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ABSTRACT Cell shape andmovements rely on complex biochemical pathways that regulate actin, microtubules, and substrate
adhesions. Some of these pathways act through altering the cortex contractility. Here we examined cellular systems where
contractility is enhanced by disassembly of the microtubules. We found that adherent cells, when detached from their substrate,
developed amembrane bulge devoid of detectable actin andmyosin. A constriction ring at the base of the bulge oscillated fromone
side of the cell to the other. Themovementwas accompanied by sequential redistribution of actin andmyosin to themembrane.We
observed this oscillatory behavior also in cell fragments of various sizes, providing a simplified, nucleus-free system for biophysical
studies. Our observations suggest a mechanism based on active gel dynamics and inspired by symmetry breaking of actin gels
growing around beads. The proposed mechanism for breakage of the actomyosin cortex may be used for cell polarization.

INTRODUCTION

Cell division and migration require shape changes in which

actin polymerization and myosin motors play a central role. If

the mechanisms of actin polymerization and assembly in cell

motility have been fairly well characterized with the use of

simplified systems (1,2), the understanding of the interplay

between motors and the actin network requires further inves-

tigations. Also, cells must control their morphology dynam-

ically throughcomplexbiochemical andmechanical pathways

to ensure proper function. A possible coordinator of the long-

distance integration of these various processes is the micro-

tubule (MT) system (3). Indeed, there is a growing body

of evidence that, for cell migration, MTs interact with the

actomyosin system, for example by reducing its contractility

(4–6). Cortex contractility is involved as well in cell division,

at least for the definition of the division axis (7) and for mi-

totic cell rounding (8). As MTs have been shown to regulate

actomyosin contractility, possibly due to the Rho-kinase

pathway, the spontaneous behavior of the actomyosin cortex

in the absence of MTs is thus an important issue in cell

dynamics. We address this issue here using both cells and

simplified cell systems.

Depolymerization of MTs induces cortical oscillations in

cells growing in suspension, like lymphoblasts (9), as well as

during spreading of adherent fibroblastic cells (10). Since

such oscillations are observed only in situations where

adhesion is weak, they may reveal a specific regime of acto-

myosin dynamics that would be unveiled in the absence of

adhesion. We thus developed an experimental setup allowing

us to observe oscillations with adherent cells in the absence of

MTs under conditions where they could not attach to the sub-

strate. In experiments with lymphoblasts, actin and myosin

distributions had been visualized by immunolocalization on

fixed cells, a procedure that did not allow for real time

characterization (9). Here, the dynamical observation of actin

and myosin allowed us to determine that the membrane bulge

was first devoid of detectable actin or myosin. This pheno-

menon was found for entire cells as well as for cell fragments,

and the oscillatory behavior was shown to result from acto-

myosin contractility. Moreover, the ability of cells to oscillate

in these conditions correlated positively with their ability to

migrate in control conditions. To account for the experimental

oscillation phenomenon, we propose a general mechanism

based on instability and contraction of the actomyosin gel.

MATERIALS AND METHODS

Cells

Human KE37 (respectively Jurkat) cell line of T-lymphoblastic origin was

grown in RPMI 1640 (GIBCO, Invitrogen, Carlsbad, CA) supplemented

with 7% (respectively 10%) fetal calf serum (Eurobio, Courbevoie, France).

Murine L929 cell line was grown in Dulbecco’s modified Eagle’s medium

(DMEM, GIBCO, Invitrogen) supplemented with 10% fetal calf serum.

Drug treatments

MTs were disrupted with nocodazole (NZ) (Sigma, St. Louis, MO) at 5 mM

final concentration. For the lymphoblastic cell lines (KE37 and Jurkat),

a treatment at 37�C for 15 min was sufficient. For L929 cells, the NZ

treatment was carried out on ice for 1 h; cells were then left to recover at 37�C
for 30 min. This treatment depolymerized all theMTs and no reassembly was

observed at 37�C (as checked by immunostaining of tubulin).

Myosin II inhibition was achieved using 75 mM blebbistatin (Bb)

treatment during 30 min (11) (gift from T. Mitchison, Harvard Medical

School, Boston, MA).

Rho-kinase was inhibited by a 2 h treatment with 10 mM Y-27632 (12)

(Calbiochem, San Diego, CA).
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To disrupt microfilaments, cells were treated with 2mg/ml cytochalasin D

(CD) (Sigma) or 0.5 mM latrunculin A (LatA).

Local drug delivery

Local drug treatment was carried out using a microinjector (Eppendorf,

Hamburg, Germany) mounted on a microscope equipped with a chamber at

37�C. Cells were observed in phase contrast microscopy (Leica, Solms,

Germany) using a 403 air objective. The pressure in the micropipette was

maintained at 20–100 hPa, and the pipette opening was between 1 and 2 mm.

The micropipette was filled with the appropriate drug in cell medium

((DMEM and Hepes, see below) and dextran Texas Red (0.2 mg/ml) as

a fluorescent marker. Drug concentrations were 5 mg/ml for CD and 0.5 mM

for LatA. There was no drug for the control and flow jet experiments. The

pressure exerted by the flow jet on the cell edge was estimated as follows:

simple hydrodynamics gives that the pressure at the tip of the micropipette

(Ps) depends on the pressure inside the pipette (P1), the velocity of the fluid

in the tip (v), the diameter (f), and the length (l) of the micropipette tip, and

the viscosity h of the fluid, ðP1 � PSÞ=l � h ðv=f2Þ. If the pressure in the

fluid far from the pipette is P0 and the distance between the micropipette tip

and the cell edge is D, we have also v � ðD=hÞðPS � P0Þ. We thus obtain

PS � P0 � ðf2=DlÞðP1 � P0Þ. Taking 1 mm for D, 100 mm for l, 100 hPa

for Pl, and 1 mm for f, we find that the local pressure exerted on the cell

edge, PS � P0, is of the order of 10
2 Pa.

Polyethyleneglycol (PEG)-coated coverslips

The surface treatment protocol was adapted from (13). Glass coverslips were

cleaned with a piranha solution (H2O2/H2SO4, 30:70 v/v), rinsed twice with

ultra-pure water, once with methanol, and incubated overnight in a solution

of methanol containing v/v 0.85% of glacial acetic acid, 4.25% of ultra-pure

water, and 2.2% of 3-mercaptopropylmethoxysilane (Roth Sochiel,

Lauterbourg, France). Coverslips were then rinsed with methanol, dried

with argon, heated at 120�C during 5 min, and incubated during 2 h with

freshly prepared m-PEG-maleimide, molecular weight 5000 (Nektar/

Shearwater, San Carlos, CA) at 2 mg/ml in phosphate-buffered saline, pH

7.5. Finally, coverslips were rinsed once with phosphate-buffered saline,

twice with ultra-pure water, dried with argon, stocked under vacuum, and

used within 10 days.

Cell synchronization

Synchronization of L929 fibroblasts in early G1 phase was accomplished

by mitotic shake. Cells were grown to 50% confluence on a collagen-

fibronectin coated, 150 cm2 culture flask; 1 h before the mitotic shake itself,

the flask was slightly shaken to remove less adherent cells. Mitotic cells were

then collected by a strong shake-off, harvested, and replated on a collagen-

fibronectin coated, 25 cm2 flask to let them perform cytokinesis. After 3 to 4

h, they were treated with NZ on ice, and then prepared for observation. For

G2 synchronization, cells were treated with NZ 16h30 after the shake-off,

ensuring at least 50% of the cells in the reduced motility phase,2.5 h before

mitosis (14) (average cell cycle length in our experiments: 17 h).

Preparation of detached L929 cells

Cells were detached with trypsine (GIBCO, Invitrogen), harvested, and

resuspended in fresh DMEM with 15 mM Hepes pH 7.2. To keep them in

suspension, they were then injected into a chamber made of two PEG

coverslips separated by a 165 mm spacer (Gel-Pak, Hayward, CA). This

spacer was thin enough to avoid cell dragging by convection flow without

constraining the cells. The chamber was sealed with a 1:1:1 w/w mixture of

vaseline, lanoline, and solid paraffine.

L929 cell fragments

Cells cultivated on collagen-fibronectin coated plastic plates (Rinzl,

Pocketscope.com, Alpharetta, GA) were incubated at 37�C in the presence

of 1.5 mg/ml CD for 30 min and of 5 mMNZ for the last 10 min. Cells were

then centrifuged at 15,0003 g for 40 min at 37�C in the presence of CD and

NZ to pellet nuclei (karyoplasts) and fragments. The pellet was resuspended

in fresh DMEM with 5 mM NZ (and no CD). Karyoplasts were separated

from fragments by 2 min centrifugation at 1203 g at 37�C. Fragments were

then harvested by centrifuging the supernatant at 100,000 3 g at 37�C
during 20 min. The pellet was resuspended in fresh DMEM with 5 mM NZ

and used within a day.

Transfections

The expression plasmid for myosin II regulatory light chain-green

fluorescent protein (RLC-GFP) was a gift from Rex Chisholm, Northwestern

University, Chicago, IL (T.-L. Chew, W. Wolf, and R. Chisholm,

unpublished). The expression plasmid for actin-GFP was a gift from Beat

Imhof, University of Geneva, Switzerland (15). L929 cells were transfected

by electroporation and seeded on collagen-fibronectin coated plates.

Fragments were produced the following day.

Video microscopy

Time-lapse images were taken with a Leica DMIRBEmicroscope controlled

by Metamorph software (Universal Imaging, Downingtown, PA), equipped

with a 37�C chamber. The chamber was also controlled at 5% CO2 for

observation in open dishes (KE37, Jurkat, and cell fragments). For

observation between sealed PEG coverslips, 15 mMHepes was used instead.

Phase contrast images were acquired using a cooled charge-coupled device

camera (Micromax, Roper, Evry, France). For the study of transfected

fragments, time-lapse z-sequences were collected with a four-dimensional

deconvolution microscope controlled by Metamorph 5.7 software. The

system is assembled on a bottom port of an inverted microscope (Leica DM

IRB2) placed into an incubator for temperature control at 37�C (Life Imaging

Services, Reinach, Switzerland). We used a 1003, 1.4 numerical aperture oil

immersion objective and a cooled charge-coupled device detector (Roper

Coolsnap HQ). Z-positioning was accomplished by a piezo-electric driver

(Physik Instrument, Karlsruhe, Germany) mounted underneath the objective

lens. The deconvolution process was achieved using the Metamorph point

spread function-based iterative constrained modified Gold algorithm (16),

which allows a significant increase in contrast and signal/noise ratio of the

data. The sequences were then reconstructed in three dimensions using the

maximum intensity projection algorithm. Photobleaching experiments were

carried out with a Zeiss (Oberkochen, Germany) confocal microscope

controlled by LSM 510 META. We used a 633, 1.4 numerical aperture oil

immersion, Plan-Apochromat objective and an ion argon, 25 mW, laser (488

nm). Image contrast was reprocessed using Metamorph software.

RESULTS

Nocodazole-treated L929 fibroblasts form
a constriction ring that moves back and forth
across the cell

When cultured on plastic, L929 fibroblasts display a lamelli-

podium oriented toward the direction of cell migration.

Depolymerization of MTs with nocodazole (NZ) treatment

induces lamellipodial membrane protrusions all along the

periphery of the cell (17) and increases actomyosin

contractility (4).
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L929 fibroblasts treated with NZ, and then detached by

trypsinization, could be observed for up to 6 h on PEG-

grafted coverslips that prevented cells from adhering (see

Materials and Methods). Once detached, cells first remained

round, and an oscillatory behavior started after 45 min to 3 h.

A representative example is displayed in Fig. 1 A:
a constriction ring formed and crossed the cell body. Once

the ring had reached the opposite side of the cell, a small

knob remained, and important membrane activity was

displayed by the main cell body. Eventually, the ring moved

back across the cell and usually resorbed. Such back and

forth movements occurred repeatedly, separated by pauses of

variable length. There was no well-defined period, the

timescales varying from one cycle to the other.

The oscillatory behavior was observed in up to 37%of non-

synchronized cells. This number was increased to 87% when

cells were previously synchronized in the postmitotic G1

phase. Conversely, only 28% of cells synchronized in the late

G2 phase oscillated. From motility experiments, it is known

that cells display a more activemigration in the G1 phase than

at the end of the G2 phase (14). Therefore, the ability of cells

to oscillate coincides with their ability to migrate.

The oscillatory behavior of L929 cells was comparable to

the oscillations observed in the absence of MTs in KE37

lymphoblastic cells, which grow in suspension (9) (Fig. 1 B
and Supplementary Movie 1), or in Jurkat cells, another

human lymphoblastic cell line (data not shown). However,

KE37 displayed a more regular behavior where a semiperiod

(time measured between two crossings of the ring at

the middle of the cell) could be defined (Fig. 1 C). In both

L929 and KE37 cells, once the constriction ring had reached

one end of the cell, the other end displayed accentuated

membrane activity (white arrowheads in Fig. 1 A at 08:00,

and in Fig. 1 B) and lamellipodia formation (Fig. S1). The

displacement velocity of the ring during its movement across

the cell was ;5–10 mm/min in KE37 as well as in L929.

Depolymerization of MTs thus induces a similar oscilla-

tory behavior in lymphoblasts and detached fibroblasts. This

behavior is spontaneous and lasts for at least 6 h, suggesting

that it is governed by an intrinsic and general cellular

mechanism. We therefore wondered whether it would be

FIGURE 1 Oscillatory behavior of cells and cell fragments. (A and B)

Successive phase-contrast images (203 objective) of (A) detached L929

fibroblasts and (B) KE37 lymphocytes. Cells are treated with NZ. (Scale

bars, 10 mm). White arrowheads indicate membrane protrusions. (A) Time

in h/min/s. Note that the cell has turned between frames 00:08:00 and

00:55:40; (B) Time in min/s. (C) Semiperiod of the oscillation in KE37 cells

(265 crossings of the ring in a total of 38 oscillating cells from the same

experiment). The mean semiperiod here is 284 s, yet varies from one

experiment to the other. Semiperiods above 650 s are not displayed, being

considered as pauses. (D) Successive phase contrast images of a L929

fragment (1003 objective). Time in min/s. White arrowheads, disappear-

ance of the ring (00:55). Interestingly, the new ring is formed close to this

point (01:15). (Scale bar, 5 mm). (E) Semiperiod of the oscillation measured

for one L929 fragment during 2 h (107 ring crossings). The mean period is

36.8 s. Semiperiods above 60 s are not shown, being considered as pauses.
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conserved in a simplified, nucleus-free system, such as those

previously used for migration studies (18–20).

Cell fragments oscillate

Cell fragments from 0.5 to 10 mm in diameter were obtained

as a side product of L929 fibroblast enucleation using

a protocol adapted from Prescott et al. (21) (see Materials

and Methods). A great number of cell fragments was

produced, possibly by pearling of the membrane tube formed

between the cell and the nucleus pulled off by the

centrifugation, or due to the fragility of the cell cortex.

Fragments from 3 to 10 mm in diameter were observed by

video microscopy.

When resuspended in fresh medium supplemented with

NZ, fragments remained in suspension, and 70–80%

displayed an oscillatory behavior that persisted for at least

8 h. A representative sequence is displayed in Fig. 1 D. The
constriction ring oscillated very smoothly. A remarkable

difference with entire cells was that no membrane protrusion

activity was observed (Fig. 1 D, Supplementary Movie 1).

This could be related to the small size of the fragments. For

a given fragment, a semiperiod was well defined (Fig. 1 E),
but varied from one fragment to the other (from 30 to 150 s)

with no clear correlation with size, probably due to the

inhomogeneity in fragment composition. The velocity of

the ring movement was ;5–10 mm/min, comparable to the

values observed for entire cells. The oscillatory behavior can

thus be generalized to cell fragments.

Oscillations depend on actin polymerization and
myosin II activity

We then investigated how actin and myosin II were involved

using both L929 cell fragments and KE37 cells. Cyto-

chalasin D (CD) was used to inhibit actin dynamics. In cells

and cell fragments first treated with CD for 30 min, the

addition of NZ did not result in ring formation. Adding CD

to already oscillating NZ-treated KE37 cells or L929

fragments stopped the oscillatory behavior in ,5 min.

Strikingly, once the oscillation had stopped, the constriction

slowly relaxed during 10–30 min (data not shown).

Treatment of oscillating cells with 0.5 mM latrunculin A

(LatA) gave the same result, which suggests that actin is

either more concentrated or less dynamic at the constriction.

We characterized the effect of low amounts of CD on the

well-defined semiperiod of KE37 cells: increasing CD

concentration decreased the number of oscillating cells and

increased the semiperiod (Fig. 2, A and B).
We inhibited myosin II using blebbistatin (Bb) (11). If we

first added Bb, the addition of NZ did not induce oscillation.

If Bb was added to NZ-treated cells once they had formed

an oscillating ring, the oscillation stopped after 15–30 min,

and a large lamellipodium formed that resembled that of

control cells (Supplementary Movie 2). No constriction was

observed, demonstrating that the ring formation depends on

myosin II contractile activity. If Bb was then removed by

rinsing the cells, the oscillatory behavior resumed after 30

min. Similar results were obtained with L929 cell fragments,

although no lamellipodium was observed. In lymphoblastic

cells, the effect of gradual Bb addition was comparable to

that of CD (Fig. 2, C and D).
Using an alternative approach to affect myosin II activity

through the Rho pathway that enhances contractility, we

checked that a Rho-kinase inhibitor, Y-27632 (12), stopped

the oscillation in NZ-treated KE37 cells. No oscillatory

behavior was observed when cells were treated with Y-27632

before NZ addition. From these experiments, we conclude

that the oscillatory behavior depends on actin polymeriza-

tion and myosin II activity, which prompted us to investigate

their dynamics.

Dynamics of actin and myosin II in
oscillating fragments

To obtain a dynamic characterization of the oscillation

mechanism, we produced fragments from L929 cells

expressing either actin-GFP (15) or myosin II regulatory

light chain (RLC)-GFP, which can be used as a reporter for

myosin II (T.-L. Chew, W. Wolf and R. Chisholm,

unpublished). The small size of the cell fragments allowed

FIGURE 2 Effects of increasing quantities of CD (A and B) and Bb (C and

D) on oscillating, NZ-treated KE37 cells. (A and C) Percentage of oscillating

cells (squares) as a function of the concentration of CD (A) or Bb (C).

Triangles correspond to cells that could not be classified. The slight increase

at intermediate concentrations denotes an increased number of cells in

a transient state. (B andD) Correspondingmean semiperiod of the oscillation,

ÆT/2æ, as a function of the concentration of CD (B) or Bb (D). The error bars

correspond to standard deviations. The numbers in parentheses give the

p-value: the probability that the calculated ÆT/2æ is different from the previous

one by chance alone. Consecutive data points are significantly different

(p-value, 1.5%). In B, for [CD]. 0.05 mg /mL, since very few cells oscil-

lated, ÆT/2æ could be properly measured for only one oscillation cycle (*).
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us to acquire time-lapse z-sequences and several oscillations

could be recorded without bleaching.

Representative dynamic distributions of actin and myosin

II in oscillating fragments are displayed in Fig. 3 and

Supplementary Movies 3 and 4 (see Fig. S2 for other

examples). Fluorescence profile analysis was performed on

deconvolved time-lapse images (Fig. 3, B and D). Actin was

essentially located at the membrane throughout the exper-

iment (Fig. 3 B), but its distribution varied significantly

during the oscillation cycle. Strikingly, the growing bulge

surface was first devoid of detectable actin in comparison

with the shrinking part of the fragment (Fig. 3 A at 00:00).

Then actin was gradually recruited to the plasma mem-

brane of the bulge (Fig. 3 A, white arrowheads) until the
distribution became uniform all over the surface (Fig. 3 A at

01:20). After a delay, a new bulge was expelled through

a hole that formed in the actin shell (Fig. 3 A, white
asterisks). This hole was rimmed with actin (Fig. S2 C and

Supplementary Movie 6). The new bulge was, in turn,

initially devoid of detectable actin. In general, the new bulge

nucleated next to where the previous bulge had collapsed.

Bulge formation was reminiscent of blebbing (22–24), but

here, the bulge size rapidly reached the size of the cell or cell

fragment.

The dynamics of myosin II were similar to those of actin

yet led to a more patchy distribution (Fig. 3, C and D,
SupplementaryMovie 4). Strikingly, myosin II recruitment to

the growing bulge started later than for actin. For fragments

oscillating with a semiperiod between 100 and 120 s, the

delay was on average 50 s (measured for 10 oscillation cycles

on 4 fragments). Importantly, a new bulge formed only when

bothmyosin II and actin had respread to the entire membrane.

Similar dynamics of actin and myosin II were observed in

entire L929 cells (Fig. S3, Supplementary Movie 5).

From these observations, we conclude that 1), hole forma-

tion in the actomyosin cortex triggers bulge growth, and 2),

the oscillatory behavior is driven by rapid redistributions of

cortical actin and myosin II.

Osmotic swelling suppresses the oscillation

To figure out whether or not hole formation could by induced

be hydrostatic pressure effect on the cortex (22), we first

investigated the effect of increased internal pressure on the

oscillation by performing osmotic swelling experiments.

Adding different amounts of water (5–50% water in the

medium) (25) to already oscillating KE37 cells drastically

reduced the number of oscillating cells (Fig. 4 A). Thus,
oscillation is not facilitated by increasing the internal

pressure, an observation that does not favor the hypothesis

of bulging induced by hydrostatic pressure alone.

Local cortex alteration induces bulging

We then wondered whether the membrane bulging that

triggers the oscillation could occur where the cortex is altered;

we used a micropipette system either to deliver locally CD or

LatA or to act mechanically with the expelled jet. To prevent

cells from being dragged by the flow, L929 cells were treated

FIGURE 3 Analysis of actin and myosin II distributions in oscillating

L929 fragments. Images are selected frames from deconvolved time-lapse

z-sequences (Supplementary Movies 3 and 4) reconstructed in three

dimensions (see Materials and Methods). Examples of stacks of decon-

volved scans can be seen in Supplementary Movie 6. (A and C) Successive

images of an L929 fragment transfected with actin-GFP (A) or RLC-GFP
(C). Image contrast (including g) has been adjusted with Metamorph

Software. Time in min/s. White arrows indicate the growing parts of the

fragments. White asterisks mark holes formed in the actomyosin shell,

through which the bulge will be expelled. White arrowheads in A point out

brighter regions where actin is progressively recruited to the cortex. (B and

D) Fluorescence profile analysis of, respectively, A and C time-lapse. For

each frame, the fluorescence intensity of actin and myosin II is plotted (line

scan) as a function of the distance along the oscillation axis. Each line scan is

performed on a line of 10-pixel width (white rectangles on the images).

Vertical lines on the graphs correspond to the positions of the fragment

membrane inside the white rectangles. Time in min/s. (B) 00:00, actin is

present at the ring (maximum peak) and at the right-hand side part of the

membrane (smaller peak). As the ring goes to the right (the two peaks get

closer together), actin appears at the left-hand part of the membrane and

accumulates over time (black arrows). Between 01:24 and 01:56, the ring

starts its movement to the left and a bulge devoid of detectable actin grows

(no peak in the right part of the graph). When the ring gets closer to the left-

hand side, a new peak of actin starts growing on the right (black arrow). (D)

00:00, myosin II is present at the ring area and at the right-hand side part of

the membrane. When the ring reaches this point (fusion of the two peaks),

there is still no apparent myosin in the left-hand side of the fragment. 01:35,

myosin is redistributed to the entire membrane (black arrow). Then myosin

II accumulates at the membrane and a bulge devoid of detectable myosin

grows on the right. (Scale bars, 5 mm.)
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with NZ but maintained weakly adherent (no trypsin

treatment). We chose to observe the behavior of nearly

spherical cells, which are the closest to detached cells. For CD

treatment, the micropipette tip was located at a minimal

distance of 7 mm from the cell. In these conditions, local

delivery of CD was able to generate a membrane bulge where

the drug was delivered in 8 out of 12 cells (Fig. 5); 3 cells pro-

duced several bulges instantaneously at different locations on

their surface, and 1 cell did not form any bulge. In similar

conditions, local application of LatA resulted in the

generation of a bulge where the drug was delivered in 7 out

of 11 cells; 3 cells produced a bulge elsewhere and 1 cell did

not form any bulge (Fig. 5). Local delivery of culture medium

alone did not induce bulge formation in the same conditions

(Fig. 5). The bulge remained at least 5 min after the drug

delivery was stopped, indicating that the cortex breakage

persisted. Membrane bulging was never followed by an

oscillation cycle. This is probably due to the cell attachment to

the substrate, which increases membrane tension and may

therefore limit bulge growth.

We tested whether contractility was necessary for bulge

formation by locally applying LatA on cells treated before-

hand with Bb and did not observe bulge formation (9 cells,

Fig. 5). This experiment shows that intracellular pressure

alone cannot drive bulge growth, and that myosin II-based

contractility is necessary.

More strikingly, the direct effect of tension could be tested

by imposing a local mechanical stress. This was achieved by

flowing a jet of culture medium on the cell membrane with

the pipette tip at a distance of 1–2 mm from the membrane.

The local pressure that was exerted on the cell membrane

was then of the order of 102 Pa (see Materials and Methods).

This is slightly below the value of the elastic modulus of an

actin gel (26), and also of the critical stress at which

symmetry breaks in an actin gel under tension around beads

(2), and corresponds to a force of 0.1 nN on a 1 mm2 surface.

Thus this pertubation could be sufficient to induce local

rupture of the actin cortex. Notably, although the jet pressed

on the membrane, its action did not provoke any in-

vagination, but conversely resulted in the appearance of

a membrane bulge in 11 out of 12 cells (1 cell did not form

any bulge) (Fig. 5). This experiment favors the idea that

a higher local stress can induce cortex breakage.

Photobleaching experiments reveal
cortical contraction

Whereas the new bulge grew, the remaining part of the cell

or fragment shrank. This could be due to the dynamics of the

actomyosin cortex either by actin depolymerization only, or

by cortical contraction. To address this issue, we photo-

bleached two spots in the actin cortex of oscillating actin-

GFP transfected fragments. We observed reproducibly (10

fragments) that the distance between the two spots de-

creased, whereas it remained constant in control non-

oscillating fragments (Fig. 4, B–D). This result provides

clear evidence for actomyosin cortical contraction.

DISCUSSION

The above observations support the idea of a common

generic oscillatory phenomenon, which we describe below.

Mechanism of the actomyosin cortex breakage

Notably, the first step of the oscillation is the formation of

a hole in the actomyosin cortex (Fig. 3, Fig. S2,

Supplementary Movies 3 and 4), reminiscent of ‘‘fenestra-

tion’’ in Walker-carcinoma cells, which has been proposed

to result from hydrostatic pressure (22). However, our

experiments favor a contractile effect (see Figs. 4 and 5). We

thus propose another mechanism, based on cortical contrac-

tion only, inspired by studies on actin gels under tension.

Indeed, the actomyosin cortex is a highly dynamic cross-

linked gel (27) organized as a shell of actin associated with

the membrane and maintained under tension by the presence

FIGURE 4 Osmotic pressure and photobleaching experiments. (A)
Percentage of oscillating KE37 NZ-treated cells (square symbols) as

a function of the percentage of pure water added to the RPMI medium.

Triangles correspond to cells that could not be classified. The slight increase

of unclassifiable cells at intermediate concentrations denotes an increased

number of cells in a transient state. (B–D) Photobleaching experiments on

actin-GFP transfected fragments. (C and D) Time-lapse images of the

fragments after photobleaching a line (asterisks). (Scale bars, 5 mm.) (B)

Cortex length L between the two bleached spots (white asterisks on C andD)
for the oscillating fragment displayed in C and the control nonoscillating

fragment displayed in D. The shrinkage measurement was performed on 10

different fragments. The mean shrinkage velocities ranged from 1.0 to 9.1

mm/min depending on the fragment, and is 3.5 mm/min for the fragment

displayed on B.
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of myosin II. A similar actin gel under tension forms around

beads that activate actin polymerization. We showed

elsewhere that when actin monomers assemble at the surface

of these beads, their insertion deforms the existing actin gel,

leading to a tension due only to geometry (28). This state

precedes symmetry breaking and movement of beads

mimicking Listeria motility (2,29,30). The same analysis

applies here: in the stationary regime of oscillating frag-

ments, the shell is locally under a tension, due here to the

activity of myosin II. As long as the shell is closed, the

tension T, tangential to the cortex (Fig. 6 A, a), keeps

a uniform modulus around the shell, given by the formula

kTk ¼
Z rout

rin

stanðrÞdr;

where rin and rout are, respectively, the internal and the

external radius delimiting the actomyosin gel, and stanðrÞ is
the local tangential stress distribution through the gel

thickness. The gel thickness ðrout � rinÞ varies locally due

to fluctuations, but the tension remains uniform. From the

above formula, we see that where the gel is thinner, the local

tangential stress is higher, and can provoke gel rupture or

depolymerization. Note that the same effect can be produced

by any spatial inhomogeneity in the stress like, for example,

FIGURE 5 Experiments of local

bulge induction with CD and LatA de-

livery, local flow jet, and controls. Each

type of experiment has been reproduced

on at least 10 cells. The white dashed

lines represent the profile of the flow, as

visualized using dextran Texas Red as

a marker. This profile remained station-

ary over the time course of the experi-

ment. Local herniation of the membrane

is observed for CD and LatA delivery,

and mechanical effect induced by the

flow jet. No membrane deformation is

observed in control experiments where

LatA is delivered on Bb treated cells or

where the pipette is filled with medium

alone. Images on the bottom are zooms

of the bulges and correspond to the

dashed white selections. Images have

been filtered using Metamorph Median

Filter function. Scale bars, 10 mm.

FIGURE 6 Mechanism of the oscillation and

perspectives for cell polarity. (A, a–i) Successive
stages of the oscillation. Green arrows indicate

actin redistribution to the cortex and red arrows

indicate myosin II flux. (a) T: tension exerted by

the actomyosin cortex (see discussion). (B) In

KE37 control cell (top cartoon), myosin II is

present at the cell cortex and in the cytoplasm. The

addition of NZ provokes cell oscillation. The

cartoon corresponds to the situation described for

fragments in (A, f), when actin starts repolymeriz-

ing at the membrane of the growing bulge, which in

cells leads to the formation of a lamellipodium.

Subsequent addition of Bb stops the oscillation and

the cell recovers a control. NZ and Bb treatments

are reversible. When treated with CD after NZ, the

cell assumes a round shape with small membrane

protrusions. This treatment is not reversible.
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one caused by a higher local concentration of myosin, as we

briefly discuss in the following paragraph. This mechanism

is confirmed by the local herniation of the cell membrane at

the point where the actin cortex is fragilized either by CD or

LatA, or by a mechanical effect (Fig. 5).

A mechanism for the oscillation

Once the hole is formed, the bulge growth could be a priori

driven by osmotic pressure, or by contraction. If the bulge

growth were osmotically driven, it should be accelerated by

a decrease in external osmolarity, which is not what we

observe experimentally (Fig. 4 A). We therefore propose

a model based on contraction, in agreement with the

photobleaching and local LatA delivery experiments: after

gel rupture, hole formation promotes accumulation of a rim

of actomyosin gel (Fig. 6 A, b), as observed experimentally

(Supplementary Movie 6 and Fig. S2 C), leaving a portion of
membrane devoid of actin and myosin II. The open shell then

contracts, as revealed by photobleaching experiments, and

this contractility depends directly on both actin and myosin

activities, since the oscillation is slowed down when their

activity is gradually decreased. Whereas myosin remains

linked to the shrinking actin shell, the cytoplasm is extruded

through the cortical hole and the growing bulge becomes

enriched in actin monomers or short polymers. This

enrichment could be induced by solation, i.e., gel disassem-

bly (31), as proposed to explain actin depolymerization at the

base of the lamellipodium (32,33). In the bulging part, actin

is progressively recruited to the membrane, and a new shell

forms (Fig. 6 A, e and f). Polymerization starts at several

points, accounting for the irregular aspect of actin at early

stages. Then myosin II redistributes to the entire fragment

membrane (Fig. 6 A, g) after a significant delay that is

explained by the need of a substrate (the actin network) for

the motors to attach. However, a higher concentration of

myosin II remains where the constriction movement ended,

thus creating a local inhomogeneity in the stress. This

inhomogeneity will in turn favor new breakage and bulge

growth close by, which is what we observe in most cases

(although not all, since a probability remains that the cortex

breaks elsewhere). The same mechanism can account for the

oscillatory behavior of entire cells, where the progressive

recruitment of actin to the bulging side (Fig. 6 A, e and f )
would result in the formation of a lamellipodium (Fig. S1).

Physiological relevance of the
oscillation phenomenon

The oscillation phenomenon underlines an intrinsic in-

stability of the cortical actomyosin system. Revealed in

artificial conditions, where MTs are depolymerized, this

mechanism could be involved in the dynamics of the cell

shape, although in usual conditions it is controlled partially

or totally by the MT system, likely through the Rho pathway.

However, there are situations in which the cell will take

advantage of this cortical phenomenon. One clear case of

cortically driven instability appears to be the onset of

fertilization of the Caenorhabditis elegans egg. Indeed, it has
been recently observed that the sperm entry triggers a

retraction of the cell actomyosin cortex, thus leaving a

membrane area free of cortical actin and myosin (34). In this

work, the authors show that the cortical flow relies on

myosin-based contraction and is triggered by local, centro-

some-mediated, release of contractility. Moreover, the

velocity at which the cortex contracts in C. elegans is in

the 1–7 mm/min range, like in our experiments where the

cortex shrinks at a velocity of 1–9 mm/min (Fig. 4 B). Taken
together, these experiments support the mechanism of

instability leading to global cortical flows we propose in

this work. As asymmetrical division then happens, the

C. elegans egg must prevent cortical oscillation for proper

development, a feature that is possibly achieved by PAR

family proteins, which stabilize the asymmetry as suggested

by experimental observations (34). More generally, in

mitosis, the orientation of the mitotic spindle is altered in

dividing cells where Rho is overexpressed, due to enhanced

contractility (7). The definition of the division axis in such

highly contractile cells could result partly from a spontaneous

cortex breakage similar to what we observe.

In the case of cell migration, although lamellipodium

extension is often studied as a mechanism autonomously

defining polarity, there might be a correlation between

cortical actomyosin contractility and the sites where

membrane extension is nucleated (35). A possible scenario

is that actin and myosin confer active gel properties (36) to

the cell cortex producing physical effects that result in

membrane extension.

In keeping with these lines, our mechanism of cortex

instability could also explain the formation of a lamellipo-

dium in lymphoblast cells, growing in suspension. The shape

of the cell body could be that of an actin shell with

a stabilized opening through which the cytoplasm is

extruded, allowing actin to repolymerize in the bulge that

could then become a lamellipodium (Fig. 6 B). Indeed,

polymerization of actin at such membrane bulging zones

can, under certain conditions, transform into lamellipodia

(23,37). The presence of MTs, which reduces the recruitment

of myosin II to the cortex, tones down cell contractility

(6,38–40). The low contractility of the actomyosin shell

might then prevent the oscillation dynamics to take place.

The stabilized shape would be a round cell body with

a constriction at the base of the lamellipodium, as generally

observed. Significantly, oscillating NZ-treated cells recov-

ered after Bb addition a shape similar to that of control cells,

with a lamellipodium and round cell body (Supplementary

Movie 2). Due to Bb treatment, the contractility of the

actomyosin shell is reduced, which could explain the

stability of the lamellipodium, just like in control cells

with MTs.
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CONCLUSION

To conclude, our work reveals a spontaneous behavior of

membrane bulging under the effect of actomyosin contrac-

tion in cellular systems. This behavior was observed in

different cell lines, and in cell fragments, a simplified system

that paves the way for further biomimetic studies. A physical

analysis of our experiments allowed us to propose an

innovative mechanism for nucleation and growth of the

membrane bulge, based purely on contractility. This

mechanism could be used by cells in various processes

requiring symmetry breaking and polarization, like in cell

migration or in cell division.
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