) with a 100� NA 1.4 UPlan-Apo oil

objective (Olympus, Tokyo, Japan) using 0.125-mm z-slices at room temper-

ature. Images were collected with a cooled back-thinned EM-CCD camera

(Evolve; Photometrics, Tucson, AZ). Registration of multichannel images

was achieved with multicolor fluorescence fiduciary beads (Tetraspeck;

Thermo Fisher Scientific, Waltham, MA). 3D structured illumination recon-

structions were created with the softWoRx imaging suite (GE Healthcare).

All images were collected at room temperature. For ERTracker experiments,

cellswere incubated in 1mMofERTracker dye for 30min inHank’sBalanced

Salt Solutionwith calciumandmagnesium, and thenmediawas replacedwith

the L15 solution described above.
Electron microscopy

Cell fixation and staining was based in part on a protocol designed to prefer-

entially preserve and stain actin-based structures (36).Cellswerefixedat room

temperature for 30min in Buffer A (100mM sodium phosphate, 50mMKCl,

and 5 mM MgCl2 (pH 7.0)) containing 1% fresh glutaraldehyde (Electron

Microscopy Sciences, Hatfield, PA), 2% paraformaldehyde (EMS), 0.5 mg/

mL saponin, and 2 mg/mL tannic acid (no. 1764; Mallinckrodt, Staines-

upon-Thames, UK). Cells were then stained with 1% OsO4 in Buffer A (pH

6.0) for 20 min at room temperature, followed by en bloc staining with 1%

uranyl acetate in water for over 2 h at 4�C. Samples were dehydrated over

90min with ethanol (50, 70, and 95% and twicewith absolute) and propylene

oxide and then infiltrated with increasing concentrations of Epon 812 in

propylene oxide (1:1, 2:1, and then 100% Epon, each for 1 h). Coverslips

were polymerized in a thin layer of Epon overnight at 65�C and then were

placed onto a plug of fresh Epon (cells facing the plug) and baked again.

Once polymerized, excess Epon was removed to expose the back side of

the coverslip, and the mount was immersed in 50% hydrofluoric acid for

20min or until the coverslipwas dissolved.A region of interest was trimmed,

and silver-gold, 70-nm serial sections were taken (parallel to the substrate)

with an ultramicrotome and mounted on formvar carbon-coated slots.

Sections were poststained with 3.5% uranyl acetate in acetone for 30 s

and Reynold’s lead citrate for 3 min and imaged with a JEOL JEM-1400

microscope at an accelerating voltage of 120 kV using a Gatan Orius 832

CCD camera. Micrographs were analyzed using the TrakEM2 plugin for

ImageJ (37–39).
Wrinkle characterization

To create the actin height map from a 3D structured illumination z-stack, for

every pixel in the xy-plane,we calculated the height to be theweighted average

of the z-steps, using actin intensity at each z-position as the weight. We

assumed that most of the fluorescence signal from a given xy-location is com-

ing from a lamellipodial actin sheet, whose thickness (z axis dimension) is

small (substantially smaller than the �300 nm z axis resolution of the SIM)

and relatively uniform over the xy-plane. This assumption was corroborated

with electron microscopy (Fig. 2 e). This approach, which is analogous to

how photoactivated localization microscopy (PALM) achieves superresolu-

tion, allowsus toestimate the z-positionwith anaccuracybetter than theoptical

resolution of SIM. Tomeasure thewrinkle profile in the image along a swath at

a fixed distance from the leading edge, we used Celltool, an open source pro-

gram for quantifying cell shape (40). The input cell outlines for Celltool were

manually created using Photoshop (Adobe). To measure wrinkle wavelength,

for eachcell, thewrinkleprofilewas smoothedwith aGaussianfilter, andpeaks

were detected using the argrelextrema function in scipy’s signal package.

Average wavelength per cell was computed to be the mean of the peak-to-

peak distances of detected peaks. The same calculation was performed for

live cell phase microscopy experiments, except wrinkle peaks are represented

by minima rather than maxima in the wrinkle profile.
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Fluorescence speckle microscopy

To visualize the actin network, we electroporated cells with Alexa Fluor

(AF) 546-phalloidin (Molecular Probes), as previously described (24).

Movement of the actin network was measured using an adaptive multiframe

correlation algorithm (41), except we used three-frame averaging (6 s) and a

correlation template between 11 � 11 and 21 � 21 pixels.
Traction force microscopy

Silicone gel substrates were prepared in glass-bottomed 50-mm dishes

(GWSB-5040 with no. 1.5 coverglass bottoms from WillCo Wells,

Amsterdam, The Netherlands). Tracer particles and 40-nm carboxylated

dark red fluorescent beads (Invitrogen) were deposited on the coverglass

bottoms at a low concentration to serve as fiduciaries of the glass surface.

Gel prepolymer was prepared by mixing the A and B components of the

CY 52–276 silicone gel (Dow Corning, Midland, MI) at a ratio of 1.2:1.

The prepolymer was spin coated onto the coverglass bottoms at

2500 rpm for 30 s and then baked overnight in an 80�C oven, producing

�30 mm-thick layers of cured gels. The gels were then treated with

(3-aminopropyl)triethoxysilane to functionalize their surfaces. The same

40-nm carboxylated far red fluorescent beads were covalently linked to

the gel surfaces by incubating the gels under a suspension of the beads

(1:10,000 dilution from the 5% stock suspension) in 20 mM HEPES

(pH ¼ 8), with 0.01% 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

(EDC) as a catalyst. Before cell attachment, the substrates were function-

alized with 0.1 mg/mL collagen I (Advanced BioMatrix, Carlsbad, CA)

with 0.01% EDC as a catalyst.

The elastic modulus of the gels was measured at 1.0 kPa with a micro-

fluidic technique (42) by assessing the deformation of an �70 mm-thick

layer of the gel on a 35 � 50 mm no. 1.5 microscope coverglass under a

controlled shear flow. To minimize the experimental uncertainty, the

�70 mm measurement sample was prepared from the same batch of the

gel prepolymer and cured together with the �30 mm-thick gels used in

experiments on cells.

To collect bead displacement images, cells were imaged every 10 s on an

inverted microscope (TiEclipse; Nikon) using a 60� NA 1.4 Plan-Apo oil

objective (Nikon). The unstressed image was acquired after the cell had

migrated from the field of view. Bead displacements were quantified using

the PIV ImageJ plugin (43) and converted to traction stress using Fourier

transform traction cytometry (44).
Preparation of variable RGD surfaces

Surfaces were prepared as previously described (24). Briefly, plasma-cleaned

coverslips were incubated with PLL-PEG-RGD solutions for 20 min at room

temperature and then thoroughly washed with ddH2O and allowed to dry

before use. For the 50% RGD substrates, coverslips were incubated in

0.5 mg/mL PLL-PEG-RGD (50%) (i.e., 50% of the PEG is functionalized

with RGD; kind gift from E. Barnhart) solubilized in PBS. For 5% RGD sur-

faces, coverslips were incubated with 0.05 mg/mL PLL-PEG-RGD (50%)

and 0.45 mg/mL PLL-PEG (PEG 2 kDa; SuSoS, D€ubendorf, Switzerland)

solubilized in PBS. Coverslips were always prepared fresh the same day

each experiment was performed.
RESULTS

Lamellipodial wrinkles represent the F-actin
network bending away from the ventral surface of
the cell

Ever since their initial description (21), fish epidermal
keratocytes from a variety of species have occasionally
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FIGURE 1 The lamellipodial actin cytoskeleton in keratocytes forms wrinkles by buckling up off the ventral membrane. (a) Wrinkles are visible as phase-

dense stripes in phase contrast microscopy (left), which correspond to thickenings of the cytoplasm (right) visible when imaging cytoplasmic RFP as a vol-

ume marker. Arrows indicate example phase-dense wrinkles that are also brighter in the RFP channel. Blue line indicates the contour along which a profile

was taken in (b). (b) Intensity profile along the blue line was indicated in (a) for both the phase contrast and RFP channels. Intensity values are background

subtracted. Peaks of RFP intensity correspond to minima in phase contrast. Arrows indicate the same three example wrinkles as in (a). (c) 3D rendering of a

cell fixed and stained with AF488-phalloidin, imaged with 3D structured illumination microscopy (SIM). Shaded oval represents the position of the cell body,

which is relatively devoid of F-actin. (d) Representative cell fixed and stained with AF488-phalloidin is imaged first on a widefield microscope with a 20�
objective (left) and later using 3D SIM to show wrinkle height (center). Right panel shows mean 20� phalloidin intensity (green) and mean wrinkle height

(black) measured in a 2 mm-deep swath across the leading edge, as indicated by the shaded blue region in the center panel. (e) 3D SIM imaging of adhesion

distribution in a fixed cell stained with a phospho-tyrosine antibody (red) compared with AF488-phalloidin-stained actin filaments (green) in a higher z-plane,

which indicate the positions of wrinkle peaks. (f) A representative cell expressing EGFP-CAAX was imaged using TIRF microscopy. The ventral membrane

appears flat. (g) A representative cell expressing EGFP-CAAX was fixed and stained with AF546-phalloidin and imaged using 3D SIM. Shown is a cross-

sectional profile (i.e., x-z projection) across the front of the cell 2 mm from the leading edge. The actin appears as a single sheet (green), with the dorsal

membrane closely associated on top and the ventral membrane on bottom (purple). (h) Diagram of lamellipodium geometry when wrinkles are present.

Top panel represents a cross section across the width of the lamellipodium, and bottom panel shows a cross section from the front to back of the lamellipo-

dium along the top of a wrinkle.

Elastic wrinkling in lamellipodia
been observed to have lamellipodial stripes, visible in phase-
contrast or differential interference contrast microscopy,
although the prevalence and prominence of these stripes
may depend on the fish species and cell culture conditions
(21–24). We found that all motile keratocytes derived from
zebrafish embryos at 2 dpf display these stripes, which are
oriented perpendicular to the leading edge and appear to be
periodic thickenings of the lamellipodium that stain more
intensely for a volume marker (Fig. 1 a). Correlation of
phase-contrast and volume marker fluorescence intensity in-
dicates that the stripes of higher phase density correspond to
thicker regions of the lamellipodium (Fig. 1 b). We note that
the orientation of these lamellipodial thickenings perpendic-
ular to the leading edge makes them distinct from the dorsal
Biophysical Journal 120, 1578–1591, May 4, 2021 1581
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FIGURE 2 Lamellipodial ultrastructure supports interpretation of wrinkles as buckling of the actin network. (a) Serial electron micrographs of a single

keratocyte, sectioned parallel to the coverslip. Sections are 70 nm; height from the ventral cell surface is indicated above each image. Actin-based structures

stain strongly in this protocol (see Materials and methods), and dark staining in the lamellipodium resembles the phalloidin staining pattern in 3D SIM,

suggesting that this is the lamellipodial actin network. Insets are magnified in (b) and (c). (b) Magnification of lamellipodial region for each section in

(a) shows changes in staining consistent with wrinkles. Wrinkle troughs are indicated by dark staining in lower sections that disappears in higher sections

(black arrow); conversely, peaks are indicated by lighter staining in lower sections that darkens in higher sections (white arrow). The cytoplasm beneath the

wrinkles stains weakly and is not suggestive of familiar structures, actin-based or otherwise. (c) High-resolution image of a lamellipodial region specified in

(a) shows the texture of the actin network (am) and diffusely stained surrounding cytoplasm (cy). (d) 3D reconstruction of actin network and actin

cable staining for the cell in (a), segmented manually. Staining suggestive of actin cables is in magenta, and actin network staining is in green. (e) Transverse

section of a keratocyte. Actin network in the lamellipodium appears as an electron-dense line �100 nm in thickness. Inset shows a portion of the

lamellipodium in greater detail, with red dashed lines as a guide to the eye for actin network. The distance of the actin network to the coverslip changes

more over the extent of the lamellipodium than the membrane-coverslip distance.
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membrane ruffles that have been observed in fibroblasts,
which are typically oriented parallel to the cell leading
edge (45,46). We also note that the stripes in the phase-
contrast images reflect thickenings of the cytoplasm itself
1582 Biophysical Journal 120, 1578–1591, May 4, 2021
and should not be confused with the stripe patterns reported
for keratocytes plated on highly deformable substrates (25)
because those patterns correspond to deformation of the
substrate rather than of the cells.



Elastic wrinkling in lamellipodia
To determine the detailed structure of keratocyte lamelli-
podial periodic cytoplasmic thickenings, we used 3D SIM to
assess the relative localization of the membrane, adhesions,
and actin cytoskeleton. To our surprise, it appeared that the
thickenings of the lamellipodium are not caused by addi-
tional actin polymerization in the z-direction (Fig. 1, c and
d; Video S1) but rather result from the curving of a single
sheet of F-actin of apparently uniform thickness out of con-
tact with the ventral surface of the cell (Fig. 1 g).

Structured illumination and TIRF imaging of the mem-
brane confirmed that the ventral membrane has a much
smaller amplitude of undulations than either the dorsal
membrane or the actin sheet (Fig. 1, g and f). There are oc-
casional undulations in the ventral membrane near the lead-
ing edge (Video S2), and their locations appear to be
correlated with wrinkle position. These observations are
consistent with previously reported variations in the dis-
tance from the glass substratum to the ventral membrane
over the range of 15–100 nm as measured by interference
reflection microscopy (47). We also noted that the adhesions
are evenly distributed throughout the ventral membrane,
including regions where the dense layer of actin is more
than 0.5 mm above the substratum (Fig. 1 e). Because these
periodic lamellipodial thickenings appear to be caused by a
single sheet of F-actin bending in and out of proximity with
the ventral membrane (Fig. 1 h), we believe the term ‘‘wrin-
kles’’ to be an apt description of the phenomenon by analogy
to the wrinkles displayed by thin elastic sheets under
compression (48). Notably, anucleate cytoplasmic frag-
ments can form these structures as well (Fig. S1).

To confirm our results from SIM, we also examined
wrinkle morphology using thin-section transmission elec-
tron microscopy. We observed a dense staining pattern in
the lamellipodium, consistent with F-actin (36), which
formed undulating patterns similar to what we observed
with phalloidin (Fig. 2, a–c). Manual segmentation of the
dense staining pattern yielded a wrinkled structure reminis-
cent of that reconstructed from 3D SIM (Fig. 2 d, cf. Fig. 1
c). Viewed in cross section, the ventral membrane showed
much smaller variations in height than the actin network
(Fig. 2 e). The actin network maintained a constant thick-
ness of�100 nm despite variation in the height of the lamel-
lipodium, consistent with 3D structured illumination.
Overall electron microscopic analysis confirmed the pres-
ence and specific features of wrinkles as visualized in 3D
SIM (cf. Fig. 1).

Electron microscopy clearly demonstrated the presence
of cytoplasmic space in the lamellipodium, which had a
more diffuse staining, suggesting the absence of dense
F-actin (Fig. 2 c). Emphasizing the extent of this cyto-
plasmic ‘‘free space,’’ we were able to observe small vesi-
cles and other membrane-bound structures underneath
wrinkles in electron micrographs (Fig. S2, a–d). In live im-
aging experiments, we also observed that larger organelles
like endoplasmic reticulum could transiently penetrate into
the lamellipodial space, either above or below the actin
network (Fig. S2 e; Video S3). This suggests that there is
more space available within the keratocyte lamellipodium
than is conventionally assumed (49).

To measure wrinkle morphology, we developed a method
to quantify the height of the lamellipodial F-actin at any
given position (see Materials and methods) from 3D struc-
tured illumination reconstructions of phalloidin-stained
fixed cells (Fig. 3 a). By tracing the height of the F-actin
at a fixed distance from the leading edge, we measured
wrinkle properties, including wavelength, amplitude, and
effective strain. The effective strain is defined to be the dif-
ference between the actual arc length along the curved layer
of dense F-actin and the in-plane distance it spans, normal-
ized by the actual arc length (Fig. 3 b). Mathematically, if
the arc length of the lamellipodium is l and spans a horizon-
tal distance x, then the strain is defined by (l�x)/l. On
average, keratocytes derived from 2 dpf zebrafish embryos
have wrinkles with an amplitude �0.1 mm (Fig. 3 c), wave-
length �3.1 mm (Fig. 3 d), and �1% strain (Fig. 3 e) when
measured 2.5 mm from the leading edge. Average measure-
ments at other distances from the leading edge are shown in
Fig. S3. To confirm the self-consistency of our measure-
ments, we checked the dependence of the measured root
mean-squared amplitude on the product of the measured
mean wavelength and square root of the strain (Fig. 3 f).
This dependence is expected to be linear for all approxi-
mately sinusoidal curves (26). A linear dependence is
observed in our data set (Fig. 3 f), indicating that our mea-
surements of different geometrical properties of the wrin-
kles are self-consistent.
Wrinkles are dynamic structures

We note that the apparent positions and phase densities of
the wrinkles evolve in time, indicating that wrinkles are dy-
namic structures (Fig. 4 a). The plots of the positions of
local maxima in phase density versus time show how
wrinkle position moves relative to both the cell and lab
frames of reference (Fig. 4, b and c; Video S4). The wrinkles
are largely stationary in the lab frame of reference, espe-
cially in the front region of the lamellipodium. In other
words, the wrinkles (once formed) tend to maintain their po-
sition and orientation in the lab frame of reference, and in
the strip of newly polymerized actin at the leading edge,
wrinkles tend to form exactly where one would expect if
the existing wrinkles were extended (Fig. 4 b, arrow).

The wrinkles are oriented radially at an angle to the direc-
tion of cell migration. As the cell continues to polymerize
actin and extend existing wrinkles, the wrinkles appear to
move laterally away from the cell midline in the moving
frame of reference tied to the cell’s leading edge (Fig. 4 a,
arrows). This lateral movement accelerates with increasing
distance from the midline and is a natural consequence of
radial extension for the wrinkles, whereas the leading
Biophysical Journal 120, 1578–1591, May 4, 2021 1583
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FIGURE 3 Wrinkles exhibit regular geometry. (a) From 3D structured illumination z-stacks of cells fixed and stained with AF488-phalloidin, the average

height of the lamellipodial actin can be estimated from a weighted average of pixel intensities in each slice (see Materials and methods). Blue line indicates

the contour along which the height profile in (b) was taken. (b) Raw (blue line) and Gaussian-smoothed (red line) height profile was taken along the light blue

line in (a). Top panel shows the height profile scaled such that the x and y axes are equal. Bottom panel zooms the y axis to show wrinkles in more detail.

Gaussian-smoothed height profiles can be quantified as follows: mean amplitude A is measured as the root mean-squared deviation of the height profile; mean

wavelength l is measured as the mean peak-to-peak distance; and mean strain was defined as the difference between the total arc length of the height profile l,

and the flat line distance along the contour x, normalized by the arc length. (c–e) Histograms of mean amplitude (c), wavelength (d), and percentage of strain

(e) measured in a population of 163 cells. All measurements were made from Gaussian-smoothed height profiles taken 2.5 mm in from the leading edge. (f)

Amplitude is proportional to the product of wavelength and the square root of the strain, as predicted geometrically, indicating that the measurements are self-

consistent. Dashed line shows best-fit line with the intercept set to zero.
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edge as a whole moves directly forward. The observation
that wrinkles move laterally in the cell frame was previously
reported and was used to help establish the graded radial
extension model for shape maintenance during motility
(22). The lateral movement of the wrinkles away from the
midline would continuously increase their mean wavelength
if no new wrinkles were formed. However, the cells are able
to maintain an approximately constant wavelength and
amplitude (Fig. 4, d and e), suggesting that the cells have
a preferred or characteristic wavelength, and indeed, new
wrinkles can be observed to form whenever the local
wavelength becomes substantially greater than the preferred
one (Fig. 4 c, circles).

To determine if new wrinkles were forming through local
variations in actin polymerization or flow rates, we per-
formed fluorescence speckle microscopy on actin in wrin-
kled cells and found that the lamellipodial F-actin sheet is
largely stationary in the lab frame of reference with no
obvious local variations in actin polymerization or flow rates
(Fig. 4 g), just as has been previously observed in non-
wrinkled keratocytes (24,41). In addition, actin flow in the
cell frame of reference is uniform and parallel to the direc-
tion of cell migration despite the presence of radial wrinkles
(Fig. 4 f). The fact that wrinkled cells appear to form new
1584 Biophysical Journal 120, 1578–1591, May 4, 2021
wrinkles to maintain a constant wrinkle wavelength in the
absence of variations in actin polymerization or flow sug-
gests that the wrinkles may be formed by a mechanical
process.
Myosin contractility provides compressive stress
for wrinkling

Prior work on wrinkling of thin elastic sheets has suggested
that the basic requirements for wrinkling are as follows: 1)
some source of stress, 2) an elastic sheet with nonzero
bending modulus, and 3) some mechanism penalizing large
amplitude and large wavelength wrinkles (26,31). We
wished to identify the physical basis for each of these three
features in our experimental system.

For the wrinkles we observe in keratocyte lamellipodia,
myosin II contractility is an obvious candidate to provide
compressive stress. Myosin II minifilaments are found
throughout the lamellipodium in discrete clusters (20,41)
but are swept toward the rear of the cell by the net retrograde
movement of the actin network in the cell frame of reference
to eventually localize on the actin bundle that runs parallel
to the retracting edge (Fig. 5 a). Traction force microscopy
reveals that the cells exert strong contractile forces on the
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FIGURE 4 Wrinkles are dynamic. (a) Phase-

contrast images of a representative cell over time.

Arrows indicate wrinkles that travel laterally in

the cell frame of reference. Arrowhead indicates

a wrinkle that decreases in amplitude. (b and c)

Cell outlines (b) and a plot of wrinkle peak posi-

tions in the lab frame of reference over the course

of 232 s (b and c) for the cell shown in (a). See also

Video S4. Time is encoded by color as indicated by

the legend (b) or color bar (c). Arrow indicates an

example wrinkle that is extended in its preexisting

orientation as the cell moves. Circles indicate ex-

amples of new wrinkle formation. (d and e)

Mean wavelength (d) and amplitude (e) for the

cell are shown in (a) over time. (f and g) Actin

flow velocity as measured with fluorescence

speckle microscopy is shown in both the cell frame

(f) and lab frame (g) of reference for a representa-

tive cell. Flow vectors are shown at 2� scale. Flow

vector magnitude is indicated by color according to

the color bar at right.

Elastic wrinkling in lamellipodia
substrate near the rear actomyosin bundle in the inward di-
rection (Fig. 5 b; (25,50,51)). We note that the direction of
the forces is correlated with the direction of inward actin
flow seen in fluorescence speckle microscopy (Fig. 4, f
and g). These forces are myosin dependent and dissipate
upon myosin inhibition (50). It should be noted that the trac-
tion forces are perpendicular to the direction of the wrinkles,
consistent with the hypothesis that the wrinkles form
because of elastic buckling under compression.

To test if myosin-driven contractility is providing the
compressive stress for wrinkle formation, we inhibited
myosin with the small molecule blebbistatin (52). If wrin-
kles are forming mechanically because of myosin compres-
sion, release of myosin stress should both reduce the
overall strain and cause the cell to widen along the direc-
tion of compression as the material relaxes. Both of these
predictions are validated by the results we observe after
blebbistatin treatment of cells (Fig. 5, c–f). Note that bleb-
bistatin has no effect on wrinkle wavelength or actin fila-
ment density (Fig. S4, a–c). Conversely, the small
molecule calyculin is a phosphatase inhibitor that has
been shown to increase myosin activity (53). It appears
to have a weak effect on strain (Fig. S4 d). We speculate
this could be due to already near-maximal activation of
myosin in untreated cells.
The lamellipodial actin cytoskeleton acts as the
thin sheet

Given that myosin II, which binds to and exerts force
directly on F-actin (54,55), is providing the compressive
stress for wrinkling, we wondered if the lamellipodial
F-actin itself could be acting as the thin elastic sheet that
is the second required element for wrinkle formation. In
our proposed mechanical model for wrinkling, a reduction
in the bending modulus of the thin sheet leads to a decrease
in the wavelength because it reduces the energetic cost of
forming wrinkles with small wavelength and high curvature.
The bending modulus of the network has been shown to be
determined by F-actin density (56–58). We used two
different perturbations to decrease F-actin density (Fig. 6,
b and e): elevated pH, which has been previously shown
to enhance cofilin activity (59,60), and the small molecule
latrunculin, which sequesters G-actin and inhibits actin
Biophysical Journal 120, 1578–1591, May 4, 2021 1585
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FIGURE 5 Myosin contractility drives wrinkle formation. (a) Example image of a cell fixed and stained with AF488 phalloidin (green) and pS19-MLC

(red). (b) Traction stress exerted on the substrate by a typical wrinkled cell. Vectors are colored by stress magnitude, as shown in the color bar. (c) Repre-

sentative actin height maps of cells fixed after treatment with either DMSO control or 50 mM blebbistatin for 5 min. Actin height is represented according

to the grayscale bar. (d) Percentage of strain as a function of distance from the leading edge was measured in cell populations treated with DMSO control

(n¼ 59) or 30, 40, or 50 mMblebbistatin (n¼ 24, 27, and 20, respectively). Shaded regions represent standard error. (e) Example phase-contrast time series of

a cell treated with 50 mMblebbistatin. Time stamps indicate time since drug addition. (f) Cell width was measured in n¼ 8 cells before and 5 min after 50 mM

blebbistatin treatment. **p < 0.01, as measured by paired-sample t-test.

Lou et al.
polymerization (61). Both perturbations result in a decrease
in the population mean wavelength of the wrinkles (Fig. 6,
a, c, d, and f), in agreement with the model.

Adhesion acts as the constraint penalizing long
wavelength deformations

If the actin cytoskeleton is acting as the thin sheet being
buckled up from the bottom plane by myosin contractility,
adhesions are an obvious candidate for the constraint that re-
sists deformations with large wavelength and amplitude.
Adhesions are known to couple the actin cytoskeleton to
the substratum and can sustain large forces before breaking
(62–64). Therefore, lowering the density of adhesions
should reduce the energetic cost of wrinkles with long wave-
length and large amplitude, shifting the minimum of energy
to longer wavelengths. We modulated adhesion density by
plating cells on substrata with two different surface densities
of the peptide integrin ligand RGD (24,65), which resulted
in measurable differences in cell adhesivity (Fig. S5). The
wrinkles on a substrate with a reduced adhesivity indeed
had longer wavelengths (Fig. 6, g and i). Notably, F-actin
density is not affected by changing the adhesivity of the sur-
face (Fig. 6 h).
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A mechanical model for wrinkle formation in
keratocytes

Our results thus far indicate that wrinkle wavelength scales
directly with actin network density and inversely with adhe-
sion density. The direct scaling with actin network density is
consistent with a mechanical model in which the actin
network is represented by a thin elastic sheet whose bending
modulus is a direct function of actin density. The inverse
scaling of wrinkle wavelength with adhesion density can
be explained by the fact that, at a given lateral strain gener-
ated by myosin contractility, the amplitude of the wrinkles is
proportional to their wavelength. Greater density of adhe-
sions increases the number of molecular bonds between
the substrate and the actin network that are stretched or
broken when the actin sheet buckles. Hence, a greater den-
sity of adhesions increases the energetic costs of wrinkle
patterns with large amplitude and has a net effect of
reducing the amplitude and wavelength of wrinkle patterns
at a given lateral strain.

We constructed a simple mechanical model as a frame-
work for explaining the experimentally observed trends in
the dependence of wrinkle wavelength on the densities of
adhesions and of F-actin. The thin elastic sheet representing
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FIGURE 6 Actin density and adhesivity affect wrinkle wavelength. (a, d, and g) Actin height maps of representative cells cultured at pH 6 and pH 9 (a),

with DMSO and 4 nM Latrunculin A (d) or on substrates coated with 50% RGD and 5% RGD (g). All scale bars 5 mm. (b, e, and h) Box plots of

average phalloidin intensity per cell, normalized for cell area for the indicated cell populations. All box plots are standard Tukey style, with the box bound-

aries marking the 1st and 3rd quartiles and the whiskers extending up to 1.5� the interquartile range. N¼ 541, 267, and 433 cells, respectively, for pH 6, 7.4,

and 9 (b). N ¼ 319 and 261 for DMSO and latrunculin (e). N ¼ 365 and 402 for 50% RGD and 5% RGD (h). ns ¼ p > 0.05 and **p < 0.01 as measured by

two-sided t-test. (c, f, and i) Box plots of mean wavelength per cell measured 2.5 mm from the leading edge for the indicated cell populations. N¼ 60, 64, and

48 cells, respectively, for pH 6, 7.4, and 9 (c). N ¼ 54 and 57 for DMSO and latrunculin (f). N ¼ 70 and 83 for 50% RGD and 5% RGD (i). (j) Power law

scaling between actin density and wavelength. Data are from (b, c, e, f, h, and i), normalized by the indicated control. Error bars represent bootstrap 95%

confidence intervals. Solid line shows the prediction of power law scaling because of changing network stiffness, with exponent 0.55 (see main text and

Supporting materials and methods). Arrows guide the eye for two distinct scaling relationships because of changing network stiffness or adhesion density.

Note that actin intensity could not be directly plotted against wavelength because of batch-to-batch variation in phalloidin fluorescence. (k) Model for wrinkle

formation. Diagram on the right is a schematic for lamellipodium geometry in a segment (indicated by the gray box on the cell, left), with the different regions

of the lamellipodium indicated by the colored zones.

Elastic wrinkling in lamellipodia
the actin network is supported by an array of springs with a
density proportional to the site density of the adhesion com-
plexes, and compressive lateral strain is applied continu-
ously and uniformly to the sheet by myosin II. Note that
although myosin II is not distributed uniformly in the lamel-
lipodium (Fig. 5 a), the assumption of continuously applied
strain is justified because we found no correlation between
myosin cluster localization and wrinkle positions,
Biophysical Journal 120, 1578–1591, May 4, 2021 1587
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suggesting that the integrated strain of myosin II throughout
the network is more relevant for wrinkling than small-scale
heterogeneities in myosin localization (Fig. S6). This model
predicts that the dependence of the wrinkle wavelength on
actin density is a power law with an exponent of 0.55 (see
Supporting materials and methods). Aggregated data from
the pH and latrunculin perturbations that modulate actin
density show reasonable agreement with this predicted
scaling behavior, without any free parameters (Fig. 6 j).
This model quantitatively supports the hypothesis that, on
cellular length scales and on the timescales of cell migra-
tion, the actin network in lamellipodium behaves as a thin
elastic sheet under lateral compression.

Although our model is able to capture observed trends in
wrinkle wavelength, the amplitude of the wrinkles appears
to be too large to be readily reconciled with the model
and with what is known about the cytoskeleton. In partic-
ular, previous studies indicate that the typical height of an
adhesion complex is less than 100 nm (66), whereas we
observe that at 3–5 mm from the leading edge, the actin
can buckle over 400 nm away from the adhesions and
ventral surface of the cell (Figs. 1, d and g and 2 e). We
do not have a clear molecular candidate for springs connect-
ing adhesions with the actin sheet that would remain intact
when stretched to 400 nm—although it is possible there is a
sparse actin network filling the gap that, in principle, could
play this role (see Supporting materials and methods for
additional elaboration). Therefore, we propose a dynamical
model for wrinkle formation. In a moving cell, the newly
polymerized actin sheet at the leading edge is initially flat
and strain-free (Fig. 6 k). As that particular strip of actin
moves rearward in the cell frame of reference, myosin
contractility leads to a gradual buildup of compressive
lateral stress, which leads to wrinkling. Wrinkle wavelength
may be selected at a relatively early stage, when the strain is
still low, such that the wrinkles are of sufficiently small
amplitude, and the actin sheet remains attached to the adhe-
sions. Further back, more myosin accumulation increases
network strain, resulting in larger amplitude wrinkles that
begin to cause delamination of the actin network from the
adhesions. However, we speculate that this delamination
process is slow, so the troughs remain attached and the
wavelength is unchanged despite increasing wrinkle ampli-
tude, at least over the timescale required for that strip of
actin to move from the front to the back of the lamellipo-
dium in the cell frame of reference, typically 30–60 s.
DISCUSSION

In summary, we find that keratocyte lamellipodia can form
remarkably regular wrinkle patterns in which the F-actin
network periodically buckles away from the ventral mem-
brane. This wrinkling is perhaps surprising given previous
observations that actin polymerization is required for adhe-
sion assembly and maintenance (67). However, the compo-
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sition of adhesion complexes in zebrafish keratocytes is
quite different from the cell types in which these prior find-
ings were made. For example, vinculin is not expressed in
embryonic zebrafish keratocytes (33). In addition, we
cannot exclude the possibility that, even when the dense
F-actin network separates from the adhesions, there might
be a sparse actin network remaining associated with the
adhesions and ventral membrane.

The lamellipodial actin network is well known to form a
thin sheet with a uniform thickness of 100–200 nm, regard-
less of cell type (49,68,69), but the mechanism maintaining
this uniform thickness is not clear. Our results suggest that
close apposition of the membrane on both ventral and dorsal
surfaces is not required, ruling out one possible mechanism
for maintaining lamellipodial actin thickness.

We show that wrinkle formation is dependent on myosin
contractility and that modulation of actin density or cell
adhesion strength alters the characteristic wavelength of
the wrinkles. These results are consistent with a constrained
buckling physical model in which the wavelength is deter-
mined by the energetic costs of bending the actin sheet
and of stretching or breaking the molecular bonds connect-
ing the actin sheet to adhesions. Note that buckling instabil-
ities have previously been observed in actin bundles and
branched networks under compression (11,70). Actin net-
works have also been observed to buckle parallel to the lead-
ing edge in response to contractile stress generated during
cell-substrate traction (46), and myosin contractility has
been shown to be sufficient to cause buckling of single actin
filaments in vitro (54,55).

Because the wrinkles we observe are consistent with a
mechanical model, in which the actin network in the lamel-
lipodium is represented by a thin elastic sheet that resists
bending, our results suggest that, on the timescale of cell
migration, the lamellipodial F-actin network behaves as an
elastic material. If the actin were instead behaving largely
as a fluid, the force of myosin contractility would be rapidly
dissipated by rearrangements in the network, and the
network would not resist bending. This result may be sur-
prising given the previous literature on the mechanical prop-
erties of the cortical cytoskeleton in living cells, which
shows that the cytoskeleton behaves largely as a fluid on
timescales as short as a second, as evidenced by the move-
ment of small beads through the network (18,19). In addi-
tion, it is known that in lamellipodia, actin turnover and
cross-linker rebinding is fast, occurring on a timescale of
1–10 s (13,71) as compared with tens of seconds timescale
for cell motility. These results led to the assumption that, in
the context of cell motility, the lamellipodium behaves as a
viscous fluid (24,72).

We see no evidence that the potential fluid-like behavior
of actin due to turnover plays a role in setting wrinkle wave-
length. Because the actin network is nearly stationary in the
lab frame of reference (Fig. 4 g) and actin disassembly rates
are not correlated with cell velocity (13), we can assume that
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the actin network in slower cells has more time to remodel.
If the relaxation of strain (or stress) resulting from actin re-
modeling on the timescale of cell migration had a significant
influence upon the mechanical response of the actin
network, we would expect both the amplitude and wave-
length of the wrinkles to correlate with the cell speed. How-
ever, neither correlation is observed (Fig. S7).

Multiple experiments have suggested that locally—at the
length scale of a few filaments or cross-links—regions of the
cytoskeleton can in fact behave elastically. For example,
actin bundled into stress fibers will spring apart when
severed (73,74), suggesting that elastic tension can be stored
in the network, although turnover rates are typically an order
of magnitude slower in stress fibers than in lamellipodia
(75). In addition, force applied to integrins at the surface
of the cell can induce structural rearrangements and
signaling events deep inside the cell within 1 s (76,77),
which is at least as consistent with force propagating along
an elastic network as with triggering of a biochemical signal
transduction pathway. Finally, it has been shown that micro-
tubules form periodic buckles when embedded in the actin
cytoskeleton (27), which can be described with the same
type of mechanical model we use. However, these results
were limited to characterization of particular structures
within a heterogeneous cytoskeleton.

Our results provide the first evidence, to our knowledge,
that the native lamellipodial cytoskeleton behaves as an
elastic material globally—on cellular length scales. This is
not to say that the actin network in the keratocyte lamellipo-
dium cannot exhibit a fluid-like behavior, because actin
turnover is clearly occurring rapidly compared to the time-
scale of cell migration (13,78), but rather that the structural
integrity of the network can be maintained for longer than
the turnover time of the constituent individual proteins, so
that the overall response to myosin compression is elastic.
Importantly, the elastic behavior of the lamellipodium sug-
gests that it is mechanically coupled such that forces acting
on one region can propagate over long distances, which
could contribute to large-scale coordination of motility.
Although we believe our results point to an elastic model
of the lamellipodium through converging lines of indirect
evidence, direct measurement of the elasticity of the lamel-
lipodium is an important next step.

Intriguingly, a similar wrinkling phenomenon has been
observed in vitro using cross-linked actomyosin gels that
buckle during isotropic compression arising from myosin
contractility (79). This wrinkling was rationalized using a
physical model of the actomyosin gel as a thin elastic sheet
under compression in which an increase in actin density at
the periphery of the gel provided a stiff boundary that re-
sisted compression in the bulk, leading to out-of-plane wrin-
kling. Such a density gradient is present in the
lamellipodium, in which the actin network is most dense
at the leading edge and decreases in density further back
in the lamellipodium (80). However, wrinkling of the
in vitro gels occurred in experimental conditions in which
adhesion of the gel to the substrate was minimized, and so
this model is not able to explain the dependence of wrinkle
wavelength on substrate adhesivity that we observe (Fig. 6,
g–i). Furthermore, the model proposed in (79) predicts that
the wavelength of wrinkles scales with the inverse square
root of the effective strain, whereas our model predicts
that wavelength and strain are independent. Consistent
with our model, we do not observe any relationship between
wavelength and strain (Fig. S8), suggesting that the wrin-
kling observed in actomyosin gels in vitro and lamellipodia
in living cells are distinct phenomena.

Finally, although zebrafish keratocytes derived from
embryos at 2 dpf all display this wrinkling phenotype, the
proportion of keratocytes displaying this wrinkling behavior
substantially varies depending on the species of fish and
cell-substrate interactions. For example, it has previously
been shown that nearly all cichlid keratocytes display wrin-
kles on surfaces with low adhesivity, whereas only a small
proportion of cichlid keratocytes have wrinkles on surfaces
with moderate adhesivity (24). This phenotypic difference
can be explained by molecular differences within the
context of our model if we assume that cells with either
weak myosin contractility or strong adhesions may not be
able to produce sufficient compressive stress to induce the
buckling instability. It would be very interesting to explore
the effects of quantitative changes in cytoskeletal and focal
adhesion composition on wrinkle appearance or wavelength
as a proxy for how these molecular changes affect the
mechanical properties of a living lamellipodium.
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