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SUMMARY

We found that amoeboid cells oDictyosteliumare induced
by a millimolar concentration of quinine to form a rapidly
elongating, cylindrical protrusion, which often led to
sustained locomotion of the cells. Formation of the
protrusion was initiated by fusion of a contractile vacuole
with the cell membrane. During protrusion extension, a
patch of the contractile vacuole membrane stayed
undiffused on the leading edge of the protrusion for over
30 seconds. Protrusion formation was not inhibited by high
osmolarity of the external medium (at least up to 400
mosM). By contrast, mutant cells lacking myosin Il (nhc™
cells) failed to extend protrusions upon exposure to quinine.
When GFP-myosin-expressing cells were exposed to
quinine, GFP-myosin was accumulated in the cell
periphery forming a layer under the cell membrane, but a
newly formed protrusion was initially devoid of a GFP-
myosin layer, which gradually formed and extended from
the base of the protrusion. F-actin was absent in the leading

the protrusions. The detached F-actin layers, which formed
a spiral layer of F-actin in the case of continuous
detachment, moved in the opposite direction of protrusion
elongation. In the presence of both cytochalasin A and
quinine, the protrusions formed were not cylindrical but
spherical, which swallowed up the entire cellular contents.
The estimated bulk flux into the expanding spherical
protrusions of such cells was four-times higher than the flux
into the elongating cylindrical protrusions of the cells
treated with quinine alone. These results indicate that the
force responsible for the quinine-induced protrusion is
mainly due to contraction of the cell body, which requires
normal myosin Il functions, while actin polymerization is
important in restricting the direction of its expansion. We
will discuss the possible significance of tail contraction in
cell movement in the multicellular phase oDictyostelium
development, where cell locomotion similar to that induced
by quinine is often observed without quinine treatment,

front of the protrusion during the period of its rapid and in protrusion elongation in general.
elongation, and the formation of a layer of F-actin in the
front was closely correlated with its slowing-down or
retraction. Periodical or continuous detachment of the F-
actin layer from the apical membrane of the protrusion,
accompanied by a transient increase in the elongation Key words: Pseudopod, Myosin, Actin polymerization, Contraction,
speed at the site of detachment, was observed in some ofContractile vacuole

Movies available on-line

INTRODUCTION the ‘tail contraction’ model (Mast, 1926; Janson and Taylor,
1993; Yanai et al., 1996), which suggests that an increase in
One of the major goals in the study of cell locomotion is tadhe hydrostatic pressure due to contraction of the cortical layer
understand the mechanism of the formation and elongation of the cell causes cytoplasmic flow through the membrane
protrusions in terms of force. There remains controversy oveegion with the smallest resistance to form a pseudopod.
the question as to where the forces are generated duridgother type of classical hypothesis called the ‘frontal
protrusion formation (reviewed by Bray and White, 1988;contraction’ model (Allen, 1961) proposes that sliding forces
Harris, 1990; Heath and Holifield, 1991; Condeelis, 1993generated within the pseudopods are responsible for the
Grebecki, 1994; Bretscher, 1996). This is due in part to theytoplasmic flow. Actin polymerization in the leading front of
complexity of protrusion formation in motile cells, which a protrusion (Wang, 1985) is also estimated to produce enough
involves several distinct events, such as disintegration of tHerce for the extension of protrusions (Condeelis, 1993;
cytoskeleton, contraction of the cell cortex, flows of the cytosoMogilner and Oster, 1996; Abraham et al., 1999). In some
towards extending pseudopods, flows of cytoskeletal anghstances, osmotic influx of water accounts for the force
membrane components, and reconstruction of the cytoskeletaequired for protrusion extension (Tilney and Inoué, 1985).
Various hypotheses have been proposed to explain how thegiembrane components have also been suggested to play
processes are coordinated to generate the force responsibleifoportant roles in protrusion formation. Bretscher’s lipid flow
protrusion formation. One of the most classical hypotheses fg/pothesis states that a continuing cycle of exocytosis at the
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leading edge of the cell and endocytosis at its rear end causgsu Chemical co.) on a slideglass. The cells were observed with a

a lipid flow on the membrane surface, which not only leads tphase-contrast upright microscope (Nikon S) with axldlfjective.

the uneven distribution of cell surface receptors and capping To obtain dissociated slug cells, growth phase cells were freed of

but also propels the cell forward (Bretscher, 1984). nutrient by repeated washes in phosphate buffer, and a dense cell
Although these hypotheses are often regarded as competi pension was streaked on agar plate containing 20 mM2K/Na

ones, it seems more likely that they represent a repertoire &/ osphate buffer pH 7.4. The next day, the streaked part of the agar

hani f trusion f tion i il lls. Diff. { as cut out and discarded, and slugs migrating on the clean surface
mechanisms for protrusion rormation in motil€ Celis. DIerenty o remaining agar were collected in the same buffer. The slugs

mechanisms are probably not mutually exclusive but mayere dissociated into single cells by repeated passages through a 25G
coexist and work together within a single cell, and differenfeedie with a 1 ml syringe, and plated in a well made of a coverslip
spatial and temporal combination of these mechanisms, withhd a square piece of silicon rubber¥22x2 mm) with a round hole
varied degrees of their manifestation, would result in diversé@iameter 15 mm). Excessive buffer was immediately removed so that
appearance of pseudopods (such as lamellipodia, filopodia ati@ remaining buffer formed a thin film of a depth just enough to cover
lobopodia), depending on the cell type and culture conditiorthe remaining cells. The hole of the silicon rubber was topped with

Indeed, coexistence of different types of pseudopods, as w@lpother coverslip to prevent desiccation, and the cells entrapped
. aithin the buffer film were immediately observed with an inverted

; . : ; : .. phase-contrast microscope.
common in many kinds of motile cells (Trinkaus, 1973; Harris, Sequential images were captured at regular intervals with a CCD

1990; Qunplngha_m, 1995.)' For analytical studies of forc ideo camera (Tokyo Denshi, CS8310) connected to a frame grabber
generation in motile cells, it would be necessary, therefore, {9,4rg (AG-5, Scion Instruments) mounted on a Macintosh computer.
resolve the entire process of protrusion formation iNtNiH Image 1.62 (developed at the US National Institutes of Health
elementary processes corresponding to specific mechanis@sd available on the Internet at http:/rsb.info.nih.gov/nih-image/) was
(or ‘modes’ of protrusion formation) such as tail contractionused for the control of image capturing (video-rate averaging of 3-8
and actin polymerization, and to investigate cell movemerframes when necessary), image processing and data analysis.
under conditions where only one ‘mode’ is predominant. To measure the elongation velocity of a protrusion, an image stack
Amoeboid cells of the cellular slime moulictyostelium  Was made. of a cell formmg a protrusion and an image .profl.le was
share many features in common with animal cells, and exhibffeated using the ‘Reslice’ function of NIH Image in the direction of
active cell movement as solitary cells and within multicellularthe protrusion extension. To estimate the bulk flux into the protrusion,

i We f d that illimol trati f quini the velocity of the protrusion was multiplied by the cross-section of
ISSUES. Vve Toun at a miflimolar concentration ol quiningy, protrusion assuming it to be a cylinder of a fixed diameter. To

induces Dictyosteliumcells to form a rapidly elongating, estimate the bulk flux into the spherical bleb formed in the presence
cylindrical protrusion, which often led to continuous of cytochalasin A, the volume of the bleb was calculated from its
movement of the cells. Analyses under various condition@iameter assuming it to be a sphere. To measure the maximal
indicate that the force responsible for quinine-inducedravelling distance of the inner solid material pushed out of the broken
lobopodium-like  protrusions is generated mainly bycells, the medium was replaced with 2 mM quinine/2.5 mM MES
contraction of the cell body which requires normal myosin lIsolution containing 1% methyl cellulose, and sequential images were
functions but not actin polymerization itself. Dictyosteliump ~ captured.
protrusions of similar appearance are sometimes seen un servation of living cells with a confocal laser-scanning
physiological conditions, most notably with cells dissociatedycroscope
from multicellular tlssue§ undergoing morphogeneSIS. W%%?”S were stained with fig/ml RH 795 in 5 mM MES for 10-20
suggest that the protrusions observed in the present stugyntes, and an excess of the same buffer containing 2 mM quinine
represent one of the native modes (tail-contraction mode) @fithout the dye was added. By this time, the fluorescence was
protrusion formation irDictyosteliumand possibly in other predominantly localized on the contractile vacuole (John Heuser,
organisms as well. personal communication; see http://www.heuserlab.wustl.edu/). Cells
were observed with a confocal microscope (Zeiss LSM410) with
excitation wavelength at 495 nm and a cut-off wavelength at 515 nm

MATERIALS AND METHODS or 505-550 nm with a 68Neofluar objective (NA 1.4). GFP-myosin-
. expressing cells and GFP-ABD cells were observed using the same
Cells and culture conditions conditions. In many experiments, fluorescence and differential

Cells of Dictyostelium discoideurstrain Ax2, HS1 (myosin II-null  interference contrast (Nomarski) images were simultaneously
mutant), GFP-myosin-expressing strain (both kindly provided by Srecorded at regular intervals.

Yumura, Yamaguchi University), and GFP-ABD-expressing strain (a

generous gift of D. Knecht, University of Connecticut) were cultivatedmmunofluorescence

in axenic medium (Watts and Ashworth, 1970). All the culture andCells were fixed as described previously (Neuhaus et al., 1998)

experiments were conducted at ca. 22°C. without ethane-freezing. Briefly, a coverslip carrying the cells was
) ] ) ) ) dipped into methanol at85°C, then the temperature was slowly
Observation with conventional light microscopy raised t0-35°C over a period of 30 minutes, and the coverslip

Cells at the exponentially growing phase were allowed to settle ontaansferred to PBS at room temperature (temperature lower than 15°C
coverslip or a glass-bottomed plastic culture dish (MarTek Inc., USA)esulted in unsatisfactory fixation of extended protrusions). After
After 10 minutes, the growth medium was replaced with 5 mM MESwvashing with PBS three times, the coverslip was incubated with an
solution (adjusted to pH 6.2 with Tris) containing various antibody against the 100 kDa subuniDiaftyosteliumV-ATPase (N2
concentrations of quinine, sorbitol and 18I cytochalasin A, either antibody; Fok et al., 1993) diluted 1:50 in PBS or an antibody against
singly or in combination as indicated. In standard experiments, cellsalmodulin (2D1 antibody) diluted 1:400. After three washes in PBS,
were observed with an inverted phase-contrast microscope (Nikahe specimens were incubated with a rhodamine-conjugated affinity
TMD) with a 40< objective. To obtain a higher magnification, the purified anti-mouse IgG diluted 1:200.

coverslip was placed face down on a drop of silicon oil (KF-99, Shin- For phalloidin staining, cells that had been incubated in buffer
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containing 100 mM sorbitol with or without 1 mM quinine (and 10
UM cytochalasin A) for 1 minute were fixed in 1% glutaraldehyde in
20 mM Na/K phosphate buffer, pH 6.5 for 30 minutes, permeabilize:
in a 1:2 diluted fixative solution containing 0.2% Triton X-100, and
the autofluorescence was quenched in PBS containing 1 mg/r
NaBH; and 100 mM glycine (Sesaki and Ogihara, 1997; Ginger
1998). After washing in PBS and incubation in PBS containing 1%
BSA, the cells were stained with 1 unit Alexa 568-phalloidin iu50
PBS containing 1% BSA for 30 minutes, washed in PBS, an
observed with the confocal microscope (excitation wavelength, 54
nm; cut-off wavelength, 590 nm).

Particle tracking

Concanavalin A (ConA) was covalently linked to carboxylate-
modified microspheres (FluoSpheres, |5, red fluorescence) using
a water soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDAC), according to the manufacturer’s instructions
(Jay and Elson, 1992). The cells were allowed to settle on a covers
and incubated in 10 mM MES (pH 6.2) containing ConA-linked
fluorescent beads for 5 minutes. After an extensive wash in a lar
volume of the same buffer to remove unattached beads, the cells we¢
immersed in buffer containing 2 mM quinine, and placed under silicol
oil layer (see above). Confocal observation was conducted with tr
maximal pinhole size.

Materials Fig. 1. Phase-contrast images of Ax2 cells 1 minute after exchange
) B ) . of the medium to buffer with (B) or without (A) 2 mM quinine. Also

The N2 mAb was a generous gift of A. Fok of Hawaii University. shown are scanning electronmicroscopic (C) and high-magnification

Quinine hydrochloride, concanavalin A, cytochalasin A, and the am'phase contrast (D) images of Ax2 cells extending protrusions in

calmodulin antibody (2D1) were purchased from Sigma, RH795response to 2 mM quinine. Bars, 1@ (A,B); 5um (C,D).
FluoSpheres, EDAC and Alexa-phalloidin were from Molecular ' ” '

Probes, and the anti-mouse 1gG was from Chemicon. Silicon oil (KF- . .
99) was a generous gift of Shin-etsu Chemicals. focus of the microscopes (Nomarski and confocal) and by SEM

observations (Fig. 1C). Observation of such cells with a phase-
contrast microscope indicated the lack of prominent structures
in the apical region of the protrusions (Fig. 1D). Typically the

) o speed of protrusion extension was about (td/second,
Morphology and dynamics of quinine-induced slightly larger than the speed of pseudopod extension in
protrusions Dictyosteliumcells (Schindl et al., 1995). The diameter of
Vegetative cells oDictyosteliumplaced on a solid substratum protrusions ranged from a small fraction of the cell diameter
move about by extending numerous filopodia and lamellipodiao almost as wide as the cell itself, but in many cases such
When exposed to a millimolar concentration of quinine, theyrotrusions elongated until they took up a considerable fraction
retracted most of the pseudopods to become

rounder within a minute, and large translut
vacuoles developed in many cells. Tt
vacuoles were identified as contrac
vacuoles because: (1) they sho
contraction; (2) they possessed the contre
vacuole markers V-ATPase and calmod
(see Fig. 3C,D insets) (Zhu and Clarke, 1
Fok et al., 1993; Heuser et al., 1993; Noll
al., 1993); and (3) they did not take u
pinocytosis marker fluorescein-dextran (t

RESULTS

not shown). The frequency of detecte
contraction was significantly lower (0.1+0
contractions/cell/minute,n=19 cells witt
1 mM quinine, compared with 2.6+]
contractions/cell/minuten=13 cells withou
quinine), and the maximum sizes of
vacuoles larger, than without quinine. W!
contraction occurred, however, it was o
followed by the formation of a cylindric
protrusion with a round head (Fig. 1B-
That the protrusions were not flat

cylindrical was confirmed by changing

Fig. 2. Sequential fluorescence images of an Ax2 cell with an extending protrusion
induced by quinine. Cells had been stained with RH-795 10 minutes before quinine
application. Time=0, 3.1, 6.2, 9.2, 15.4, 21.5, 27.7, 40.0 and 52.3 seconds from left to
right. The estimated area of the apical membrane region with the fluorescence intensity
higher than that of the original cell membrane was almost constant throughout the period
of elongation. For this calculation, it was assumed that the protrusion is in the shape of a
hemisphere attached to a cylinder and that the sections are on the horizontal median
plane of the protrusion. In the presence of quinine, the difference in the fluorescence
intensity between the contractile vacuole membrane and plasma membrane was usually
not as large as without quinine, partly because the contractile vacuole membrane is
integrated in the plasma membrane upon its expulsion, as shown here and Fig. 6C. Bar,
10um. Movies of this and other sequential images are available at
http://www.biologists.com/JCS/movies/jcs1984.html).
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of the cell volume. Some cells went further and actually
translocated by continuously extending the protrusion whilt
retracting the original cell body, suggesting that the mechanis
of elongation of quinine-induced protrusions have somt

features common to the mechanism of cell movement. _ o . ]

The occurrence of protrusion formation peaked at 1-F19: 4.Sequential images showing concanavalin A-tagged fluorescent
minutes after exposure 10 quinine. Cels eventualy burgteats SUaehed [ he col cece oo onaaton efmotuso,
mostly within 30 minutes) in the continuous presence o . '
fquinin)e/ under low salt cond)itions (5mM MES-TriE) even with etween successive frames are 19.4 seconds. Ban.10
200 mM sorbitol. However, cells survived for days with 2 mM
quinine if the buffer was supplemented with 20 mM KCI, laffinity to the contractile vacuole membranes. The fluorescence
mM CaCp, 1 mM MgCh or 0.1 mM spermine (in which cases on the large vacuole seen in the first frame appeared to
normal aggregation occurred), or if cells were grown in growthranslocate to the cell membrane in the next frame at the

medium (in which case cells proliferated). position where the contractile vacuole had disappeared. It can
be seen that the patch of fluorescence stayed on the leading
Membrane markers edge of the protrusion without much dispersal over the

Fig. 2 shows sequential photographs of a cell that had be@eriod of more than 30 seconds of cell locomotion.
stained with a fluorescence dye RH-795, which has highmmunofluorescence detection of V-ATPase and calmodulin
around the tip of the protrusion also indicates its origin to be
the contractile vacuole membrane (Fig. 3). These protein
markers remained undiffused for at least 5 minutes.

By contrast, concanavalin A-tagged fluorescent beads
attached on the cell surface did not move along with the
advancing protrusion but remained stationary relative to the
substratum until eventually converged into the rear end of the
cell (Fig. 4).

Effects of osmolarity

Fig. 5 shows the velocity of protrusion extension at various
concentrations of sorbitol in the presence of quinine. The
length of the protrusion also decreased as the sorbitol
concentration increased, whereas the diameter of the protrusion
remained unchanged, being approximatelyrf (data not
shown). Extrapolation of the fitted line in Fig. 5 indicates that
protrusion extension would stop only at 650 mosM, which is
much higher than the osmolarity of the cytosol (100-200
mosM; Steck et al., 1997). This implies that the protrusive
force cannot be attributed to the passive influx of water
downhill the osmotic pressure gradient.

Involvement of myosin Il

Cells of a strain lacking myosin Imhc cells; Manstein et
al., 1989) did not extend protrusions in buffer containing
quinine (Fig. 6A,B). Vital staining with RH-795 showed that

0.8 -
[

Velocity (um/®c)
o o
IS o

o
N

Fig. 3. Nomarski contrast (left column) and immunofluorescence 0

(right column) images of control cells (A,B,E,F) and quinine-treated 0 100 200 300 400 500 600 700

cells (C,D,G,H) stained with an antibody against the 100 kDa subun Sorbitol (mM)

of V-ATPase (A,B,C,D) or an anti-calmodulin antibody (E,F,G,H).

Cells were fixed after a 5 minute incubation with 2 mM quinine. Fig. 5. Dependence of the rate of protrusion elongation on the

Insets in C and D show an enlarged contractile vacuole in a quininesorbitol concentration in buffer. Vertical bars indicate meansts.e.m.
treated cell. Bar, fim. (n=31, 26, 26, 22, 19, from left to right, respectively).
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Fig. 6. (A, B) Phase-contrast
images ofnhc cells 1 minute
after exchange of the medium to
buffer without (A) or with (B) 2
mM quinine. Bar, 1um.

(C) Sequential fluorescence
images of amhc cell showing
expulsion of a contractile
vacuole. The cell had been
stained with RH-795 10 minutes
before quinine application. A
patch of fluorescence stayed on
the cell membrane at the site of
expulsion of one of the
contractile vacuoles. Intervals
between successive frames are
13.7 seconds in the upper panel.
The intervals in the lower panel
are 0.55 seconds to show the
moment of discharge at shorter
time intervals. Bar, fim.

expulsion of contractile vacuoles did occur, but it did notmass of solid inner materials travelled was significantly smaller
accompany any noticeable protrusions (Fig. 6C). Cellén myosin-null cells compared with Ax2 cells (Fig. 8).
eventually burst under low ionic conditions as with the case o

of Ax2 cells. Observation of cells expressing GFP-taggedictin polymerization

myosin Il (Moores et al., 1996) showed that myosin [IThe distribution of F-actin was investigated in cells that had
molecules accumulated in the peripheral regions of the cellseen induced to form protrusions. Phalloidin staining of Ax2
in the presence of quinine (Fig. 7). When a new protrusionells that had been bathed in buffer containing quinine for 1
appeared, it was initially devoid of myosin Ill-enriched cortex.minute showed that the cell body was lined with a thick cortical
When the protrusion stopped elongating (Fig. 7A) odayer of F-actin, whereas the cortical actin layer in the
elongated over a substantial distance (usually more than halfotrusion was thinner towards its distal end where phalloidin
the length of the entire cell, Fig. 7B), a layer of GFP-myosirstaining was barely visible (Fig. 9C,D). The absence of an F-
started to form on the periphery of the protrusion,actin layer in the tip region was confirmed by observation of
progressively from its base towards the tip. The speed aferial optical sections (Fig. 9E,F). In some cells, thin arc-
extension of this fluorescent layer towards the distal end athaped fluorescence extending from both sides of the
the protrusion (0.12+0.01Lum/second,n=11) was much protrusion towards its axis were noted in the distal region of
lower than the typical speed of protrusion elongation. As théheir longitudinal section (Fig. 9D). Three-dimensional
entire protrusion became lined with the fluorescent layer, theeconstruction revealed that these fluorescent bands form a
demarcation between the protrusion and the cell bodgontinuous spiral at least in some cases (Fig. 9F, insets).
gradually became less clear and the protrusion began toTo investigate the changes in F-actin distribution during the
retract, while in some instances the base

of the protrusion became constricted
the latter case, GFP-myosin accumuli
in the constricted region and retractior
the protrusion was usually delayed (
shown).

These observations suggest that myc
based tail contraction is the source of
protrusive force. This possibility gain
further support from the followir
observations. As mentioned earlier, ¢

g}/znl}iun?rl]lg tl);:]rstte:nlg\:\? i%?]?élncli)%%siti%rnesse Fig. 7.Changes in the distribution of GFP-myosin Il during the formation, elongation and

. . o retraction of protrusions in the presence of quinine. (A) Fluorescence is shown in red and
which case solid cellular materials Nomarski images in green. Time=0, 5.0, 10.0, 15.0, 20.1, 25.1, 70.9, 142.5 seconds. (B) A
pushed out of the cells en masse, USl el with a retracting protrusion and a large protrusion that is about to stop extending. The
protruding in one direction in buffer ma  small protrusion is entirely covered with a layer of GFP-myosin, whereas the large
viscous with methyl cellulose. It was foL  protrusion has a constriction at its base, from which a band of GFP-myosin Il extends
that the maximal distance over which towards the tip. Intervals between successive frames are 47.7 seconds. Bars, 10
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Fig. 8. The distribution of the distance over which the mass of solid
cellular materials protruded from lysed cells in the presence of
quinine. The buffer contained 1% methyl cellulose to increase the
viscosity. The distance between the tip and the base of the protrude
solid materials was measured (indicated with the arrows in the
insets). (A) Ax2 cells; (B)mhc cells. Bar, 5um. Meants.e.m. is
5.8+0.4um, n=62 (A), 3.4+0.2um, n=70 (B), with the difference Fig. 9.Nomarski (left) and fluorescence (right) images of cells
being significant<0.001). stained with fluorescent-phalloidin. (A,B) control, (C,D,E,F) quinine,
(G,H) quinine and cytochalasin A. The image shown in F is a
projection of 30 confocal sections at Qu# intervals covering the
course of protrusion formation, cells expressing the GFpentirg dept_h of the cell. Insets in F show the section's on the distal and
tagged actin-binding domain of the actin-binding protein ABPpProximal sides of the protrusion to show that the stripes seen near the
120 (GFP-ABD) were exposed to quinine and induced to forrf{P ©f the protrusion in F make up a spiral. Baprb.
protrusions. GFP-ABD has been shown to specifically and
reversibly bind to F-actin in living cells (Pang et al., 1998). Theestoration to the maximum speed, and this restoration of speed
sequential images in Fig. 10A show an example in which af the leading front of the protrusion coincided with the
single cell successively formed three protrusions. It can be sedetachment of fluorescent arcs from the frontal membrane.
that the apical membrane of the protrusion shows hardly anhis can be visualized by time-space representations of image
GFP fluorescence during the period of elongation, whereasstices of movies (Fig. 11C,D). Slowing-down of pseudopod
is lined with a clear fluorescent layer during retraction. In cellexpansion by the formation of a cortical layer and restoration
undergoing sustained locomotion, intense GFP fluorescendte the original speed upon its detachment from the membrane
was invariably observed in the posterior of the cell (Fig. 10B)have been described in detail withmoeba and Chaos
In some cells, arc-shaped lines of GFP-ABD fluorescencéGrebecki, 1990).
were observed to propagate, often repeatedly, from the front These results strongly suggest that actin accumulates on
end of the protrusions backwards. These fluorescent artise inner surface of the extending protrusion to form a thin
probably correspond to the F-actin layers observed blayer that acts as a mechanical resistance to protrusion
phalloidin staining. Three-dimensional reconstruction of cellextension. To confirm this possibility, we examined the
showing fluorescent waves indicated that these arcs wesdfects of cytochalasin A, which inhibits actin polymerization
actually sheets of fluorescence, which in some cases form(day and Elson, 1992), on the dynamics of quinine-induced
continuous spiral (data not shown). Such propagating wavesotrusion formation. When the medium was changed to
were rarely observable in rapidly elongating protrusions soohuffer containing both quinine (2 mM) and cytochalasin A
after formation (c.f. Fig. 10B) but fairly common in cells that (10 uM), cells formed spherical blebs, rather than cylindrical
had been bathed in the quinine solution for an extended perigakotrusions, with a similar time-course. Discharge of a
In cells showing clear fluorescent waves, the extension velocigontractile vacuole preceded the bleb formation, indicating
of the apical membrane of the protrusion was not uniform, witthat these spherical blebs and cylindrical protrusions are of
intermittent periods of slowing down followed by quick the same nature. Fig. 11 shows an example in which a GFP-
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Fig. 10.Sequential images of GFP-ABD
cells exposed to quinine (A,B) and
fluctuation of the velocity of protrusion
elongation accompanying detachment of
GFP-ABD layers from the apical membrau
of the protrusion (C,D). Fluorescence is
shown in red and Nomarski in green. (A)
cell showing successive extension and
retraction of protrusions. (B) A cell in
locomotion by continuous elongation of a
large protrusion. Intervals between
successive frames are 10 seconds in A al
The correlation between the protrusion ar
contractile vacuole can be seen in B and -
the first two protrusions in A, whereas no
contractile vacuole is visible that would he
triggered the third protrusion in A. This m:
be because either it is out of focus or the
protrusion was formed independently of a
contractile vacuole. In B, a particle
(arrowhead) that was accidentally attache
located very close to the cell surface can
seen to move along with the elongating
protrusion, which may be indicative of the presence of membrane components that flow forwards. Coexistence of membrana component
showing rearward (c.f. Fig. 3) and forward movements have been demonstrated in amoebae and mammaligoectils1(@€; Sheetz et

al., 1989). Bars, 1Am. (C,D) Confocal images of another GFP-ABD-expressing cell were taken at intervals of 0.89 seconds, and the images
within the thin window (width um, shown by rectangle in D) on successive frames are arranged from left to right to illustrate the progression
of the leading front of the protrusion, the accumulation and rearward propagation of the fluorescence, and their tengustaipréliti For

clarity, D has been expanded twofold in the vertical direction. Horizontal bar in C and vertical banimPhdrizontal bar in D, 10 seconds.

myosin-expressing cell is forming a round bleb in bufferappearance, and the bleb did not normally engulf the entire
containing quinine and cytochalasin A. It can be seen that theellular content (data not shown).
bleb continued growing, while the original cell body with a ) _
thick cortical layer of GFP-myosin contracted, to the pointBleb formation without drug treatment
where the entire content of the cell body was transferred intoobopodium-like protrusions are not peculiar to cells treated
the newly formed spherical bleb. Such complete transfer afith quinine or cytochalasin A but also quite common in
the cellular content into the bleb was consistently observedictyosteliumcells without any drug treatment, as in many
We estimated the bulk flux of cytosol from the original cellother types of cells (reviewed by Taylor and Condeelis, 1979;
body to the bleb, and compared it with the flux in cylindricalHarris, 1990). When growth phase cellsDi€tyosteliumare
protrusions. To do this, the bleb was assumed to be a trireought from an ice-cold suspension onto glass at 22°C, a small
sphere, the protrusion to be a cylinder with a uniformfraction of the cells quickly extend a cylindrical protrusion very
diameter, and the flux to be constant. The bulk flux was abostmilar to those induced by quinine treatment. Such protrusions
four times higher in the spherical blebs than in the cylindricahre, however, much more common in cells at the multicellular
protrusions (60.7+7.2um3/second 14=36) versus 14.0+1.3 stage of development. Fig. 12 shows a cell mechanically
umd/second 14=76)), indicating that the formation of actin dissociated from migrating slugs and placed in a thin film of
filaments antagonizes the extension of protrusions rather théwffer solution. It can be seen that the cell moves by rapidly
causing it. As shown in Fig. 9H, actin filaments were indee@xtending a large cylindrical protrusion in a manner similar to
scarce along the membrane of spherical blebs induced by ttree quinine-treated cells. Such protrusions lack any detectable
combination of quinine and cytochalasin A, compared with-actin in their front end (Fig. 12B) as in quinine-induced
the lateral membrane of protrusions induced by quinin@rotrusions.
alone. It should be noted that GFP-myosin in spherical blebs,
in contrast to that in elongated protrusions (induced by
quinine alone), was not recruited to the submembranousISCUSSION
cortex of the newly formed bleb (Fig. 11).

Bleb formation was also observed with cytochalasin AThe quinine-induced protrusion formation has many
alone, but in this case formation of a bleb is a much sloweadvantages as a simple model system to study the mechanism
process, requiring 1 minute at the minimum for its firstof the formation and extension of protrusions in motile cells:

Fig. 11.Bleb formation in the presence of quinine
and cytochalasin A. Fluorescence of GFP-myosin
is shown in red, Nomarski in green. Bapr8.
Intervals between successive frames are 2.7 seco
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Fig. 12.(A) Sequential phase-contrast images of a
mechanically-dissociated slug cell that shows continual
locomotion in a thin layer of phosphate buffer without
quinine. Intervals between successive frames are 8.0
seconds. The mean velocity of the cell front is 0.76
pm/second. (B) Nomarski (top) and fluorescence (bottom
images of a dissociated slug cell with an elongated
protrusion stained with fluorescent phalloidin. Baruh®.

(1) The protrusion is large and easily observable; (2) th&973), and it is also common Dictyosteliumcells at the
protrusion is unipolar and its polarity can be clearly identifiedmulticellular stage, as shown in this study.
(3) the boundary between the protrusion and the remaining partimmunofluorescence and vital staining data demonstrate the
of the cell is clear; (4) its formation is rapid and can be easilinsertion of expulsed contractile vacuole membranes into the
induced without using chemotactic stimuli which would leading edge of the protrusions. Although protrusion formation
concurrently elicit various chemotaxis-specific events in thénitiated by expulsion of a contractile vacuole may be unusual,
cell; (5) fusion of a contractile vacuole initiates the wholeonly shown so far to occur in a mutant Dictyostelium
process, which serves as an identifier of the kind of thdiscoideumlacking drainin (a protein involved in contractile
protrusion under study. vacuole discharge; Becker et al., 1999), formation of a
Although the mechanism for the induction of protrusionprotrusion by an exocytic event is very common. There is
formation by quinine remains to be clarified, the effect ofevidence that the leading edge of locomoting cells are the sites
quinine is most likely an indirect one. Quinine is a genefal Kwhere new membrane materials are inserted from internal
channel blocker, and we previously showed that it blocks thpools by exocytosis (Bergmann et al., 1983; Kupfer et al.,
voltage-dependent *Kchannel found in a fraction enriched in 1987; Bretscher, 1983; Ekblom et al., 1983; Bretscher and
contractile vacuole membranes Bictyostelium(Yoshida et Aguado-Velasco, 1998). Previous studies directly observed
al., 1997). As shown in the present study, the activity o&xocytosis of slime-containing vesicledihysarunplasmodia
contractile vacuoles in vivo was also affected by quinine undenigrating on a solid substrate, and found that a single
low ionic conditions. However, the toxic effect as well as theprotrusion forms immediately after each exocytotic event in the
induction of protrusion formation was abolished by addition ofvicinity of the site of expulsion (Sesaki and Ogihara, 1997).
the growth medium or salts to the buffer, in which cases cellBrom quantitative measurements, they showed a linear
can grow or develop depending on what was added (see alsdationship between the surface area of individual protrusions
Van Duijn et al., 1989), suggesting both effects to be mainland that of the single slime-containing vesicles. In the quinine-
ionic. Presumably, the altered ionic transport would impair thénduced protrusion in the present study, the membrane derived
osmotic regulation of the cell, causing a rise of its internafrom the contractile vacuole constituted only a limited
pressure, and would lead to herniation of contractile vacuolesembrane area at the tip of the protrusion. Conceivably,
and eventual bursting of the cell. insertion of contractile vacuole membrane triggers only the
Whatever the mechanism, the cylindrical protrusion induceéormation of a protrusion by providing a membrane domain
by quinine has some features common to naturally observedth low cortical tension, while its contribution to the
pseudopods. First, its elongation can lead to locomotion of theongation of the protrusion is limited. The origin of the
cell. Second, conA beads attached to the surface of thkanking part of the membrane of the protrusion remains to be
protrusion stayed in the same place with respect to thdarified, but the continuous presence of both lipid and protein
substratum during its elongation and were converged at the reaarkers of the contractile vacuole membrane at the tip of the
edge if the cell continued locomotion as in many types oprotrusion (Fig. 2; Fig. 3) suggests that insertion by exocytosis
pseudopods including ones observedDictyosteliumcells  at the tip of the protrusion is unlikely. Presumably, lipids
(Jay and Elson, 1992). Also, the speed of extension was in thegerally flow from the cell body into the protruded area, as has
same order as the maximal elongation speed of naturaljeen suggested in locomoting free-living amoebae and
observed pseudopods (Schindl et al., 1995). By contrast, ithammalian cells (Gleecki, 1986; Lee et al., 1990; Heath and
differs from pseudopods observed in many kinds of motile cellblolifield, 1991; see Fig. 10B). The observation of conA beads
spreading on solid substrata in that it is cylindrical rather thabeing stationary to the substratum implies that their receptor
flat and has smooth and round ends, where F-actin @oteins were anchored to the cytoskeleton and that the
undetectable or forms only a very thin layer. Protrusiorcytoskeleton was stationary to the substratum.
formation of this kind, usually referred to as blebs or The above results indicate that the endo- and exocytosis-
lobopodia, is often incorrectly considered as artefacts seen ontyediated lipid flow does not play a significant role in
in unhealthy cells, but in fact they are common under normajenerating the force for the protrusion elongation. We tested
conditions (Harris, 1990; Gbecki, 1994; Cunningham, 1995; other possible candidates for the source of the motive force (i.e.
Keller and Bebie, 1996). For instance, blebbing is a regulassmotic swelling, myosin Il and actin polymerization).
feature of some cells during spreading (Erickson and Trinkaus, In the acrosomal reaction ofhyone sperms, osmotic
1976), mitosis (Boss, 1955), and development (Trinkausswelling of the cell has been proposed to be the main source
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of the force (Tilney and Inoué, 1985; Oster and Perelsorgbsent or scarce in the leading front. The absence of an F-
1987). However, quinine-induced protrusions were stillactin layer in rapidly expanding protrusions have also been
capable of elongation, albeit at lower speeds, in solutions afoted in other kinds of cells. For instance, it has been shown
much higher osmolarity than the cytosol. This result indicateasing cultured tumor cell lines that a newly formed bleb is
that the force resulting from passive influx of water can onlydevoid of a cortical layer of F-actin, but that a new cortex of
partially account for the formation of protrusions, and suggests-actin forms inside the bleb soon after it has formed (Keller
the involvement of active processes. and Eggli, 1998; Hagmann et al., 1999). It was previously
Requirement of functional myosin system in bleb formatiomoted that the expansion rates of blebs were inversely
has been suggested in mammalian cells (Torgerson apdoportional to the F-actin content in human melanoma cells,
McNiven, 1998; Hagmann et al.,, 1999). In our system, nsuggesting that blebs are formed when the fluid-driven
protrusion was formed in mutant cells lacking myosimih¢  expansion of the cell membrane is sufficiently rapid to
cells). In these cells, fusion of contractile vacuoles did occuoutpace the local actin polymerization (Cunningham, 1995).
(Fig. 6), indicating that their defects are not in the insertion oThis explanation may be applicable to our observations that
contractile vacuole membranes but in the generation df-actin was not detectable in the leading edge of rapidly
protrusive forces. The cortical localization of myosin Il and itselongating protrusions, whereas retracting protrusions were
initial absence within the protrusions in Ax2 cells suggest thdined with a thick layer of F-actin all over. Also, the close
the effect of myosin Il here is to cause contraction of the celforrelation between the fluctuation of the elongation speed of
cortex, which would result in increased cortical tension andhe protrusion and the detachment of F-actin layers from its
consequently a flow of the cytosol into the protrusion. Thigront end (Fig. 11C,D) can be best explained if the F-actin
view is consistent with the significantly shorter length oflayer that is firmly attached to the membrane acts as a
cellular contents protruded out of punctumatic” cells in a  resistance to the expansion of the protrusion. The
viscous solution, and gains further support from the reduceantagonizing effects of F-actin on the elongation of
rate of cortical contraction (Fukui et al., 1999) and diminishegbrotrusions were further demonstrated by the considerably
cortical tension (Pasternak et al., 1989; Egelhoff et al., 1996nore rapid expansion of spherical blebs (as opposed to
Dai et al., 1999) imhc cells. elongated directional protrusions) in cells treated with
Myosin 1l eventually accumulated in the cortex of thequinine plus cytochalasin A. These results suggest that the
protrusion, progressively from its base towards the tip. Wheactin polymerization itself does not contribute to the
the layer of myosin Il reached the distal end of the protrusiomprotrusive force, but rather acts to restrain the protrusion from
it invariably started to retract, as in the case of naturatxpanding sideways. However, the backward movement of
pseudopods dbictyosteliumcells (Moores et al., 1996) the detached actin layers suggests that they were being pulled
By contrast, our results do not support the possible role dfackwards by continuous contraction of the actin cortex to
actin polymerization in the generation of the motive force invhich they are connected. Rearward flow of cortical F-actin
the quinine-induced protrusions in which F-actin is eithehas been proposed to be the basis of cell movement in general

Fig. 13.A proposed model for quinine-induced

protrusion formation. (1) The plasma membran:
(thin line) is lined with a cortical layer of actin ai
myosin (thick line) which produces strong cortic
tension. (2) The contractile vacuole (CV) fuses

with the plasma membrane. (3) High inner pres

due to the elevated cortical tension forces the - @ - - -
vacuolar membrane out through the hole of the

cortical layer to form a protrusion. (4) Contractic - - = =

of the cortical layer continues to force the cytos

6
5

into the protrusion. The protrusion expands \

because of the low tension of its membrane wh

lacks a cortical layer of F-actin. (5) A cortical la!

of F-actin (grey line) extends from the cell body -
into the protrusion along its lateral membrane, |

8 9

the absence of F-actin cortex at its distal region

allows its further elongation. (6) The actomyosin

layer continues to contract, pushing the cellular content forwards into the protrusion. This results in locomotion of treecwetical layer of
F-actin on the lateral side of the protrusion continues to elongate forwards, but the apex of the protrusion remairfeeertfidhactin or is
only loosely bound to a thin actin layer (thin grey line), allowing sustained movement of the cell. (7) Forward movemest| afaignues if
the actomyosin cortex at the back of the cell continues to supply forces necessary for elongation of the protrusiotremedtithéayer
continues to be detached from the membrane. Release of actin, myosin Il, and other cortex-associated molecules frohtythesgetttzn
in the tail region by a mechanism probably involving the regulation by F-actin-crosslinking proteins (Jason and Taylerak@@quired
for their reuse in the front. A new actin layer starts to be formed inside the apical membrane immediately after detabtlenegigtioly actin
layer, while the detached actin layer moves backwards due to contraction of the cell cortex and is gradually disintelyedtgdefdhse).
The detachment of the actin layer at the tip of the protrusion may be discrete events or continuous process forminget spiFaastin as
illustrated here. (8) If the plasma membrane of the entire protrusion becomes firmly attached to the F-actin cortex,itmegpopsus
extending. A layer of myosin Il gradually extends from the cell body towards the leading edge. (9) The entire protrusienibedonith the
myosin layer and the protrusion retracts.
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(Bray and White, 1988) and actually demonstrated irof similar appearance can be foundiotyosteliuncells under
locomotingDictyosteliumcells (Fukui et al., 1999). physiological conditions. During unicellular stages of
The above considerations led us to consider the three forcdsvelopment, such protrusions can be seen only transiently
that would determine the initiation and the subsequent fate @efore taken over by other types of protrusions, but they are
a protrusion: the cytosolic pressure, the force derived fronaery common in cells dissociated from multicellular structures
contraction of the cortical cytoskeleton, and the force needeg@Fig. 12). In this connection, it is noteworthy tBattyostelium
to detach the membrane-cytoskeleton adhesion. Whether thells lacking myosin Il are only partially defective in amoeboid
protrusion elongates or retracts will therefore depend on th@movement when adhered to solid substratum but their
balance between these forces. lé&eki has proposed an movement during multicellular morphogenesis is severely
essentially identical model for the control of pseudopodaffected (Knecht and Loomis, 1987; De Lozanne and Spudich,
elongation in free-living soil amoebae (®exki, 1990; 1987; Traynor et al., 1994; Springer et al., 1994; Knecht and
Grebecki, 1994). Fig. 13 summarizes the model for theShelden, 1995; Clow and McNally, 1999). Although the ‘tail-
quinine-induced protrusion formation leading to cellcontraction mode’ may be obscured by prominent protrusions
locomotion or followed by its retraction. of other modes when cells are firmly adhered to a solid
From the viewpoint of the positional regulation of protrusivesubstratum, it may be playing an important role in cells
activity in general, the adhesion force between the membrarierming 3D multicellular structures imictyostelium and
and the cortical F-actin layer will be the principal determinanpossibly in many other organisms (Trinkaus, 1973).
as this force can be locally regulated, whereas the other two
forces (cytoplasmic pressure and cortical contraction) are moreWe thank S. Yumura, J. Spudich and D. Knecht for the strains, H.
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