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To date, protrusion of pseudopodia has been considered to be primarily responsible
for translocation of free-living amoebae and leukocytes of higher organisms.
Although there is little question that the pseudopodium plays an important role,
little attention has been given to the cortical structures that are responsible for
cell-substratum anchorage in amoeboid movement. Here, we report on a new
knobby foot-like structure in amoebae of a cellullar slime mold,Dictyostelium
discoideum. These feet, each about 1 µm in diameter, appear transiently in multiple
units at the base of certain pseudopodia where the amoeba contacts a partially
deformable substrate. The feet were discovered, and their spatial and temporal
behavior relative to pseudopodial anchorage and invasive locomotion were
observed, by examiningDictyosteliumamoebae using a DIC video microscope
providing an 0.3 µm depth of field. Key evidence for the anchoring role of the
knobby feet was obtained by investigating amoebae, flattened in a specially
devised observation chamber, and attracted by chemotaxis towards 3’,5’ cyclic-
adenosine monophosphate (cAMP). The cAMP was released by highly localized,
pulsed UV-microbeam irradiation of caged cAMP. We show by indirect immuno-
fluorescence that the knobby feet contain a high concentration of filamentous (F-)
actin, myoB (a member ofDictyosteliummyosin-I family), anda-actinin (an
actin-binding protein). Interestingly, myoB exhibits a circular disposition around
each foot. Neither myosin-II (conventional myosin) nor the 269 kD protein, which
has been recently identified as a talin homologue ofDictyostelium[Kreitmeier et
al., 1995:J. Cell Biol.129:179–188], are concentrated at the feet. We propose that
the knobby feet provide anchorage to the substratum needed by lamellipodia to
exert projectile forces for invading narrow spaces or otherwise for a flattened
amoeba to secure itself to the deformable substratum. Some forms of adhesion
plaques in higher organisms such as ‘‘podosomes’’ or ‘‘invadopodia’’may perform
functions similar to the knobby feet, but appear to differ in life time, cytoskeletal
organization and composition. We have named the knobby foot ‘‘eupodium.’’ Cell
Motil. Cytoskeleton 36:339–354, 1997.r 1997 Wiley-Liss, Inc.
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INTRODUCTION

The term, pseudopodium refers to motile protrusive
structures such as lobopodia (broad, thick protrusions
found in amoeboid cells), filopodia (slender, finger-like
projections found in a wide variety cells), axopodia
(radial array of thin, long protrusions ofHeliozoa), and
myxopodia or rhizopodia (anastomosing cytoplasmic
networks ofMyxomycetesand Rhizopoda) [Hartmann,
1953]. Thin, veil-like protrusions formed by tissue cul-
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incorporated into a video supplement.
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ture cells exhibiting ruffling movement (lamellipodia) are
also classified as pseudopodium [Abercrombie et al.,
1971]. All these are transient, actin-supported structures
except axopodia and myxopodia, which are microtubule-
supported semi-permanent (though rapidly contractile)
structures.

Since Dejardin [1835],Amoeba proteushas served
as a paradigm for studying the mechanism of amoeboid
movement. The classic literature focused primarily on
cytoplasmic streaming and gel-sol transformation and did
not address the significance of amoeba-substrate attach-
ment [Hyman, 1917; Mast, 1923; Pantin, 1923; review,
Fukui and Yumura, 1986]. Nevertheless, it should be
noted that Mast [1926], and earlier Dellinger [1906] in a
most interesting paper, described an intriguing observa-
tion from the side of the amoeba in which they suggested
the role played by a downward branch of the anterior
pseudopodium towards the substratum in the crawling
translocation of the amoeba. These workers interpreted
the local contact of the anterior extension to the substra-
tum as a means for supporting the buoyant weight, and
providing a pivot for a forward tumbling by the giant
amoebae that they were studying.

More than 20 years ago, Taylor et al. [1973]
demonstrated that amoeboid streaming occurs in de-
membranatedA. proteus. In that study, they implicated an
important role of attachment of plasma membrane, along
with glycocalix, to the substratum for amoeboid locomo-
tion. More recently, Grebecki [1984, 1986] indicated the
occurrence of a direct connection between the adhesion
sites and the cytoskeleton inA. proteusbased on detailed
video microscopic analysis [review: Grebecki, 1994].
However, amazingly little is known about the structure,
dynamics, and components of the attachment sites in such
amoeboid cells asA. proteus, Dictyostelium discoideum,
and leukocytes.

In tissue cultured cells, adhesion plaques were first
identified as focal points formed along stress fibers in
slowly moving cells such as fibroblasts and epithelial
cells [Abercrombie et al., 1971]. They are 2–10 µm long,
0.25–0.5 µm wide structures which are believed to play
crucial role in anchoring the stress fibers to the substra-
tum [review; Burridge et al., 1988]. Adhesion plaques are
only formed by cells cultured on a solid substratum but
not by fibroblasts grown in collagen gels where the cells
do not form discernible stress fibers [review; Burridge et
al., 1988]. It is known that there is a sophisticated
mechanical linkage and signal transduction network in
the adhesion plaques involving proteins such as F-actin,
a-actinin, vimentin, talin,a, b-integrins, and fibronectin
(or vitronectin). The role of talin has been an issue of
controversy because of its weak interaction with vinculin,
which connects talin to F-actin [review Turner and
Burridge, 1991].

Podosomes are dot-shaped sites of cell-substrate
adhesion originally found in fibroblasts transformed by
Rous sarcoma virus (RSV) [Tarone et al., 1985; Nermut
et al., 1991], and more recently also called invadopodia
[Mueller et al., 1992]. They are similar to adhesion
plaques in composition but differ in several aspects
including speed of formation (i.e., they appear in the
initial 60 min of attachment while normal adhesion
plaques require at least 180 min), and structure (i.e.,
podosomes are formed independent of stress fibers)
[review Burridge et al., 1988]. Podosome-like structures
are also formed by normal blood cells when they are
penetrating the narrow space between endothelial cells
[Wolosewick, 1984], or by osteoclasts during calcium
resorption [Lakkakorpi and Va¨änänen, 1991]. In short,
podosomes appear to be invasive protrusions formed
from the ventral surface toward the substrate, and are
considered to be a phenotypic variant of adhesion plaques
[Tarone et al., 1985].

In D. discoideum, filopodia, lamellipodia, and lobo-
podia have been the only reported cortical structures so
far believed to be involved in amoeboid locomotion. We
report here thatDictyosteliumamoeba also form foot-
like, knobby cortical protrusions, in a reversible and
dynamic manner, when it appears to require a firm
anchorage to the substratum. To demonstrate that these
cortical protrusions provide anchorage for invasive pseu-
dopodial extension, we devised a new observation cham-
ber and a method for attracting amoebae into thin spaces
by highly localized, controlled release of cAMP using
UV-microbeam uncaging of ‘‘caged’’ cAMP.

In the following we also show that the knobby
cortical protrusions contain a high concentration of
F-actin,a-actinin, and myosin-I, but not talin. In several
aspects, this structure is different from adhesion plaques
and related structures. Based on its structure and function,
we name this structure‘‘eupodium’’ (Gr., eu 5 true,
primitive, podos5 foot) as contrasted to‘‘pseudopo-
dium.’’ A preliminary account of this structure appears in
Fukui and Inoue´ (Biol. Bull., Oct., 1995) and Inoue´ and
Fukui (Mol. Biol. Cell, 6, 261a, 1995).

MATERIALS AND METHODS

Cells and Cultures

Wild type amoebae (strain A x 3) ofD. discoideum
were cultured in a plastic flask with a 25 cm2 bottom area
(Falcon 3013; Becton Dickinson Labware, NY) contain-
ing 4.5 ml of HL5 medium made of proteose peptone,
yeast extract, D-glucose, and Na/K-PO4 (pH 6.5) [Cocucci
and Sussman, 1970]. At late exponential phase, the
mediumwas replaced with Bonner’s salt solution contain-
ing 10 mM NaCl, 10 mM KCl, and 3 mM CaCl2 [Bonner,
1947]. The cells were incubated for 2–3 h at 22°C, and
stationary stage amoebae were scraped off from the

340 Fukui and Inoué



bottom of the flask with a silicone rubber policeman.
Aggregation stage amoebae were prepared by incubating
a confluent culture in Bonner’s solution for 18 h at 18°C
before scraping off. The scraping does not adversely
affect the viability, motility, or chemotaxis of the amoebae.

Observation Chamber

2.25% agarose-M (LKB Produkter, Bromma, Swe-
den) was dissolved in Bonner’s salt solution and allowed
to gel between two pieces of clean microscope slides
supported with 50 µm-thick spacers. A small piece of the
agarose film (50 µm-thick, 5 x 5 mm2) was cut out and
placed in the middle of a 22 x 22 mm2 glass coverslip (no.
11⁄2, 170 µm-thick; Corning Glass Works, Corning, NY)
before applying the cells. A 1 µl aliquot of cell suspension
containing about 200 amoebae was spread over the
surface of the agarose film and excess fluid was sucked
off with a tiny wedge of filter paper. For experiments
involving UV-microbeam uncaging of caged cAMP
(c2AMP; see below), the agarose was pre-saturated with
100 mM c2AMP. The sample overlaid with the cells was
turned over and placed on a 22 x 40 mm2 glass coverslip
(no. 11⁄2 , 170 µm-thick) supported by a ring-shaped 50
µm-thick spacer made of Mylar 200D plastic film (Du
Pont, Wilmington, PA) and sealed with VALAB (a 1:1:1
mixture of vaselline, lanolin, and bee’s wax). The air
space between the agarose and the opening in the Mylar
spacer provided adequate oxygen supply for the amoebae
to continue to divide for more than a day. This chamber
design provided good viability of the flattened amoebae
as well as the optical conditions needed for high resolu-
tion DIC and UV imaging. The sample was then attached
to an aluminum holder with dental tacky wax (Fig. 1b).

Video Microscopy

For visual-light observation and recording, the
specimen was imaged through a universal inverted polar-
izing microscope [Inoue´, 1986] illuminated through a
quartz fiber optic light scrambler with 546-nmmonochro-
matic light. The microscope was equipped with a recti-
fied, 1.4 NA oil immersion DIC condenser (Nikon Inc.,
Melville, NY) and a 60x or 100x, 1.4 NA plan apo oil
immersion objective lens (Nikon, Inc.) with DIC optics
(Fig. 1a). The images were captured with a compact CCD
camera (see below). Under this condition, the x-y and
z-axis resolutions were 0.2 µm and 0.3 µm respectively
[Inoué, 1988], and the temporal resolution was 16.5
milliseconds per video field.

UV Microbeam Irradiation

An auxiliary UV illuminator was attached to the
universal polarizing microscope for controlled release of
cAMP from the caged compound (Fig. 1a). The amoebae
were placed in an observation chamber (Fig. 1b) on the
5 x 5 mm2 agarose film saturated with 100 µM cAMP

[Nerbonne et al., 1984] dissolved with 5 mM Hepes (pH
6.7) in Bonner’s salt solution. The microscope system
was modified from Inoue´ [Fig. III-21, 1986] in a manner
similar to that described in Walker et al. [1989]. The
modification includes the use of a mercury-Xenon arc
lamp (model HPK L2422-01; Hamamatsu Photonics
Systems, Bridgewater, NJ) as the visible light source, and
replacement of the condenser with a glycerol-immersion,
UV-transmitting objective lens (Ultrafluar 100x, NA
1.25; Carl Zeiss, Inc.) equipped with a DIC prism. A
high-pressure HBO 100Wmercury arc with quartz collec-
tor lens attached to a side rail of the microscope was used
as the auxiliary UV source. The lamp output was filtered
through a 366-nm band-pass filter (a combination of a
Corning or Edmund Scientific [Barrington, NJ] heat cut
filter that removes wavelength below 350 nm and a UG2
fluorescence excitation filter that removes wavelength
above 380 nm). The UV beam, controlled with an
electronic shutter (UniBlitz model D122; Vincent Associ-
ates, Rochester, NY), was reflected from a first-surface
micromirror (0.15 x 0.35 mm2 or 0.15 x 0.25 mm2) placed
in front of the field stop (Fig. 1a). The micromirror was
positioned about 175 mm (instead of the standard projec-
tion distance of 150 mm) from the shoulder of the
Ultrafluar lens used in place of a condenser. With this
setting, the 60x or 100x plan apo objective provided a
good UV image (e.g., Fig. 5b) of the micromirror through
the 170 µm-thick glass coverslip and 50 µm-thick agarose
(see above). The CCD camera had adequate sensitivity to
capture the 546 nm green DIC image together with the
image of the intense ultraviolet microbeam even after
attenuation. To prevent excess UV light from entering the
CCD camera, a ‘‘UV cut-off’’ filter (LL400-F-N963;
Corion Corp., Holliston, MA) was inserted between the
zoom ocular and the camera. The microbeam was deliv-
ered as a series of 3 or 30 msec flashes repeated every 650
msec.

The cells exposed to the intense 546 nm green light
had to be kept at a room temperature no warmer than
21°C. At that temperature, we continuously observed
healthy cells undergoing amoeboid movement for many
hours, whether or not the amoebae were exposed to the
c2AMP-uncaging UV flashes. At room temperature of
23°C, the amoebae rounded up and stopped pseudopodia
formation in several minutes under 546-nm green mono-
chromatic illumination alone.

Imaging Technique

Images of living cells were recorded onto video
tape using a Sony Extended Definition (ED)-Beta VCR
and a Sony optical memory disk recorder (Sony Corp.,
USA, Paramus, NJ) in real time through a Hamamatsu
Photonics Systems’ model C-2400 CCD video camera.
The image was processed with an Image-1/AT Digital
Imaging Processor (Universal Imaging Corp., West
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Fig. 1. Diagrams showing the microscope system.a: A schematic
drawing of the universal polarizing microscope with an attached
auxiliary UV illuminator. The UV, reflected from a minute first-surface
mirror, is focused by a Zeiss Ultrafluar lens to produce a microspot that
releases cAMP from c2AMP. The basic system is similar to that
described inWalker et al. [1989]. For detail, see Material and Methods.
b: Diagram of the observation chamber. Note that the vertical and
horizontal scales are not proportional. The amoebae are placed between

a glass coverslip and a small (5 x 5 mm2) piece of 50 µm-thick agarose
sheet which is saturated with 100 µM c2AMP in 5 mM Hepes buffer
(pH 6.7). A Mylar spacer with a circular opening (12 mm in diameter)
prevents the sample from being excessively flattened and provides air
space around the agar. In addtion to providing excellent optical
conditions for microscopy, the amoebae sealed in this chamber survive
for several days. The lower coverslip is glued on an aluminum holder
(not shown) and placed on the stage of the inverted microscope.



Chester, PA), edited using Photoshop (Adobe Systems,
Inc., Mountain View, CA) and printed using a dye
sublimation printer (model Phaser-II SDX; Tektronix,
Wilsonville, OR).

Immunofluorescence Microscopy

For immunofluorescence, the samples were fixed
with methanol containing 1% formaldehyde for 5 min at
-15°C, and washed with phosphate-buffered saline (PBS:
138 mM NaCl, 2.5 mM KCL, 8 mM Na2HPO4, 1.5 mM
KH2PO4, pH 7.2) three times for 5 min each. Primary
antibody was applied to the samples and incubated for 30
min at 36°C. The samples were then washed with PBS
three times for 5 min each. Secondary antibody was
applied to the samples and incubated for 30 min at 36°C.
The stained samples were then washed with PBS three
times for 5 min each, followed by a brief rinse with
distilled water. For double staining with rhodamine-
phalloidin (rh-ph), rh-ph was mixed with secondary
antibody at a final concentration of 3 µM. The samples
were mounted with the mounting medium made of a
1:2:4 mixture of polyvinyl alcohol, glycerol and PBS
containing 1% (w/v) of an anti-oxidant DABCO
(diazabicyclo[2.2.2.]octane) (Aldrich Chemical Co., Mil-
waukee, WI). For fluorescence microscopy, a Zeiss
Axioskop-50 or Photomicroscope-III (Carl Zeiss, Inc.,
Thornwood, NY) equipped with a 63x, NA 1.4 plan apo
objective was used. The image was recorded through a
cooled CCD camera (model PXL; Photometrics, Tucson,
AZ) equipped with Kodak KAF1400 chips, or onto
Kodak Tmax-400 monochrome negative films.

Chemicals and Probes

Caged cAMP (c2AMP; adenosine-3’, 5’,-cyclic
monophosphate, P1-[2-nitrophenyl]-ethyl ester) with an
absorption maximum at 350 nm was obtained from
Calbiochem (La Jolla, CA). A mouse monoclonal anti-
Dictyosteliummyosin [DM-2; Yumura and Fukui, 1985]
and a mouse monoclonal anti-Dictyosteliumactin (HB-
80; ATCC) were produced in our laboratory. A rabbit
polyclonal anti-Dictyosteliummyosin-I primarily recog-
nizing myoB was generated by Dr. Thomas Lynch in Dr.
Edward Kohn’s laboratory at NIH [Fukui et al., 1989].
The mouse monoclonal anti-Dictyostelium a-actinin
[Schleicher et al., 1988; Witke et al., 1992] and mouse
monoclonal anti-Dictyosteliumtalin [Kreitmeier et al.,
1995] were generously provided by Dr. Michael Schlei-
cher (Ludwig-Maximilians University, Germany), and
Dr. Günther Gerisch (Max-Plank-Institute, Germany),
respectively. The rhodamine-labeled phalloidin (rh-ph)
was obtained from Molecular Probes, Inc. (Eugene, OR).

RESULTS

Knobby Feet in the Stationary Stage Amoebae

The amoebae which were prepared between the
agarose sheet and coverslip were flattened to different
degrees. For example, stationary stage amoebae (between
the vegetative and aggregation stages) shown in Figure 2,
had an overall thickness of only about 3 µm. At mid
focus, they clearly displayed several types of organelles
(mitochondria and different sizes of vesicles and gran-
ules) actively streaming to and from the jaxtanuclear
centrosome, located half way between the two nucleoli.
The depth of field of the high (condenser and objective)
NADIC system we used was sufficiently shallow (less or
equal to 0.3 µm) that these organelles became completely
blurred or disappeared from view when the focus was
‘‘lowered’’ to the surface of the amoebae contacting the
surface of the agarose layer (Fig. 3d). Instead, at that
focus, we discovered the presence of small, knobby cor-
tical structures that pressed into the agarose layer Fig. 3e).

The stationary stage amoebae actively protruded
and retracted large pseudopodia. Occasionally, the amoe-
bae formedmore than one pseudopodium, but only one of
them continued to develop while the others retracted
prematurely. Full development of the pseudopodium took
about 30 seconds. When a flattened amoeba protruded a
pseudopodium, it produced knobby cortical structures at
the cell-agarose interface (Fig. 2; small black arrows).
The initial appearance of a single or two knobs was
followed by the formation of multiple knobs (Fig. 3d,e).
The size of the knobby feet was 0.956 0.21 µm (n5 50)
in cross section. Occasionally they appeared to be larger
possibly due to close aposition (Fig. 2a,c,f,g; arrow-
heads). The knobby feet remained absolutely stationary
relative to the substratum and never displayed lateral
movement.

Interestingly, the knobby cortical structures usually
exhibited an arc-like arrangement at the base of pseudopo-
dium with the opening of the arc pointing towards the
direction of the forming pseudopodium (Fig. 2a,c,d,e,g;
white arrows, Fig. 3d,e). Within 30 seconds, the pseudo-
podium reached its maturity and started to retract. Coinci-
dentally, the number and the size of the knobby cortical
structures decreased, and they completely disappeared
when a new pseudopodium developed from different
parts of the cortex (Fig. 2b,f). The flattened shape of the
pseudopodium (lamellipodium), the timing of formation
and disappearance of the knobby cortical structures, and
their stationary location relative to the substratum sug-
gested that they play a role in anchoring the base of the
forming lamellipodium to the substratum to help the
pseudopodium penetrate into tight spaces. The relative
positions of eupodia to pseudopodium is schematically
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shown in the diagram viewed from the side of the sample
(Fig. 4a).

We defined the surface of the amoeba contacting the
agarose as ventral because the amoeba always remained
attached on this side even when the depth of the medium
was as high as 20 µm and almost the entire body was
exposed to the fluid. In such cases, the amoebae stayed on
the agarose surface and exhibited dynamic three-
dimensional (3-D) shape changes by stretching multiple
pseudopodia (lobopodia and filopodia) towards the fluid
phase between the agarose and glass surfaces. When the
pseudopodia contacted the glass surface, the amoebae
quickly retracted the pseudopodia. Usually, such amoe-
bae had a ‘‘euroid’’ (a globular, cytoplasmic appendage
attached to the rear cortex of the amoeba) and several
‘‘retraction fibers’’ (long, straight, spiny structures at-
tached to the euroid or the rear cortex).

Induced Feet in Aggregating Amoebae

We then used aggregation stage amoebae and
induced cAMP-mediated chemotaxis by pulsed UV-
microbeam irradiation of caged cAMP (c2AMP) that was
applied to the agar. This new technique allowed us to
explore the spatial and temporal relationships between
the dynamics of pseudopodial extension and formation of
the knobby cortical structures, or feet.

When the microbeam, 1.5 x 3.5 µm2 at the focal
plane, was placed about 5-10 µm to the side and front of
an aggregation-competent amoeba (Fig. 5a), the amoeba
responded by 1) extending a lobopodium towards the
pulsed UV spot, 2) completely turning towards, then 3)
covering the focused UVmicrobeam (Fig. 5b), the source
of cAMP. This behavioral response was consistent with
the cAMP-mediated chemotaxis observed by application
of cAMP through a micropipette, particularly the two-
step responses originally observed by Swanson and
Taylor [1982]. The chemotactic effects of UV flashes
were specific to released cAMP since, unlike aggregation
stage amoebae, stationary stage amoebae (which do not

Fig. 2. Time lapse sequence showing the dynamics of eupodia
formation in a stationary stage amoeba flattened to ca. 3 µm thickness
between the coverslip and agarose sheet. Visualized at the amoeba-
agarose interface using the very shallow depth of field (ca. 0.3 µm)
achieved in our DIC system that provides an exceptionally high
objective and condenser NA (5 1.4).a–d: Sequence during the first 6
min printed once every 2 min.e–h: Sequence of the same amoeba
starting at ca. 5 min after panel d. Note that new eupodia, or knobby
cortical feet (small black arrows) are formed aligned in an open arc at
the base of each newly forming pseudopodium. Each foot is about 1 µm
in diameter and does not change its position relative to the substratum.
Some feet appear larger perhaps due to close aposition (arrowheads; a,
c, f, g). The feet are resorbed as the amoeba retracts the pseudopodium.
White arrows indicate the direction of forming or retracting pseudopo-
dia. Time in min:seconds. Scale bar5 5 µm.
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have cAMP receptors and therefore are insensitive to
cAMP) did not show any response. Furthermore, amoe-
bae in neither stage responded to UV microbeam flashes
applied in the absence of c2AMP.

In the monopodial, aggregation stage amoebae that
were relatively unflattened and which continued to mi-
grate (cell #1 and #2), we did not observe the formation of
knobby feet (Fig. 5a,b). Our observation on the stationary
stage amoebae (Fig. 2), nevertheless, suggested that
knobby feet are essential when firm anchorage of the cell
to the substratum is required.

The above suggestion was reinforced by observing
the amoeba that was located at the center of an induced
aggregation, immediately beneath the UV-microbeam
(Fig. 5c,d). When the microbeam was precisely focused
at the amoeba-agarose interface, the centrally-located
amoeba stoppedmigrating, became frozen in location and
extended into a disk shape (cell #1 in Fig. 5c). At this
point, the amoeba, which has become flatter than the
migrating monopodial amoebae, form knobby feet at the
lower middle surface just beneath the microbeam (arrows
in cell #1 in Fig. 5d; diagram in Fig. 4b). When the
microbeam was turned off, the feet disappeared within a
matter of a minute and the amoeba became motile again
(Fig. 5d,e). The induction of the feet was reversible; when
the UV flashes were restarted, they reappeared very
rapidly under the beam center. Irradiation of the UV
microbeam with 30 msec exposure and 650 msec interval
for at least a half hour did not cause any visible damage to
the amoebae.

As shown in Figure 5, amoebae other than the
central one just described, also responded to cAMP and
formed an ‘‘aggregate’’ by surrounding the first amoeba
now affixed beneath the microbeam. Continuous, long
term observations showed that the surrounding amoebae,
which remained more elongated and did not form knobby
feet, exhibited a swirling movement around the central
amoeba. As long as the UV flashes continued, the
aggregate continued to increase in size until several
scores of amoebae swirled in a stream around the central
affixed amoeba.

Fig. 3. A through-focus series of DIC images showing that the knobby
feet project into the agarose matrix. The panels represent frozen frames
selected from a video rate recording of optical sections of a total of 3.5
µm z-axis movement of the microscope stage. The height of the section
from the dorsal surface is 0.5 µm (a), 1.5 µm (b), 2.5 µm (c), 3.0 µm (d),
and 3.3 µm (e). In the middle cytoplasm (b,c), numerous organelles
show saltatory (gra, vac) or random (CV, N) modes of movement. At
the ventral cortex contacting the surface of agarose (d), an array of the
knobby feet (‘‘eupodia’’) exhibits a continental fold-like appearance
(large arrows). Focusing 0.3 µm below from the ventral surface (e), the
unitary appearance of eupodia (small arrows) becomes obvious. Also
note a mottled appearance of the agarose matrix surrounding the
eupodia (e). CV: contractile vacuole; gra: granule; mit: mitochondrion;
N: nucleus; RF: retraction fiber; vac: vacuole. Scale bar5 5 µm.
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Dynamics of the Knobby Feet Formed in Thin
Lamellipodia

A key evidence for the role played by the knobby
feet in amoeba-substratum anchorage was achieved by
observing amoebae that projected extremely thin lamelli-
podia into a tight space (Fig. 6; schematic side view in
Fig. 4c). Amoebae crawling in a naturally formed channel
in the agarose were induced to project lamellipodia into a
thin space between the coverslip and agarose adjacent to
the channel. When the microbeam source of cAMP was
placed at about 5–10 µm from the channel, the amoeba
responded by 1) ceasing its migration (Fig. 6a), 2)
forming several filopodia and lamellipodia at time 0:10,

and 3) extending an extremely thin lamellipodium to-
wards the image of the UV beam (Fig. 6b; schematic side
view in Fig. 4c-1). Coincidentally, knobby feet were
formed on the penetrating lamellipodium (arrows in Fig.
6b,c; schematic side view in Fig. 4c-2 to c-3). The knobby
feet quickly disappeared when the UV microbeam was
turned off and as the lamellipodium started to retract (Fig.
6d,e; schematic side view in Fig. 4c-4). Again, the
position of the feet was fixed relative to the substratum
and showed no sign of lateral movement. When the
c2AMP uncaging UVmicrobeam was activated again, the
retracting lamellipodium re-expanded towards the cAMP
source as it formed new knobby feet. Thus, there is a
close correlation between feet formation and invasive
extension of the lamellipodium.

Cytoskeletal Organization of the Feet

In bright field microscopy of fixed amoebae, the
knobby feet, or eupodia, appears as dark bodies indicat-
ing their high refractive index (Fig. 7a,d,g). Immunofluo-
rescence staining demonstrates that the feet are highly
enriched in the major cytoskeletal component actin (Fig.
7b). Staining with rh-ph showed that most actin in the feet
is filamentous (F-actin) (Fig. 7e,h). Double-staining for
actin and myosin-I demonstrated that myosin-I (myoB) is
also localized in the feet. Myosin-I exhibits a ring-like
structure, indicating that it is concentrated at the periph-
ery of the feet (Fig. 7b,c). In contrast,a-actinin shows a
pattern of homogeneous staining within the feet suggest-
ing a more uniform association with F-actin filaments
located there (Fig. 7e,f). Certain variations in the occur-
rence between F-actin andmyosin-I as well as F-actin and
a-actinin were noted. Particularly interesting was that
some of the knobby feet only showed high accumulation
of F-actin, but not of myosin-I (arrowhead, Fig. 7a–c).

Fig. 4. Schematic diagrams of flattened amoebae with eupodia in side
view. a: Naturally forming eupodia at the base of an extending
pseudopodium in randomly moving ‘‘stationary stage’’ amoeba. The
schematic corresponds to the image shown in Figure 2e.b: Eupodia
induced beneath the source of cAMP at the ventral surface of the
aggregation stage amoeba located in the center of the swirling
aggregate. The schematic corresponds to Figure 4d.c: Eupodia formed
on a very thin lamellipodium invading into a narrow space. The
amoeba stops in the channel and extends its lamellipodium towards the
source of cAMP released by the UV-microbeam.c-1: The lamellipo-
dium begins to invade into the thin space.c-2: The first eupodium is
formed.c-3: As the lamellipodium continues to develop, more eupodia
are formed. Some of them disappear while others are formed; but they
do not show any lateral movement relative to the substratum.c-4: The
lamellipodium is retracting as the UV flashes have been turned off and
the amoeba retreats to the channel. The eupodia disappear as the
lamellipodium retracts. The image sequence is shown in Figure 5. The
figures in (c) are drawn smaller than those in (a) and (b). For simplicity,
the drawing of the cell body in c-1–c-4 does not show its dynamic
shape changes. Arrows a,c5 direction of expansion of lamellipodium.
N: nucleus. *: c2AMP uncaging UV flashes. (e-1–e-4): eupodia.
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The localization of a talin homologue ofDictyo-
steliumwas determined by using two mouse monoclonal
antibodies: 1) mab 169-477-5 raised against purified
Dictyosteliumtalin [Kreitmeier et al., 1995], and 2) mab
227-341-3 raised against a fusion protein containing
N-terminus ofDictyosteliumtalin [Jens Niewo¨hner, Max-
Planck-Institute, unpublished]. Both antibodies showed
primarily diffuse cytoplasmic staining with a higher
accumulation at the cortex (Fig. 7i). Double staining with
rh-ph demonstrates thatDictyosteliumtalin is not concen-
trated at the eupodia (Fig. 7h,i).

These results reveal that the knobby feet are rich in
F-actin associated with actin-binding proteins such as
myosin-I and a-actinin. In contrast, aDictyostelium
homologue of talin is not concentrated in the eupodia. We
have also examined the localization of conventional
myosin (myosin-II) and find that it is not concentrated in
the eupodia (data not shown).

At high resolution, fluorescence micrographs dem-
onstrate that F-actin is disposed in a radial array after
emerging from the eupodia (Fig. 8). It appears that most
of these radially arrayed F-actin filaments run parallel to
the ventral cortex. Some of the filaments appear to
interact with others from neighboring eupodia at the
periphery of the radial array (curved arrow in a; double
arrows in b). Actin filaments also interact with the axial
bundle of F-actin cables emerging from the tip of the
lamellipodium (arrowheads, a,b) suggesting the presence

Fig. 5. Chemotaxis towards uncaged cAMP, and eupodia formation in
an amoeba located at the center of a forming aggregate. When
activated, the electronic shutter was opened for 30 msec every 650
msec exposing the preparation to intermittent 366-nm UV microbeam,
approximately 1.5 x 3.5 µm in size. The microbeam released cAMP
from the agarose containing 100 µM c2AMP and acted as the source of
a transient gradient of cAMP which should dissipate rapidly. The
microbeam (white rectangle) was located somewhat above the center of
the field in panels a and b. The dark rod is the shadow of the metal arm
supporting the micromirror whose actual size was about 150 x 350 µm
(see Fig. 1).a: The image of the micromirror was placed about 10 µm
to the side of the anterior lobopodium of cell #1 and pulsed irradiation
started.b: The amoeba turned to the beam where the uncaged cAMP
was released and started a spiral motion around the beam center. A
second cell (#2) followed the first cell (#1).c: The same amoeba (#1)
stopped migrating, changed shape from elongated to pancake shaped,
and stayed just beneath the UV beam. Note that other amoebae (#2–5)
were also attracted to the cAMP source (or cAMP released from
congregating amoebae) and started to form a small aggregate encircling
the first amoeba.d: In cell #1, a group of eupodia was formed beneath
the UV microbeam (which had been turned off and removed from the
field just 3 sec before this frame was recorded). Small black arrows
point to representative eupodia.e: 63 sec after the UV microbeam was
turned off. The eupodia are disappearing. In (a–c) focused near the
mid-plane of the amoeba, organelles are visible. No eupodia are present
at this stage. d,e: Focused at the agar-amoeba interface, show the
eupodia that are present only in cell #1 during, and for a short while
after, cAMP is released by the UV microbeam. Time in min:sec. Scale
bar5 5 µm.
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of mechanical linkage between eupodia and the
lamellipodium through F-actin cables. Interestingly, sev-
eral long, very thin, F-actin-containing fibers were also
observed, connecting the eupodium and the leading edge
of the pseudopodium, as represented by the one indicated
by the triple small arrowheads in Figure 8b.

DISCUSSION

Is Eupodium a True Foot?

As demonstrated in this study, the knobby feet are
stationary relative to the substratum and never show
lateral movement. This structure usually appears as
multiple units arranged approximately in an arc of a circle
opened in the direction of a forming lamellipodium
invading a narrow space. They disappear as the lamellipo-
dium retracts. The knobby feet also formed at the ventral
surface of an aggregation stage amoeba, located and
anchored in the center of an aggregate just above the
cAMP uncaging UV microbeam. Other amoebae lacking
knobby feet continued to actively swirl around this
central amoeba. The knobby feet were resorbed and the
central amoeba began to migrate again very soon after the
UVmicrobeam was turned off.

Thus the knobby feet are formed only when a firm
cell-substratum anchorage appears to be required. These
characteristics suggest an obvious function of eupodia,
i.e., transient anchorage to deformable substratum. There-
fore, we named this structure eupodium. In natural
habitat, we believe the eupodia could anchor pseudopodia
that extend into tight spaces when the amoebae crawls in
the soil and amidst rotten leaves. The absence of eupodia
in rapidly moving aggregation stage amoebae suggest
that amoebae in that stage use locomotory mechanisms

Fig. 6. Dynamics of eupodia formed on a thin lamellipodium invading
an exceptionally narrow space between agarose and coverslip.a: An
aggregation stage amoeba exhibiting a monopodial lobopodium and
migrating to the left of the field along a narrow channel in the agarose.
A 1.5 x 2.5 µm2 UV microbeam (white arrowhead) was placed to the
side of the channel and 3 msec pulses started 18 sec before this frame.
b: A thin lamellipodium projects toward the source of the uncaged
cAMP. The small white arrows point to the first three eupodia
developing.c: The lamellipodium has reached the microbeam as
prominent eupodia are formed (white arrows).d: The thin lamellipo-
dium exhibited dynamic shape change during the 2 min period between
c and d, and eupodia were formed at different positions (small arrows).
e: The UV microbeam was turned off within 1 second after (d). The
lamellipodium is quickly retracting and coincidentally all the eupodia
are disappearing. All of the spherical structures other than eupodia are
organelles in the endoplasm as determined by through focus observa-
tion. In contrast to the eupodia whose locations do not change, the
organelles actively move around in the endoplasm; only those that are
within 0.3 µm of the focal plane are imaged. Arrowhead: UV
microbeam releasing cAMP. Dotted line: edge of the channel. Small
arrows: eupodia. Large arrow: retracting lamellipodium. Time in
min:sec. Scale bar5 5 µm.
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similar to leukocytes moving in a non-invasive mode, i.e.,
by simple pseudopodial projection and retraction [Kolega
et al., 1982].

Is Eupodium a Dictyostelium Adhesion Plaque?

The eupodium is a structure distinctive from adhe-
sion plaques of higher organisms based on the following

criteria. 1) While adhesion plaques are always attached to
stress fibers,Dictyosteliumdoes not form stress fibers. 2)
While it takes at least 180 min for adhesion plaques to
establish, eupodia is formed in less than 2 min. 3) While
adhesion plaques are only formed on solid substratum
(but not in collagen gel) [Burridge et al., 1988], eupodia
are formed on partially deformable substratum. 4) While

Fig. 7. Immunofluorescence localization of actin and related cytoskel-
etal components at the eupodia of the stationary stage amoebae. a–c:
Double staining for actin and myosin-I.a: Bright field. b: Actin as
stained with a mouse monoclonal anti-Dictyosteliumactin.c: Myosin-I
(myoB) as stained with a polyclonal anti-Dictyosteliummyosin-I.
Myosin-I shows a ring-like distribution indicating that it is located
beneath the membrane of the eupodium. One eupodium (arrowhead) is
rich in F-actin (b), but not in myosin-I (c), indicating that these
cytoskeletal components may be integrated into, or leaving, the

eupodium at different times. d–f: Double staining for F-actin and
a-actinin.d: Bright field. e: F-actin as stained with rh-ph.f: Staining
with a mouse monoclonal anti-Dictyosteliuma-actinin demonstrating
that it is highly concentrated throughout the eupodium. g–i: Double
staining for F-actin and talin.g: Bright field.h: F-actin as stained with
rh-ph. i: Staining with a mouse monoclonal anti-Dictyosteliumtalin
showing thatDictyosteliumtalin is not concentrated at the eupodia.
Arrows: eupodia. Scale bar5 5 µm.
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adhesion plaques are rich in talin, eupodia are not. The
eupodia contain myosin-I instead.

Superficially, eupodia share certain common proper-
ties with a specialized form of adhesion plaques, or
‘‘podosomes.’’ First, podosomes are formed by specific
cells that are invasive in nature, including RSV-
transformed fibroblasts [Tarone et al., 1985; Nermut et
al., 1991], bone resorpting osteoclasts [Lakkakorpi and
Väänänen, 1991], and neutrophils penetrating into endo-
thelial layer of blood vessels [Wolosewick, 1984]. Recent
studies revealed that certain podosomes formed by cancer
cells (‘‘invadopodia’’) secrete proteases to dissolve fibro-
nectin matrix of the basement membranes [Mueller et al.,
1992]. Second, podosomes are more dynamic than adhe-
sion plaques as revealed by 1) fluorescence recovery after
photobleaching and 2) fluorescent analogue cytochemis-

try of actin, vinculin anda-actinin [Geiger et al., 1984;
Stickel and Wang, 1987]. Furthermore, like eupodia,
podosomes are protrusions rather than contact sites
[David-Pfeuty and Singer, 1980; Mueller et al., 1992].
However, theDictyosteliumeupodia we discovered are
distinct from podosomes in that eupodia provide anchor-
age for invasive extension of pseudopodium. In contrast,
podosomes of themselves are reported to transform into
invasive projections rather than providing anchorage to
other projectile cortical structures [Wolosewick, 1984].
Whether eupodia are also formed by other amoeboid cells
is yet to be determined.

Cytoskeletal Organization of the Eupodium

The present study shows that eupodia are most
often formed at the base of newly forming pseudopodia
(Fig. 2). Fluorescence microscopy also demonstrates that
the eupodium contains a large amount of F-actin (Figs. 7
and 8). It appears that F-actin from the eupodium emerges
as a radial array and interacts with the ‘‘axial’’ bundle of
F-actin arising from the leading edge of the lamellipo-
dium (Fig. 8). It is intriguing to speculate that this
interaction may somehow provide a mechanical base to
overcome physical resistance produced at the forming,
leading edge, of the pseudopodium (see next section).
The F-actin cables in a radial array originating from a
eupodium also appear to interact with those from other
eupodia if they are located within a distance of 3–5 µm
(Fig. 8).

This study also demonstrates that the cortex of the
eupodium contains a high concentration of myosin-I.
Dictyosteliummyosin-I, more specifically myoB and
myoD, has been localized at the leading edges of
migrating amoeba or in the polar lamellipodia of dividing
amoeba [Fukui et al., 1989; Jung et al., 1993]. It has also
been localized in the apex of filopodia [Morita et al.,
1996]. Structurally, this class of myosin has two actin-
binding sites, one of which (in the head domain) is
ATP-sensitive, and the other (in the tail domain), insensi-
tive. It also has a putative membrane-binding domain in
the rod [Hammer, 1991; Titus et al., 1994]. Thus,
although yet to be demonstrated, one possible activity of
myosin-I is to crosslink F-actin to the plasma membrane
so that ATP hydrolysis induces mutual sliding between
F-actin and the plasma membrane.

Myosin-I from Acanthamoebaalso crosslinks F-
actin and forms a gel. The gel contracts when ATP is
added [Fujisaki et al., 1985]. However, unlike myosin-II,
myosin-I does not form bipolar arrays that can induce
sliding between oppositely polarized actin filaments
[Korn, 1982; Pollard et al., 1991].

Our immunofluorescence localization demonstrates
that myosin-I exhibits a ring-like pattern in the eupodia
(Fig. 7a–c). This evidence suggests that myosin-I may

Fig. 8. High-resolution fluorescence micrographs showing actin fila-
ments’ organization as demonstrated by staining with rh-ph.a:Whole
amoeba showing F-actin distribution in this flat, monopodial amoeba
moving to the left. There is a prominent staining of F-actin: within and
around eupodia (long arrows); in the anterior lamellipodium (left); and
in the cortex, with a high accumulation at the tail end (right). The
staining indicates that F-actin (arrowheads) from the eupodia interacts
with F-actin from lamellipodium and also (curved arrow) from another
eupodium.b: Lighter print at higher magnification of the rectangular
area marked in (a). Double small arrows show the F-actin arrays
emanating from eupodia that are interacting with other arrays. Arrow-
heads show bundles of F-actin filaments connecting a eupodium and
the lamellipodium. Note that there are also long, very thin F-actin
filaments connecting a eupodium such as one represented by the triple
small arrowheads. Arrows: Eupodia.
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crosslink F-actin to the plasma membrane in a way
similar to microvilli of intestinal brush border [Matsu-
daira and Burgess, 1979; Mooseker et al., 1989]. Al-
though eupodia and microvilli perform different biologi-
cal functions (anchorage to substratum versus absorption
through a contact-free surface), could the similarity in
their cytoskeletal organization suggest that the interaction
of the myosin heads with an actin bundle support an
extensive force for both microvillar and eupodial mem-
brane to which the myosin tails are anchored (see Fig. 9
and next section)? In contrast, eupodia and podosomes
appear to be similar in function but differ in their
cytoskeletal makeup. To our knowledge, it is not known
whether podosomes (and invadopodia) contain myosin-I.
It will be interesting to examine this possibility.

We showed thata-actinin is also included in the
eupodium.Dictyosteliuma-actinin was first isolated as a
95 kD gelation factor from an actin enriched fraction
[Condeelis and Taylor, 1977]. It has been demonstrated
that a-actinin is a calcium-dependent actin-crosslinking
protein capable of forming a rod-shaped homodimer of
30–40 nm in length [Fechheimer et al., 1982; Schleicher
and Noegel, 1992]. Our immunofluorescence study re-
veals that there is a high concentration ofa-actinin in the
eupodium (Fig. 7d–f). It is very likely thata-actinin in the
eupodium bundles F-actin as illustrated by the model
shown in Figure 9. We are tempted to predict that there
will be defects in eupodia formation and invasive exten-
sion of pseudopodia ina-actinin mutants, even though a
gene targeting disruption of this protein showed little
defect affecting general cell motility [Witke et al., 1992].

How Do Eupodia Function?

We have shown that theDictyostelium amoeba
produces eupodia when it appears necessary to anchor a
cell in the middle of a swirling aggregate, or otherwise to
secure the amoeba to the substratum when invading a
narrow space. Thus we postulate that the eupodia are
transiently formed anchoring feet that secure the amoeba
to the substratum, and which counteracts the reactive
force encountered by a lamellipodium that is experienc-
ing resistance to its protrusion.

We have also shown, as schematically illustrated in
Figure 9, that the core of the eupodium contains a highly
concentrated bundle of F-actin that appears to be
crosslinked bya-actinin homodimers. Myosin-I is found
in the eupodial cortex where it may well crosslink the
core F-actin with the plasma membrane of eupodium.
After emerging from the eupodium, the actin filaments
splay out into a radial array with their minus, slow
growing ends pointing radially. The splayed eupodial
actin filaments are disposed as though interacting with
actin filaments arising from the leading edge of the
lamellipodium.

Coupled with the arrangements of these molecular
components, the total lack of any motion within the
eupodium (even under the highest resolution of the light
microscope), its high refractive index, and timing and
location of its formation, leave little doubt that the
eupodium is a transiently formed, local, protruding
gelated knob formed by concentration of proteins in the
cell. It seems perfectly reasonable that such a structure
could provide anchoring function. The composition and
physical properties of the eupodia tempt us to also
suggest that they may be induced by highly localized
influx and/or release of Ca21 ions.

While it appears very likely that the eupodium
buttresses the protrusive work of a lamellipodium encoun-
tering resistance, the exact interactions between the
components of the eupodium, cell membrane, and lamel-
lipodium that lead to such buttressing action still needs to
be clarified. Nevertheless, the cortical localization of
myosin-I surrounding the concentrated core of F-actin
anda-actinin in the eupodium, and the apparent interac-
tion of the F-actin cables arising from the eupodium with
those in the axial bundle of the lamellipodium, suggest
that these interactions may play significant roles in the
anchored, stationary eupodia countering the reactive
force needed for the lamellipodium to invade a narrow
space. In this connection, polymerization of the axial
bundle of F-actin at its barbed end (i.e., at the leading
edge of the pseudopodium) may well be participating in
the production of protrusive force. Indeed, such force
generation due to actin polymerization has been consid-
ered strong enough to bring about protrusive motility in
several types of cell extensions [Tilney and Inoue´, 1985;

Fig. 9. Schematic diagram illustrating the side view of an eupodium.
Only some representative actin filaments are illustrated. This model
reflects the findings from fluorescent antibody localization and the fact
that the eupodium is a highly condensed structure formed at the cortex
of the cell contacting a deformable surface. The eupodium contains a
concentrated bundle of F-actin crosslinked bya-actinin homodimers
(lateral rods). After emerging from the eupodium, the actin filaments
turn parallel to the ventral surface and form a radial array. Myosin-I
(black oval with rod) interacts with the peripheral actin filaments and
the plasma membrane surrounding the eupodium. Actin filaments are
illustrated in black or white indicating that they originate from different
membrane domains. The nature of the materials linking the two groups
of actin filaments to each other, and their plus ends (?) to the plasma
membrane, are still unknown. See text for further discussion.
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Oster, 1988;Albrecht-Buehler, 1990; Cooper, 1991; Fukui,
1993].

Full elucidation of eupodial components, their
molecular organization, and interactions with the cytoskel-
etal components of the extending pseudopodium, as well
as possible interaction of the eupodial elements with its
membrane and extracellular matrix, must await further
studies.

UV Microbeam Release of cAMP Provides a New
Tool for Studying Chemotaxis

Chemotaxis towards cAMP byDictyostelium[Bon-
ner, 1947; Konijn et al., 1969; review, Bonner, 1971]
involves a signal transduction pathway including cAMP
receptors, adenylate cyclase, cAMP phosphodiesterase,
G-proteins, and free calcium to list a few [review,
Gerisch, 1982, 1987; Devreotes, 1989].

It has been shown by cinemicrographic analysis of
migrating amoebae, that there is a relay mechanism
between amoebae involving the successive release of
cAMP, which is propagated radially with a ‘‘unitary
zone’’ of 57 µm and a relay time of 12 seconds [Alcantara
and Monk, 1974]. The response of amoeba to a single
pulse of cAMP is as fast as 5 seconds and the amoebae
move about two-cell lengths over a period of 50–100
seconds [Gerisch, 1979]. Binding of cAMP with the
receptors triggers synthesis followed by an emission of
cAMP to the extracellular space occurring within 12
seconds after the binding [Alcantara and Monk, 1974;
Roos et al., 1975]. It is also known that emitted cAMP is
destroyed by extracellular phosphodiesterase before it
travels for 60 µm so that each time an amoeba emits
cAMP, it produces a gradient [Roos et al., 1975; Gerisch,
1976]. In his pioneering work, Gerisch suggested need
for cAMP oscillation for the sensing mechanism in
chemotaxis [Gerisch, 1979].

In buffer solution containing a high density (2 x
108/ml) of aggregation competent amoebae, naturally
occurring oscillation of cAMPwith highest concentration
of 1–2 x 10-6 M and peak duration of 3–10 min have been
determined [Gerisch and Wick, 1975]. An amoeba has
105–106 cAMP receptors with a half-maximum kd of 2 x
10-7M [Gerisch et al., 1975; Gerisch and Malchow, 1976;
review, Gerisch, 1987; Klein et al., 1988]. In suspension,
a stimulation with 2 x 10-9 M cAMP results in a ten-fold
amplification of the extracellular cAMP [Roos et al.,
1975]. There is also a Ca21 influx stimulated by cAMP
uptake by amoebae [Wick et al., 1978].

The spiral aggregation pattern observed in this
study seems to reflect a pattern of cAMP propagation
caused by the combination of pulsed uncaging of cAMP
and the cAMP secreted by amoebae. Initially, uncaged
cAMP should propagate in a radial pattern by diffusion,
and this gradient attracts the first amoeba. The amoeba,

unless pointing directly towards the gradient source,
should spiral in towards the source following a repeatedly
appearing uphill gradient in a mathematically predictable
track. While responding to the cAMP source, the first
amoeba emits cAMP from its posterior tail, which
generates a new a local wave of cAMP. This local cAMP
wave should trigger chemotaxis of a neighboring amoeba
towards the first amoeba, and thus the chain elongates
when more amoebae are stimulated. When the first
amoeba comes to lie immediately over the source of
uncaged cAMP, it ceases to move and becomes anchored
as it expands into a pancake shape. The other amoebae
continue to move around the first amoeba and generate a
slow moving spiral pattern. At times, we have observed
this spiral containing hundreds of amoebae streaming in
the same direction. Such spiral pattern of aggregation
would appear to mimic a naturally occurring spiral wave
of chemotactic stream observed by Gerisch et al. [1979].

In spite of the accumulated evidence for cytoskel-
etal reorganization during cAMP mediated chemotaxis,
the precise mechanism of the cellular response leading to
directional migration has not been elucidated [Futrelle et
al., 1982; Yumura and Fukui, 1985; McRobbie and
Newell, 1984; Soll, 1988]. For example, the distribution
of cAMP receptors has not been determined, and the
behavioral responses of the mutants, to date, have not
unveiled any critical mechanism.

In our current study, we showed that 3 or 30 msec
flashes of 366-nm UV microbeam attracts aggregation-
competentDictyostelium amoebae. The effect on the
amoebae of the UV microbeam uncaging of cAMP was
reversible and could be repeated many times. There was
no damage observed up to an hour of continuously pulsed
or intermittent irradiation. This demonstrates that the UV
microbeam regime that we devised should be useful, not
only in generating cAMP gradients effective in attracting
the amoebae, but for analyzing the precise distribution of
receptors on the individual migrating amoeba. Judging
from the response of the amoeba, the concentration of
released cAMP must be at least 1–2 x 10-6 M, with a
gradient high enough to attract the amoebae [Gerisch and
Wick, 1975]. Measurement of the exact concentration,
distribution, and the time course of change of the cAMP
released by pulsed microbeam irradiation of c2AMP
should prove to be very interesting.

CONCLUSIONS

We suggest that the eupodium we discovered in
Dictyosteliumamoebae is a unique anchoring structure
distinct from adhesion plaques of higher organisms but
may function somewhat similar to podosomes (or invado-
podia). The induction of chemotaxis by pulsed UV-
microbeam release of cAMP from c2AMP and the obser-
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vation chamber we describe should provide powerful new
tools for studying the behavioral response, organellar
motility and signal transduction mechanisms in these
amoebae and other cells. Understanding how a cell
recognizes when it needs to form such anchoring struc-
tures should reveal interesting biological mechano-
sensory mechanisms.
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