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ABSTRACT To study reorganization of the actin system in cells that invert their polarity, we stimulated Dictyostelium cells by
mechanical forces from alternating directions. The cells oriented in a fluid flow by establishing a protruding front directed against
the flow and a retracting tail. Labels for polymerized actin and filamentous myosin-II marked front and tail. At 2.1 Pa, actin first
disassembled at the previous front before it began to polymerize at the newly induced front. In contrast, myosin-II slowly
disappeared from the previous tail and continuously redistributed to the new tail. Front specification was myosin-II independent
and accumulation of polymerized actin was even more focused in mutants lacking myosin-II heavy chains. We conclude that
under mechanical stimulation, the inversion of cell polarity is initiated by a global internal signal that turns down actin poly-
merization in the entire cell. It is thought to be elicited at the most strongly stimulated site of the cell, the incipient front region,
and to be counterbalanced by a slowly generated, short-range signal that locally activates actin polymerization at the front.
Similar pattern of front and tail interconversion were observed in cells reorienting in strong gradients of the chemoattractant
cyclic AMP.

INTRODUCTION

The orientation of cells in fields of external stimuli plays a

key role in metazoan morphogenesis (1–3). Both chemical

and mechanical stimuli have to be transduced to the cyto-

skeleton in order for a cell to respond by directional move-

ment. Reorganization of the actin-myosin system in response

to shear stress or chemoattractant is the subject of this study.

The question is how a tail is reprogrammed into a front, and

vice-versa, when a cell reverts its polarity in response to sig-

nals from its environment.

Dictyostelium discoideum proved to be a powerful model

system to study cell motility and chemotaxis (4–8). More

recently, also mechanical shear forces have been shown to

direct the motility of Dictyostelium cells (9,10). The strong

orientation of cells in a liquid flow provides a clear geomet-

rical framework for the analysis of front to tail conversion.

Moreover, the well-defined direction and magnitude of the

mechanical inputs facilitate statistical analysis of the re-

sponses in a population of cells. Inverting the flow direction

is more accurate than inverting a gradient of chemoattractant

by moving a pipette to the rear of a cell and was used here to

study the repolarization of cells in response to external

signals.

One question addressed in this study is the role of myosin-

II (myo-II) in mechanotransduction. Myo-II is the only

myosin in Dictyostelium that forms bipolar filaments, and

knockout of the single heavy-chain gene eliminates myo-II

function (11–13). This myosin interacts with actin to generate

contractile forces (14–16). It is required for cells to move

against mechanical constraints (16,17) and to resist osmotic

stress (18). Quantitative evaluation of the response to shear

forces indicated that the actin dynamics is independent of

myo-II and that myo-II is not necessary to respond to me-

chanical flow forces.

For the exact timing of stimulus-response relationships we

designed a new hydrodynamic chamber that enabled us to

change the direction of flow within a second and to record

reorganization of the cytoskeleton at high magnification. We

employed this device to study the spatial and temporal

relationship of actin polymerization, myo-II recruitment, and

tail retraction during the response of Dictyostelium cells to

shear forces. Under the conditions used, cells consistently

oriented against flow forces and rapidly inverted their

polarity after reversal of the flow. To quantify reorganization

of the cytoskeleton in response to hydrodynamic forces, we

differentially labeled front and tail of the cells by fluorescent

proteins. Actin filaments form a highly dynamic network

throughout the cell cortex (19). At protruding fronts, Arp2/3-

enriched dendritic structures are inserted into this network

(20). We used these dense accumulations of polymerized

actin to monitor the formation and the position of a front.

Filamentous myo-II accumulates at the rear edge of chemo-

taxing cells (21), directing retraction of the tail (22,23). This

myosin served as a marker for the tail of a cell.
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MATERIALS AND METHODS

Cell culture and strains

Dictyostelium discoideum strain JH10 and the myo-II heavy-chain null

mutant HS1 derived from JH10 (24) were kindly provided by Hans Warrick,

Stanford University. Transformants of these strains were cultivated in petri

dishes at 22 6 1�C in nutrient medium (HL5, 14.30 g bacteriological

peptone (Oxoid, Hampshire, UK), 7.15 g yeast extract (Oxoid), 0.616 g

Na2HPO4,2H2O, 0.486 g KH2PO4, 18 g maltose in 1 liter of bidistilled

water, adjusted to pH 6.7). Thymidine auxotroph JH10 cells were grown in

the presence of 100 mg/ml of thymidine. JH10 or HS1 cells expressing

LimEDcoil-green fluorescent protein (GFP) (20,25) or GFP-myo-II

(pBigGFPmyo; (21)) were cultivated in medium supplemented with 20 or

10 mg/ml of G418 (Sigma, St. Louis, MO), respectively. HS1 cells

expressing both GFP-myo-II and mRFPmars (26) fused to the N-terminus of

LimED were cultivated in nutrient medium supplemented with 10 mg/mL

each of G418 and blasticidin. Cells were harvested before confluency,

pelleted by centrifugation (5 min at 700 3 g), and washed twice in 17 mM

Soerensen phosphate buffer, pH 6.0 (PB).

Stimulation in flow chamber

To visualize the fluorescence distribution in live cells at high magnification, a

new lateral-flow chamber was designed on the basis of a previously described

one (9). Glass plates were replaced by 253 60mm coverslips, thickness 0.13–

0.16 mm). The coverslips were pretreated for 10 min with 15 M NaOH and

thoroughly rinsed with ultrapure (E-pure, Barnstead, Dubuque, IA) water

before use. Washed cells were immediately transferred to the flow chamber

through a tubing connector and allowed to settle for 2 min. Since coverslips are

flexible, the height of the chamber was measured in the presence of flow. For

the flow rates of 5–11 ml/min, the height varied between 229 and 167mm. The

width of the chamber was 19 mm. The flow was driven by gravity and

recordings were performed for about 1 h. Two three-way valves allowed rapid

changes in flow direction. Shear stress s expressed in Pascal was calculated

from geometrical and hydrodynamic parameters as

s ¼ 6Dh=le
2
;

whereD is the flow rate, h the dynamic viscosity of the fluid, l the width, and

e the height of the flow chamber.

Chemotaxis assay

To make the cells responsive to cAMP, they were starved in PB under

shaking for 2 h, and subsequently pulsed every 6 min with 10�7 M cAMP

(final concentration) for 4–6 h to achieve full aggregation-competence. For

chemotactic stimulation, cells were transferred onto a coverslip pretreated as

for flow-chamber experiments, and stimulated from a distance of ;20 mm

through a micropipette (Eppendorf Femtotips, 5242 952.008; Westbury,

NY) filled with 10�4 M cAMP. The micropipette was moved using a micro-

manipulator (Eppendorf S171).

Confocal fluorescence microscopy

A Zeiss LSM 410 microscope (Jena, Germany) equipped with a 1003/1.3

NA Plan Neofluar phase contrast objective was used to collect simulta-

neously phase-contrast and confocal fluorescence images. To record

LimED-GFP or GFP-myo-II fluorescence, the 488-nm laser line of an

argon-ion laser was used for excitation, with a long-pass 520-nm filter for

emission. For the simultaneous recording of GFP and mRFP, the 488-nm

line was used together with the 543-nm line of a He-Ne laser; emission was

split by a dichroic and filtered with a 510–525 nm filter for GFP and a 590–

610 nm filter for mRFP. Images were recorded every 3 s, and light intensities

kept as low as possible to prevent damage of the cells. All experiments were

performed at 22 6 1�C.

Image analysis and quantification of fluorescence
distribution in the cell cortex

Images were automatically analyzed with software based on active contour

methods (27). The cell contour is represented as a chain of 100 connected

nodes. This outer chain is shrunk for a certain distance, resulting in an inner

chain that roughly coincides with the border between cortex and cell body.

Cortical fluorescence intensities were sampled by connecting corresponding

nodes on the outer and inner chain (Fig. 1). The maximal intensity along

each connecting line is taken as the local intensity in the cell cortex. To

account for different protein expression levels and photobleaching, cortical

fluorescence intensities were normalized in each cell by computing the ratios

between the local intensity in the cortex and the average intensity in the cell

body bounded by the inner chain. In the case of GFP-myo-II, large vesicles

void of the label and cytoplasmic clusters were omitted in calculating the

mean cell body intensity.

To measure the relocalization of fluorescent proteins, the extreme right

node was assigned number 0 and each cell was virtually divided into two

halves: one-half from node 25 to 74 and the other from node 75 to 99 plus

node 0–24 (Fig. 1). When a flow was applied, the mean fluorescence ratios

were calculated separately for the half exposed to flow (upstream) and for the

opposite half (downstream).

Polar plots were used to represent the spatial information as well as the

temporal dynamics of fluorescence intensities in the cell cortex. For each

time point of a series, normalized fluorescence intensities measured along

the cell contour were mapped onto a circle. All consecutive distributions

were arranged like tree rings, such that time ran along the radius from the

inside to the outside of a disk. For statistical analyses, polar plots of in-

dividual cells were averaged.

To quantify tail retraction, an axis was first drawn connecting two points

located at the extreme edge of the cell at the beginning and end of the

retraction movement. Then, at each frame, the position of the rear edge was

projected on this axis.

FIGURE 1 Contour analysis used to determine the distribution of a

protein in the cortex relative to the interior of a cell. Here the distribution of

fluorescence intensities of LimED-GFP in a confocal section is used as an

example. The cell contour is drawn in dashed and solid lines for the left and

right half of the cell, respectively. Numbers indicate node positions along

the cell outline. The inner solid white line encircles the cell interior.
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RESULTS

Dynamics of the cell front in response to fluid flow

To monitor the reorganization of the actin cytoskeleton in

response to shear forces, we used Dictyostelium cells that

express a label for filamentous actin structures, LimED-GFP
(25,28). This GFP-tagged, C-terminally truncated construct

of the Dictyostelium LimE protein has been introduced to

visualize actin networks in the cortex of Dictyostelium cells

against a minimal cytoplasmic background (19,20). For the

comparison of wild-type and myo-II-null cells, we have

employed the strains JH10 (‘‘wild-type’’) and HS1 (‘‘myo-

II-null’’), a mutant derived from JH10 by the elimination of

myo-II heavy chains (24,29).

The distribution of fluorescent proteins in the cortex of

Dictyostelium cells was recorded by confocal microscopy

and quantitatively analyzed using an active contour detection

program (27). Fluorescence intensities measured at 100

equidistant positions along the cell cortex were divided by

the average intensity in the interior of each cell. To relate

these normalized fluorescence intensities to the flow direc-

tion, we divided the image of a cell into a left and right half,

and integrated the values in each half separately (Fig. 1). A

more detailed analysis of spatiotemporal protein patterns in

the cell cortex using polar plots will be presented at the end

of the Results section.

The response of a wild-type cell to a shear stress of 2.1 Pa

is illustrated in Fig. 2 A (see also Supplementary movie 1).

Before stimulation, competing pseudopodia protruded from

multiple sites at the cell surface, and the cell moved into

random directions (left panel). After the onset of flow,

LimED-GFP localized to a protruding front directed against

the flow (middle panel). When the flow was stopped, actin

polymerized again at sites pointing into varying directions,

and the cell lost its orientation (right panel). In quantitative

terms the flow-induced changes in this particular cell are

FIGURE 2 Reversible cell polariza-

tion under shear stress. (A) In a cell of

the JH10 (‘‘wild-type’’) strain of D.

discoideum, filamentous actin is visu-

alized by the expression of LimED-

GFP (green fluorescence superimposed

on phase-contrast images in red). In

response to a hydrodynamic flow stress

of s ¼ 2.1 Pa the cell becomes

polarized, pointing an actin-enriched

front against the direction of the flow

(indicated by an arrow). The same cell

is shown in Supplementary movie 1.

Bar, 10 mm. (B) Cortical fluorescence
intensities are quantified and plotted

separately for the left (bold line) and

right (faint line) halves of the cell

shown in panel A. (For image analysis

see Materials and Methods). In the

absence of flow, fluorescence intensi-

ties fluctuate in both halves, owing to

fronts protruded by the cell in arbitrary

directions. Systematically higher values

in the left than in the right half indicate

polarization of the cell against the flow.

After cessation of the flow, the cell

slowly reverts from directional to ran-

dom movement. Arrows on the bottom

confine the period of flow application

from 375 to 705 s. Arrows on top

specify the time points at which the

three frames of panel A have been

taken. (C and D) Averages of cortical

fluorescence intensities in cells exposed

to the onset (C) or cessation (D) of flow.

Solid circles correspond to upstream

halves and open circles to downstream

halves of the cells. For panel C, 11

polarization experiments on eight cells

are averaged, for panel D, 13 depolar-

ization experiments on nine cells. Error

bars indicate mean 6 SE.
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shown in Fig. 2 B. Before the application of flow, recruit-

ment of LimED-GFP to the two halves of the cell alternated,

in accord with cell movement into random directions. During

the flow, actin became consistently more enriched at the left

side pointing toward the flow than at the opposite side. It

took .2 min after cessation of the flow until fluorescence

intensities began to alternate as in the unstimulated cell.

Averages of experiments in which the flow was turned on

(n ¼ 11 cells) or off (n ¼ 13 cells) confirmed the flow-

induced changes in LimED-GFP distribution: The average

fluorescence intensity increased within 90 s in the cell cortex

exposed to flow and decreased on the opposite side (Fig.

2 C). After cessation of the flow, polarization of the cells

toward the previous flow persisted for 3 min before fluo-

rescence intensities in the two halves of the cells equilibrated

(Fig. 2 D). Plots similar to those shown in Fig. 2, C and D,

will be used further on to quantitatively analyze the re-

sponses of cells to changes in flow direction.

Reversal of polarity in response to changing
flow directions

To monitor the dynamics of actin reorganization after an

abrupt change in flow direction, a standard flow of 2.1 Pa

was reversed within 1 s. As judged by the LimED-GFP label,

cells responded by disassembling actin at the previous front

and assembling actin at the side newly exposed to flow (Fig.

3 A and Supplementary movie 2). The labeled actin rapidly

disappeared from the previous front within the first 60 s after

flow reversal. New actin-rich protrusions began to be formed

at 30 s, until at 90 s a new front was fully established at the

side facing the new flow direction. Because actin assembly

FIGURE 3 Actin relocalization after

flow reversal. The responses of cells

exposed to a rapid reversal in flow

direction are monitored. High hydrody-

namic shear stress of s ¼ 2.1 Pa (A and

B) or moderate shear stress of s ¼ 0.9

Pa (C) has been applied. As in Fig. 2,

filamentous actin is visualized in wild-

type cells expressing LimED-GFP. (A)

Sequence of images showing the

change in LimED-GFP localization

during the response of a cell. (Green)

LimED-GFP fluorescence; (red) phase

contrast. Arrows point to the actual

flow direction. The same cell is shown

in Supplementary movie 2. Bar, 10 mm.

(B andC) Quantification of the responses

to high and moderate shear stress. Solid

circles indicate mean intensities of cor-

tical fluorescence in halves of the cells

that are upstream after flow reversal, and

open circles in those that are down-

stream. Zero time is the time of flow

reversal. Dashed horizontal lines in panel

B indicate the fluorescence at steady state

in each half of the cells. For panel B, 18
responses of 14 cells are averaged; for

panel C, 10 responses of five cells. Error

bars indicate mean 6 SE.
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lagged behind disassembly there was a minimum of the cortex-

associated actin label between 30 and 50 s after flow reversal

(Fig. 3 B).
To determine the dependence of cell repolarization on the

magnitude of shear stress, flow-reversal experiments were

performed at 0.9 Pa. Under this lower shear stress, localization

of LimED-GFP to the cell cortex was higher in both halves of

the cells. After reversal of the flow, the time course of actin

disassembly was unchanged (Fig. 3 C). However, assembly at

the new upstream front occurred 10–15 s earlier and was

slightly faster. Consequently, decay of the old front and estab-

lishment of a new one were less sharply separated in time. At

an even lower shear stress of 0.5 Pa, cells tended to reorient by

U-turns without losing their original polarity, until the site of

highest fluorescence faced the flow (Supplementary movie 3).

In the following experiments, we applied again the stan-

dard shear stress of 2.1 Pa.

Flow response of cells lacking myo-II

The conventional, double-headed myo-II confers on Dic-
tyostelium cells the potency of counteracting mechanical

deformation (17). Therefore, we asked whether the actin

cross-linking or motor activities of this filament-forming

myosin are essential for the mechanosensing and repolari-

zation of cells in response to flow reversal. When subjected

to flow, myo-II-null cells assumed a pear-like shape, in ac-

cord with reduced rigidity of their cortex and lack of efficient

retraction (Fig. 4 A and Supplementary movie 4).

Despite the apparent alteration in the mechanical strength

of the actin cortex in myo-II-null cells, reorientation of these

cells in response to a reversal of shear forces appeared to be

unimpaired (Fig. 4 B). When the mutant cells were subjected

to a change in flow direction, LimED-GFP rapidly disas-

sembled from the previous front and less rapidly reas-

sembled at the new front. Since the time course of these

responses coincided with that of wild-type cells, we conclude

that myo-II is not required in mechanical signal transduction.

Redistribution of myo-II relates tail to
front specification

The response of cells to shear stress using a marker of the cell

front was complemented by studying the establishment of a

tail, the region where myo-II accumulates and contributes to

tail retraction (21). In these experiments, GFP-tagged myo-II

heavy chains (herein referred to as GFP-myo-II) were used,

which can rescue myo-II function in heavy-chain null cells

(21). Cells expressed the GFP-tagged heavy chains either in

addition to the endogenous heavy chains or in a heavy-chain-

null background. The redistribution of GFP-myo-II in response

to shear forces in these two cell types were indistinguishable

and the data obtained from both strains were pooled.

Fig. 5 A presents stages of myo-II redistribution upon

reversal of the flow direction (see also Supplementary movie

5). The GFP-myo-II accumulated at the rear of the cells

(�9 s) and after flow reversal the fluorescence at the previous

tail slowly decreased whereas the fluorescence at the new tail

increased. One difference compared to the actin redistribu-

tion in response to flow reversal was that myo-II redistribu-

tion to the new tail started almost immediately. Another

difference was the gliding relocalization of myo-II from the

former to the new tail of the cell (36–54 s). In quantitative

terms, this characteristic way of relocalization was reflected

in the symmetry of the two curves shown in Fig. 5 B, one
representing the loss of GFP-myo-II in the previous, the

other the gain in the new tail region of reorientating cells.

One minute after the flow reversal, the two curves met at

FIGURE 4 The absence of myo-II does not impair actin

relocalization after flow reversal. Experiments as shown in

Fig. 3, A and B, are repeated with myo-II-null cells of strain

HS1 that express LimED-GFP. Time is expressed in

seconds relative to the reversal of a hydrodynamic shear

stress of s ¼ 2.1 Pa. (A) Sequence of images showing the

distribution of LimED-GFP in a myo-II-null cell before

and after flow reversal (see also Supplementary movie 4).

(Green) LimED-GFP fluorescence; (red) phase contrast.

Arrows indicate the flow direction. Bar, 10 mm. (B)

Quantification of the responses relative to the time of flow

reversal. Solid circles correspond to cortical fluorescence

intensities in the upstream halves and open circles in the

downstream halves of the cells. Dashed lines indicate

cortical intensities at steady state in the two halves of the

cells. For comparison, the distribution of LimED-GFP in

the cortex of parental JH10 cells is shown for the upstream

or downstream halves of the cells as a faint or bold line,

according to data presented in Fig. 3 B. Twenty-two

responses recorded from 14 cells are averaged.
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about half-maximal fluorescence intensity. The conclusion is

that the total amount of myo-II associated with the cell cortex

stayed constant during this net shift from one side to the

other.

The differences in reprogramming of the front and tail

became obvious when actin and myo-II markers were ex-

pressed simultaneously in the same cells subjected to flow

reversals. Fig. 6 A and Supplementary movie 6 show a cell

double-labeled with mRFP-LimED and GFP-myo-II. The

fast actin disassembly and slower reassembly in Fig. 6 B
contrasted to the symmetry in the corresponding curves of

the myo-II dynamics (Fig. 6 C).
In Fig. 6 C, translocation of the tail end during repolar-

ization of the cells is shown as a bold line. The negative slope

at the beginning results from retained protrusive activity and/

or passive drift in direction of the flow. After ;50 s, the

slope became positive, indicating the onset of retraction

against the new flow direction. At this time point, the balance

of myo-II in the two halves of the cells was reached, which

means that retraction became detectable when the amount of

myo-II in the cortex of the new tail region exceeded the

amount in the opposite half of the cells. Tail retraction com-

menced ;15 s after the first protrusions were formed, and

thus turned out to be the last event in the reorientation of a

cell.

Reversal of polarity in response to inverting
chemical gradients

The front-tail polarity of cells responding to shear stress

resembles the actin-myo-II pattern observed in chemotaxing

cells. This similarity prompted us to compare the sequence of

events in polarity reversal during chemotaxis with that under

shear stress. A pipette filled with 100 mM cAMP was rapidly

moved from the front to the tail of an aggregation-competent

cell double-labeled with mRFP-LimED and GFP-myo-II

(Fig. 7; Supplementary movie 7). Under these conditions,

cells often reorient by reverting their polarity rather than by

performing U-turns (30). As observed under shear stress, the

mRFP-LimED fluorescence rapidly decreased (Fig. 7 A, 3-s
frame), and only subsequently increased at the new leading

edge where protrusions became visible (24 s). GFP-myo-II

fluorescence decreased at the new front during the first 40 s

and accumulated at the tail between 15 and 60 s. At 36 s, the

GFP-myo-II was present throughout the cortex, and efficient

retraction started at ;45 s.

The dynamics of relocalization in response to chemo-

attractant was quantified as it was for the responses to shear

stress (Fig. 7, B and C). In cells repolarizing in an inverted

gradient of cAMP, the disassembly of actin at the previous

front preceded its assembly at the new front. The curves for

myo-II disassembly and reassembly mirrored each other.

Relocalization of both the mRFP-LimED and GFP-myo-II

labels was faster than observed under shear stress. In partic-

ular, the actin label rapidly decreased within 12 s. Despite

these differences in timing, the sequence of events leading to

polarity reversal in gradients of chemoattractant was similar

to that observed under shear stress.

Detailed spatiotemporal analysis of reversals in
cell polarity

In the previous experiments we simplified the analysis by

dividing the image of each cell into two halves, one directed

toward the flow or source of chemoattractant, the other in the

opposite direction. To account for the observed differences

in the redistribution of actin and myo-II upon flow reversal, a

graded representation of fluorescence intensities around the

FIGURE 5 Relocalization of GFP-myo-II after flow

reversal. GFP-myo-II expressing cells are monitored

during reversal of a hydrodynamic shear stress of s ¼
2.1 Pa. Time is expressed in seconds relative to flow

reversal. (A) Sequence of images showing GFP-myo-II

relocalization in a HS1 cell (see also Supplementary movie

5). (Green) GFP-myo-II fluorescence; (red) phase contrast.

Arrows point into the flow direction. (B) Quantification of

GFP-myo-II relocalization in the cell cortex. Solid circles

correspond to the upstream halves of the cells and open

circles to the downstream halves. Data are pooled from

JH10 wild-type and HS1 myo-II-null cells, both expressing

GFP-myo-II. Twenty responses recorded from 14 cells are

averaged. Error bars indicate mean 6 SE.
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perimeter of a cell turned out to be necessary. Therefore, we

have mapped the spatiotemporal dynamics of LimED and

myo-II distributions upon polarity reversal using polar plots

of mRFP and GFP fluorescence intensities (Fig. 8). Node

numbers 0–99 indicate fluorescence distributions along the

cell contour, which is mapped onto a circle. Each radius cor-

responds to a time point from 15 s before the signal reversal

(innermost radius) to 2.0–2.5 min after the signal reversal

(outer radius).

The LimED-GFP label indicated that filamentous actin

structures redistributed under low and high shear stress in a

comparable manner: The label disappeared first from the

previous front and then reappeared at the new front (Fig. 8, A
and B). Under high shear stress, the recovery of labeled actin
was delayed: there was a period of;20 s after disappearance

when almost no label was accumulated along the entire

perimeter of the cells. In comparing myo-II-null with wild-

type cells at 2.1 Pa, there was no difference in the temporal

dynamics of the actin label (Fig. 8 D).
The redistribution of myo-II in response to flow reversal is

of interest because it clearly demonstrates that this tail

marker never disappears from the cell cortex. During a

transitory phase, myo-II was almost uniformly distributed

around the cortex (Fig. 8 C). At the same time, i.e., between

30 and 50 s after flow reversal, cortical actin passed a mini-

mum. Together these data suggest that the previous polarity

of the cells is extinguished before an inverse polarity is

established. In cells that changed polarity in response to

chemoattractant, actin disappeared within seconds from the

old front and started to accumulate at the new front after 20 s

(Fig. 8 E), similar to actin under low shear stress (Fig. 8 A).
Myo-II disappeared slowly from the previous tail and soon

accumulated at the new tail, such that at ;30 s the previous

and new tail regions were equally labeled (Fig. 8 F). In
conclusion, cells repolarizing under shear stress or in re-

sponse to chemoattractant showed similar patterns of myo-II

and actin redistribution.

To provide quantitative parameters for the spatial distri-

bution of LimED and myo-II we averaged cortical fluores-

cence intensities over a period of 1 min, beginning at 1 min

after inverting the signal. The averaged LimED distribution

peaked at the very cell front, which is exposed to the

strongest forces exerted by hydrodynamic flow (Fig. 8 B,
inset). The profile within the front half of the cell could be

FIGURE 6 Actin and myo-II relocalization after

flow reversal. To monitor the relocalization of

myo-II and actin simultaneously in the same cell,

the endogenous myo-II heavy chains were replaced

by GFP-tagged heavy chains, and mRFP-LimED

was expressed as an actin label. The cells were

exposed to a rapid change in the direction of a

hydrodynamic shear stress of s ¼ 2.1 Pa. Time is

expressed in seconds before and after flow reversal.

(A) Sequence of images showing the distribution of

GFP-myo-II and mRFP-LimED (see also the same

cell in Supplementary movie 6). (Green) GFP-

myo-II; (red) mRFP-LimED; (blue) phase contrast.

Arrows point into the flow direction. The white

dotted line indicates the position where the previ-

ous front is turned into a tail. Bar, 10 mm. (B and C)
Quantification of mRFP-LimED localization (B)

and GFP-myo-II redistribution (C) relative to the

time of flow reversal. Solid symbols correspond to

the upstream halves of the cells and open symbols

to the downstream halves. The continuous line in

panel C shows the mean position of the down-

stream edge as a function of time. Thirteen re-

sponses recorded from 10 cells are averaged. Error

bars indicate mean 6 SE.
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approximated by a Gaussian distribution. Under the higher

shear stress of 2.1 Pa the label was more strongly focused to

the front (6SD is 10.03, given in node numbers) than under

the lower stress of 0.9 Pa (6SD is 12.73). In comparing

myo-II-null with wild-type cells, the actin label was found in

the mutant cells to be even more precisely focused (6SD is

8.75). Similarly focused was the accumulation of cortical

mRFP-LimED during chemotaxis (6SD is 7.16). The

enrichment of myo-II at the tail of the cells was confirmed

by calculating the standard deviation for mechano- and

chemotaxis (6SD is 16.23 and 9.39, respectively). The

sharper focusing of myo-II in chemotaxis is probably due to

the cylindrical shape of the developed, aggregation-compe-

tent cells that were responsive to cAMP.

Even though the front and tail of a cell are unequivocally

distinguished, the detailed analysis indicates that neither

mRFP-LimED is exclusively accumulated at the front nor is

myo-II only recruited to the tail. Under lower shear stress

(Fig. 8 A) and in a chemical gradient (Fig. 8 E) there are

phases at which the LimED label is also detectably

accumulated at the tail, i.e., around node 0. Similarly, in

chemotaxing cells the myo-II becomes transiently recruited

to the front region, which is primarily occupied by poly-

merized actin (Fig. 8 F, around node 50).

DISCUSSION

Three phases of repolarization: fast actin
depolymerization, establishment of a new front,
and retraction of the tail

Dictyostelium cells strongly orient against fluid flow and

invert their polarity in response to changing flow directions.

We used these prompt responses to analyze in quantitative

terms the spatiotemporal pattern of reorganization in the

actin-myosin system. The conversion of a protruding front

into a retracting tail, and vice versa, was monitored by double-

labeling cells with green and red fluorescent markers. A label

for filamentous actin structures marked the establishment of a

front, and myo-II localization followed by retraction specified

the tail of a cell.

Exposed to a sudden change in the direction of a shear

stress of 2.1 Pa, cells reverted their polarity in three phases.

1), Actin rapidly disassembled at the previous front at 0–60 s

after flow reversal. 2), At the new front, actin polymerization

started at 30 s and leveled out at ;90 s. The delay between

dis- and reassembly resulted in a transitory minimum of actin

association with the cell cortex between 30 and 50 s. 3), The

new tail retracted at ;60 s, a time when the amount of myo-

II already associated with the new tail exceeded the amount

FIGURE 7 Actin and myo-II relocalization after

reversal of a gradient of chemoattractant. To relate

reversal of cell polarity in response to chemo-

attractant to the reversal caused by shear stress,

double-labeled cells as in Fig. 6 were stimulated

with a micropipette filled with cAMP. The pipette

was rapidly moved from the front to the back of a

cell. Time in seconds is indicated relative to

repositioning of the pipette. (A) Sequence of

images showing the distributions of mRFP-LimED

and GFP-myo-II in a responding cell. (Green)

GFP-myo-II; (red) mRFP-LimED; (blue) phase

contrast. White asterisks indicate tip positions of

the micropipette filled with cAMP. The white

dotted line indicates the rightmost position of the

later cell rear. The same cell is shown in Supple-

mentary movie 7. Bar, 10 mm. (B and C) Quan-

tification of mRFP-LimED localization (B) and

GFP-myo-II redistribution (C). Solid symbols

correspond to the upstream halves of the cells

and open symbols to the downstream halves.

Nineteen responses recorded from 14 cells are

averaged. Error bars indicate mean 6 SE.
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still associated with the old tail. These experiments show that

in response to a shear stress of 2.1 Pa, de novo polarization

follows breakdown of the old polarity.

In general terms, one way for a polarized cell to rapidly

respond to changing directions of a signal is to break down

any established pattern first, before a new one is set up. The

destruction of an established front-rear polarity within sec-

onds facilitates reorientation of the cells to incoming signals

from different directions. We wish to emphasize that the

rapid breakdown of the cells’ polarity is elicited by the input

of a new stimulus, opposed to the previous one. If the fluid

flow is just stopped rather than inverted, the polarity remains

stable for minutes (Fig. 2 D).

Myo-II in mechanoresponses

Three levels of regulation control myo-II localization and

activation in Dictyostelium cells (31). 1), Bipolar filaments

form and assemble in the cell cortex upon dephosphorylation

of myo-II heavy chains by the phosphatase PP2A. Action of

the phosphatase is antagonized by myo-II heavy chain

kinases. 2), Myo-II localization at the tail is regulated by

FIGURE 8 Spatiotemporal patterns of actin and myo-II relocalization in cells reverting their polarity in response to mechanical or chemical stimuli. These

patterns are represented in polar plots that show the distribution of cortical fluorescence intensities in optical sections through the cells. In each plot the radius

corresponds to time, from 15 s before signal reversal to 2.0–2.5 min after the reversal. The black numbers indicate time in minutes plotted in outward direction.

The data sets are based on the same recordings as compiled in Figs. 3–7, whereby fluorescent LimED serves as a marker of the front and myo-II of the tail of a

cell. The color index indicates normalized cortical fluorescence intensities. (For their calculation, see Materials and Methods.) Nodes 0 correspond to the

previous direction of a stimulus and nodes 50 to the new direction, i.e., the one after flow reversal or repositioning of the source of chemoattractant. The white

curves on the left or right of each plot show distributions of fluorescence intensities in responding cells, as averaged over the interval of 1–2 min after signal

reversal. For the LimED label, the distributions along the cell contour are centered to node number 50 in accord with accumulation of this label at the new front.

For myo-II the distributions are centered to node number 0 in accord with its recruitment to the new tail. Standard deviations of these distributions are 12.7

nodes for A, 10.0 for B, 16.2 for C, 8.8 for D, 7.2 for E, and 9.4 nodes for F. (Note the difference in scaling of cortical fluorescence intensities from 1 to 5.5 for

LimED and from 1 to 2.5 for myo-II.) Data in panels A and B on the front marker in wild-type JH10 cells exposed to moderate and high shear stress correspond

to Fig. 3, C and B. Data in panel C on the tail marker correspond to Fig. 5. Data in panel D on the front response in HS1 myo-II-null cells correspond to Fig. 4.

Data in panels E and F on double-labeled cells correspond to Fig. 7.
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several proteins, in particular PAKa, a Rac1 and Akt/PKB

regulated kinase, whose localization depends on the exis-

tence of a PIP3 gradient (8,32). 3), In addition, cGMP sig-

naling pathways activate myo-II light-chain kinase, which

phosphorylates the regulatory light chains and thus triggers

myo-II ATPase activity (33).

For the flow-induced establishment of a cell front, myo-II

could be omitted. This means, there is no need for the actin-

filament cross-linking or motor activity of the bipolar myo-II

filaments in the reception or transduction of the mechanical

signals. Moreover, myo-II was not required for the suppres-

sion of actin polymerization in the tail region. The accumu-

lation of polymerized actin was even more sharply restricted

to the very front of a cell when myo-II was missing (Fig.

8 D). The specification of a front is therefore independent of

the occupancy of a tail by myo-II.

Similarities between mechanical and
chemical stimulation

To verify that the steps involved in the reversal of cell po-

larity are common to mechanical and chemical stimulation,

we compared the responses to alternating shear flow with

responses to rapidly inverted gradients of chemoattractant.

A shear flow induces maximum membrane tension at the

upstream side of the cell, precisely at the zone of cell-to-

substrate contact (34,35), and minimum tension at the

opposite cell edge. Consistently, a chemotaxing cell receives

the strongest signal at the edge pointing toward the source of

attractant. The inversion of cell polarity caused by either

mechanical or chemical signals is initiated by the depoly-

merization of actin at the previous leading edge, which is

going to turn into a tail. Since in both cases the depolymer-

ization takes place opposite to the most strongly stimulated

side, an inhibitory signal is proposed to rapidly spread from

this edge throughout the entire cell.

The inhibitory signal is supposed to depend on the mag-

nitude of the external signal: At 2.1 Pa the inhibition prevails

long enough in the entire cell to suppress new front forma-

tion until the previous front has completely disappeared. At

0.9 Pa inhibition is not strong enough to suppress the

polymerization of actin at the new front until the old front is

completely deprived of polymerized actin. Because of re-

duced membrane tension at the front at lower shear stress

(0.9 Pa), there is less resistance to growing actin filaments

that push the membrane forward and protruding activity is

facilitated (36). This effect may contribute to faster LimED-
GFP fluorescence increases (Figs. 3 C and 8 A) with a shorter
delay and higher maximum values. Altogether less time is

required to invert cell polarity at 0.9 Pa compared to 2.1 Pa.

At 0.5 Pa the inhibition is too weak to suppress the old

leading edge, and the cells respond by making U-turns rather

than by reverting polarity.

We like to emphasize that our results are based on

experiments in which cells were stimulated from behind and

thus forced to completely reverse their polarity. If the che-

moattractant is laterally applied, the cells can turn by bifurc-

ation of their front or protrusion of a new one into the changed

direction of the gradient without a need for reverting their

polarity (37,38).

Similar variation in chemotactic behavior as in Dictyos-
telium has previously been reported for human neutrophils

(39). In particular, the reversal of polarity occurs in the same

sequence: first the previous front looses its dense actin

network and the lamellipodium retracts. Only afterwards a

new front is induced at the opposite end, pointing to the new

source of attractant.

Highly polarized cells exposed to a gradient of chemo-

attractant have been shown to be insensitive to stimulation at

the rear, probably by clustering of G-protein bg-complexes

at the cell front (40). This behavior is consistent with the

U-turning at low shear stresses, when the old front remains

stable.

Long-range inhibition and short-range activation of a cell

front, as deduced from our data, are also implemented in

local excitation/global inhibition (LEGI) models of gradient

sensing (41,42). Some of these models describe the trans-

lation and amplification of an external cAMP gradient into a

PIP3 gradient along the cell membrane of unpolarized

latrunculin A treated Dictyostelium cells that are devoid of a

functional actin system. These models propose a fast-acting

positive feedback loop for establishment of a cell front,

which is counterbalanced by slower global inhibition. The

polarity reversal observed by us at high shear stresses,

however, involves fast, long-range inactivation of the former

front. Comparable kinetics for activator depletion were ob-

tained in a generic mathematical model that is based on equal

production rates of activator and inhibitor, assuming fast dif-

fusion of the inhibitor (43,44).

As a nucleator of dendritic actin networks, the Arp2/3

complex is an established effector of actin polymerization at

a newly induced front (19). In cells that are exposed to a

sudden global upshift of cAMP, transient cortical accumu-

lation of actin is downregulated within 10 s (45). Under these

conditions, two negative regulators of actin polymerization

are simultaneously recruited to the cell cortex: Coronin, an

inhibitor of Arp2/3-mediated polymerization, and Aip1

(actin interacting protein 1), which cooperates with cofilin

in the depolymerization of actin. Therefore, the efficient down-

regulation of polymerized actin appears to involve two controls

acting in parallel: the downregulation of polymerization and

upregulation of depolymerization.

Does a cell adapt to a polarizing stimulus?

There appears to be one principal difference concerning

adaptation between mechanical stimulation by a fluid flow

and chemical stimulation in a gradient of attractant. Once a

cell is oriented in a continuous flow, it is exposed to a

constant stimulus. Therefore, if the cell adapts to the stimulus
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it would become nonresponsive. In contrast, a chemotaxing

cell moving up a gradient will recognize increasing concen-

trations of attractant even when adapted to the actual con-

centration in its vicinity. To prevent the movement in a

gradient, Parent and Devreotes (7) have treated the cells with

latrunculin A, an inhibitor of actin polymerization. When these

rounded cells were exposed to a stationary gradient of cAMP,

they responded ceaselessly by forming a crescent of PIP3 in

the membrane area pointing toward the source of attractant.

Similar to our experiments with mechanically stimulated cells,

this experiment leads to the conclusion that, when exposed

to a stationary spatial gradient of signal inputs, the cells of

Dictyostelium reach a steady state of permanent polarization,

with the front pointing to the higher input.

SUPPLEMENTARY MATERIAL
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