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Abstract. Migration of Dictyostelium discoideum slugs results from coordinated movement of their
constituent cells. It is generally assumed that each cell contributes to the total motive force of the
slug. However, the basic mechanisms by which mechanical forces (traction and resistive forces)
are transmitted to the substrate, their magnitude and their location, are largely unknown. In this
work, we performed detailed observations of cell movements by fluorescence microscopy using two-
dimensional (2D) slugs. We show that 2D slugs share most of the properties of 3D ones. In particular,
waves of movement propagate in long 2D slugs, and slug speed correlates with slug length as found
in 3D slugs. We also present the first measurements of the distribution of forces exerted by 2D and 3D
slugs using the elastic substrate method. Traction forces are mainly exerted in the central region of
the slug. The large perpendicular forces around slug boundary and the existence of parallel resistive
forces in the tip and/or the tail suggest an important role of the sheath in the transmission of forces to
the substrate.
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1. Introduction

The cellular slime mould Dictyostelium discoideum provides an experimentally
accessible and simple model system to investigate many biological processes in-
cluding chemotaxis, cell signaling and coordinated cell movements within cellular
aggregates [1]. Although molecular details are still unknown, it is assumed that
chemotactic waves organize the aggregation of free living single amoebae and the
cell movements in multicellular aggregates including slugs [2]. There is a character-
istic pattern of cell movement in Dictyostelium slugs: cells in the anterior prestalk
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zone show vigorous rotational movement around the central core of the tip, while
cells in the prespore zone move straight forward in the direction of slug migra-
tion in a periodic fashion along the slug axis [3–5]. Periodic motion and optical
waves with the same period have been observed in slugs of many Dictyostelium
strains [6].

Siegert and Weijer [3] proposed that the prestalk cell movement is organised by
a rotating scroll wave of cAMP, which serves as pacemaker for the formation of
planar cAMP waves, which in turn direct periodic forward movement of prespore
cells. According to the authors, prestalk cells do not contribute to slug migration,
since the tip is often raised above the substratum. Only prespore cells propel the
slug forward due to their close contact to the substratum and the surrounding slime
sheath [5]. On the other hand, earlier studies suggested that the more active anterior
cells pull the posterior ones [7–9].

The aim of this work is to clarify the exact mechanism of slug motion by per-
forming detailed quantitative observations of individual cell motion and direct mea-
surements of mechanical forces exerted by the cells during slug migration. We are
particularly interested in understanding how and where the forces are transmitted to
the substrate. To measure forces, we recorded the deformations of elastic substrates
with fluorescent beads embedded inside. Complex calculations are necessary to
convert the deformation field in force field [10–11]. Elastic substrate experiments
so far have been only performed on single cells like fibroblasts or keratocytes [12],
never on multicellular systems such as migrating slugs. Recently, deformation of
nonwrinkling silicone substrates exerted by single amoebae was visualized, and
forces were estimated using a simple calibration [13].

We report here experimental results on two-dimensional (2D) as well as three-
dimensional (3D) slugs. 2D slugs are good models for slug motility studies [14].
Recently, we found that waves exist in 2D slugs and that slug speed correlates with
slug length as found in 3D slugs [15]. Our preliminary observations of substrate
deformations indicated that traction force is mainly exerted in the central region of
the slug, not in the tip region. In the present work, we detail the main results of the
previous short note [15] and compute the forces exerted by the migrating 2D and 3D
slugs by using a simplified version of existing methods [10–11]. These experimental
data will allow a closer examination of the different models of slug migration
[16–19] and illuminate the fundamental role of the sheath in the transmission of
forces to the substrate.

2. Materials and Methods

2.1. CELLS AND CULTURE

Wild-type Dictyostelium discoideum NC-4 amoebae were grown according to the
standard protocol of two-member culture [20]. Oregon Green 488 (10000 M.W.,
Molecular Probes) was loaded using electroporation [21]. Recovered cells were
mixed at 0.3 ∼ 3% with non-loaded cells to prepare slugs.
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2.2. DEVELOPMENT OF SLUGS

2D slugs were prepared following Bonner [14] with several modifications. Washed
cells were placed on an agar plate (1.5%, Nacalai) in a small drop (2 µL,
107cells/mL) together with a drop of mineral oil (Sigma 0.84g/mL, 2 µL) next
to it. A cover glass (18 × 18 mm) was then deposited over them. Plates were in-
cubated for 16 hours at 22 ◦C. We used 2D slugs that migrated less than a day in
all of our measurements. For 3D slugs, 10 µL of a suspension at 107 cells/mL was
dropped on an agar plate (1.5% agar, Nacalai) and incubated for 16 hours at 22 ◦C.
Development of 2D and 3D slugs on polyacrylamide gel and subsequent substrate
deformation experiments were performed in a different experimental room at 21 ◦C.

2.3. VIDEOMICROSCOPY

Motion of individual cells in 2D slugs were followed by time-lapse epifluorescence
using an inverted microscope (Nikon TMD300) equipped with a Xenon lamp (Nikon
Xenon, 100W), a standard blue filter set (Nikon FITC), a 20X objective lens, a
cooled CCD camera (Princeton Instrument, Pentamax) and a shutter controller
(Sutter). Image capturing (typically 0.5 second exposure) and cell center-of-mass
tracking were performed with the software Metamorph (Universal Imaging Corp.,
West Chester, PA). Further analysis of cell shape changes was performed using our
own Scion-Image macro (http://www.scioncorp.com). Either the autofluorescence
of the cells (2D) or brightfield images (3D) were used to obtain slug velocity data.
2D and 3D slugs on agar were observed at 22 ◦C.

2.4. ANALYSIS OF CELL MOTION

For each cell analyzed, we stored the time series of the x, y center of mass coordi-
nates, the velocity V , its parallel and perpendicular components with respect to the
slug migration direction, the lengths of the major (M) and minor (m) axes of the
best fitting ellipse and the angle (θM ) between the major and the horizontal x-axis.
We calculated velocity auto-correlation ρi i of a given cell i and cross-correlation
ρi j between cells i and j as: ρi j (t) = Zi j (t)/Zi j (0), where Zi j (t) = 〈Vi (tl ) ·Vj (tm)〉,
t = |tl − tm |. We used the deformation parameter D = (M/m) − 1 to characterize
static cell shape. D = 0, when the cell shape is a circle. The magnitude of deforma-
tion changes was defined as the standard deviation of the deformation parameter.
We defined the proportion of polarized cells as the proportion of the histograms
|θS − θM | with angles less than 45 ◦, where θS is the slug migration direction as
previously done for hydra cells [22].

2.5. POLYACRYLAMIDE GELS

Flexible polyacrylamide gel sheets containing 10% acrylamide, 0.03% bis, ammo-
nium persulfate (APS, 10% w/v solution, 1:133 volume), TEMED (1:1330 volume,
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all Bio-Rad products) and 1 µm fluorescent beads (1:50 volume, Molecular Probes)
were created and covalently coated with type I collagen (Wako Chemicals, Japan)
using Sulfo- SANPAH (Pierce Chemical, Rockford, IL) following published proto-
cols [10, 23]. The Young’s modulus of the elastomer was characterized by measuring
the deformation of sheets with known weights using the focusing mechanism of
the microscope as described in [23]. It was found to be in the range 5–40 kPa in
agreement with previously reported results [10].

2.6. ANALYSIS OF SUBSTRATE DEFORMATIONS

Because of the finite depth of field, it is possible to simultaneously record the slug
shape with the transmission channel of a confocal microscope (Olympus IX70-
KrAr-SPI, Japan) and the small movements of the marker beads with the fluores-
cence channel (488 nm line). We selected a field of view with the slug approaching
on the side and we took the initial image as the undisturbed position to calculate
the displacement vector of each bead. The bead centroid position was determined
with an accuracy of about 100 nm using our own Scion-Image macros.

2.7. CALCULATIONS OF FORCES

In the framework of linear elasticity theory [10], the deformation field u(r) inside a
semi-infinite elastic medium caused by a distribution of forces F(r) on the surface
is described by a Fredholm integral equation of the first kind:

ui (r ) =
∫

dr ′Gi j (r − r ′)Fj (r
′) (1)

where i and j refer as the components x, y, z of the vectors and Gi j is the Green
function, which was calculated in the 19th century by Boussinesq [10, 24]. It
was found that the Poisson ratio v of polyacrylamide gels is close to 0.5 [10]. If
in addition, one makes the reasonable assumption that there are no perpendicular
tractions (i.e., Fz = 0), then there is no out of plane displacement. However, the four
Green functions Gxx, Gxy, Gyx, and Gyy depend on the bead depth z. We visualized
simultaneously the ventral portion of the slugs and the beads located within a
shallow depth of the underlying material with 20x or 40x objectives. The inverse
problem of calculating forces from displacements, i.e. inverting Equation (1), is a
complex computational problem because this kind of Fredholm integral equation
is ill posed. The long range spatial extent of the Green function (it scales inversely
with distance) smoothes the information [11]. Some studies used, therefore, the
raw displacement data themselves as a qualitative map of the local traction [23]
sometimes with a local calibration of the displacements in term of forces with a
calibrated micropipette [13].
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Ill-posed inverse problems can be solved by a regularization method that stabi-
lizes the solution [10, 11, 25]. Recently, it is has been suggested that the inverse
problem becomes computationally more efficient when being solved in Fourier
space and that regularization is not needed [26]. We use here a simplified method
without regularization, which works well for a displacement field averaged in the
slug frame on a Nx × Ny grid divided in rectangular unit cells of about 5–25 µm.
At each time, we define a moving slug frame with an origin located on the tip
end, and frame axis respectively parallel and perpendicular to slug axis. Slug axis
corresponds also to the migration direction as we choose slugs performing mostly
a linear steady migration. The grid, the positions and displacements of beads are
computed in the moving slug frame. The mean displacement in each unit cell cor-
responds then to an average of the displacements of different beads over different
images.

Forces are calculated on the same grid and divided by the lattice site area to
obtain stress components. The integral equation from Equation (1) now becomes a
set of linear equations, u = GF, in which u = (ux (r1), uy(r1), ux (r2), uy(r2), . . .),
and F = (Fx (r1), Fy(r1), Fx (r2), Fy(r2), . . .) are 2N 2 vectors and G is a 4N 4 matrix.
To solve these equations, we run a numerical program based on iterative biconjugate
gradient method [27] generally used to invert large sparse matrix. We impose that
the error on the calculated displacements is of the order of the experimental error,
i.e., about 0.3 µm due to the depth of field (see the Results Section). Typically, it
takes only five iterations for the code to converge to a stable solution. The total
grid dimension has little effect on the solution, provided the whole slug is totally
located within the grid (i.e., when no forces are exerted outside the grid area). We
also checked that the size of unit cell has little effect on the force solution in the
range of 15 ± 10 µm.

3. Results

3.1. INDIVIDUAL CELL BEHAVIOR

Approximately 16 hours after starvation, cells have completed aggregation at oil-
water interface and 2D slugs of a few cell thick (generally 15–30 µm as measured
with the focusing mechanism of the microscope) crawl out from it inside the oil
medium (Figure 1a). A sheath appears behind the slugs as it moves forward as
found in normal 3D slugs and previous studies of 2D slugs [14, 28]. It is impossible
to know if it is a genuine slime sheath or just a band of water between the slug and
the oil. In Figure 1a, the sheath has a tubular shape anchored only at some point
on the surface as found in case of slugs migrating in the forest soil. Sometimes,
however, the sheath is completely collapsed on the surface and flat as found in case
of 3D slugs migrating on agar [29]. 2D slugs with sizes ranging between 100 and
460 µm were investigated. Transmission and fluorescence image of a 374 µm long
slug are shown in Figures 1b and 1c. The 1% cells loaded with Oregon Green show
a good contrast with the autofluorescence of the slug (Figure 1c).
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Figure 1. (A) Brightfield image of a 2D Dictyostelium slug migrating between an agar surface
and mineral oil. Slime sheath trail left behind the slug shows the slug trajectory from the
oil/water interface where it formed. Water is on the right hand side. (B) Brightfield image of a
474 µm long slug. (C) The fluorescence image of the same slug shows a few cells loaded with
Oregon Green and the autofluorescence from the rest of the slug. (D)–(E) Cell shapes every 1
minute (from left to right) of two cells indexed in (C), respectively the anterior cell 3 (D) and the
posterior cell 1 (E). (F) Cell trajectories in a long 2D slug (length: 459 µm). The background
image is the inverted fluorescence image showing the cell location at the initial time of the
recording. The trajectory of the anterior cell indexed 1 lasts 32 minutes, other trajectories last
36 minutes. (G) Trajectories in a small 2D slug (length: 150 µm) tracked for 25 minutes. The
background image corresponds to the final time of recorded trajectories. Posterior cells have
a linear trajectory while anterior cell 1 shows a chaotic trajectory. In (B)–(G), thick arrows
indicate the slug migration direction. Bars: (A) and (G), 50 µm; others, 100 µm.

It was shown that the anterior cells of 2D slugs correspond mainly to prestalk
cells, while posterior cells are mainly prespore cells [28]. Typical cell shapes and
trajectories are shown in Figures 1d and g. Anterior cells (i.e., cell 3 in Figure 1c)
behave as isolated amoebae, they seem to advance by pushing out pseudopodia
and lamellipodia and then pulling out their rears (Figure 1d). They move often
laterally in a more or less chaotic way, which is more pronounced for small slugs.
In Figure 1g for instance, cell 1 makes a loop. In long slugs (Figure 1f), the fast
overall migration of the slug makes the lateral displacements of anterior cells less
obvious. Posterior cells (i.e., cells 1 and 2 in Figure 1c) also show alternatively
elongated and rounded shapes, but to a lesser extent both in terms of amplitude
and frequency (Figure 1e). They always move straight in the direction of slug
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Figure 2. (A) Velocity auto-correlation of the posterior cell 1 of Figure 1C. (B) Velocity cross-
correlation of cells 1 and 2 of Figure 1C. (C) Position of the cross-correlation peaks as a
function of the antero-posterior distance between cells of Figure 1C. Bullets to open triangle
correspond respectively to the first to fourth peak of correlation. Solid lines are linear fits.

movement. Both the mean velocity and the standard deviation of the velocity are
larger for anterior cells than for prespore cells. Posterior cells, though they present
some periodic movements (see below), move roughly at slug velocity. For instance,
for the slug of Figure 1g moving at 2.7 µm/minute, we measured V = 3.1 ± 1.9
as an average over three prepore cells and V = 4.4 ± 4.0 for four anterior cells
(mean ± standard deviation in µm/minute). Although it is sometimes subjective,
we have distinguished in the following these two groups of cells.

Figure 2a shows the velocity auto-correlation function in a long 2D slug (cell
indexed 1 in the slug of Figure 1c). Velocity oscillates with a period of 5.5 minutes
with a peak–peak amplitude, which is only 12% of the total velocity magnitude.
We investigated the movements of fluorescent labeled cells in 30 slugs. In 13 slugs,
we found periodicity (mostly but not only posterior cells). Cell velocity is also
correlated spatially with other cells as Figure 2b shows clearly five oscillations in
the cross-correlation of the velocity of the two cells indexed 1 and 2 in Figure 1c. The
peaks in the cross-correlation represent the phase differences between the velocity
oscillations of the two cells. We analyzed the relation between the phase of the
oscillations and the cell coordinates as previously done by Breen and Williams for
3D slugs [4]. In Figure 2c, we have plotted the positions of the first four peaks
as a function of the cell–cell distance along the slug’s antero-posterior axis. The
position of each peak increases linearly with the antero-posterior distance. They
share the same slope and are shifted by the same period, i.e., 5.5 minutes, which
agrees well with the period obtained from cell velocity autocorrelation data. Hence,
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these data unambiguously indicate that traveling waves of movement are present
in 2D slugs. The speed of wave propagation is given by the slope of the curves of
Figure 2c, i.e., 55 µm/minutes for this slug.

3.2. DEPENDENCE OF SLUG SPEED AND INDIVIDUAL CELL BEHAVIOR

ON SLUG LENGTH

We measured as a function of slug length the speed of 2D and 3D slugs. Despite
the presence of mineral oil and the cover-glass on top, the 2D slug speed increases
with its length, and it overlaps with 3D speed (Figure 3). Our 3D measurements
(filled circles) are in good agreement with those reported by Inouye and Takeuchi
(squares) [30]. The dependence of slug speed on slug length is not linear. We also
reported on Figure 3 the speed of slugs migrating on the polyacrylamide substrate
used for force measurements. There are very similar to those found on agar. Small
difference may be due to a slightly colder temperature (21 ◦C instead of 22 ◦C) in
the experimental room were we carried out these experiments on polyacrylamide
substrate.

We studied as a function of slug length the average parallel and perpendicular
components of cell velocity (Figures 4a and b), cell shape changes (Figure 4c)
and the proportion of polarized cells (Figure 4d) for each cell type. The average
is taken over the whole cells and the whole times analyzed in a given slug. There
are no clear differences between the parallel component (i.e., in the direction of

Figure 3. Slug speed as a function of slug length. Open and filled circles correspond respectively
to 2D and 3D slugs on agar. Open and filled triangles correspond to 2D and 3D slugs on
polyacrylamide substrates. Squares correspond to the measurements of Inouye and Takeuchi
[30] for 3D slugs on agar. Note that the value of the 3D velocities on agar previously reported
[15] was wrong by a constant factor of about 0.6.
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Figure 4. Relationship between slug length and individual cell motion components for anterior
(bullets) and posterior cells (open circles) except (F) where the wave speed is calculated using
the whole cell data. Solid and dotted lines represent linear fit of respectively anterior and
posterior cells. (A) Parallel and (B) Perpendicular component of cell velocity with respect to
the direction of slug migration. (C) Magnitude of cell deformation changes.(D) Proportion of
polarized cells defined as the proportion of the histogram |θS − θM | with angles less than 45.
(E) Period of velocity oscillations calculated from the auto-correlation curves of individual
cells. (F) Speed of wave propagation in 2D slug calculated from the cross-correlation analysis.

slug migration) of both anterior and posterior cells. It is increasing with slug length
and roughly equal to slug speed (Figure 4a). On the other hand, the perpendicular
velocity component is approximately twice larger for anterior cells (Figure 4b). This
quantity is weakly dependent on slug size. The magnitude of cell shape changes
(standard deviation of the deformation parameter) is 1.5 larger for anterior cells than
for posterior cells (Figure 4c). This quantity is weakly dependent on slug length.
In small slugs, the proportion of polarized cells (see material and methods) is less
than 50% for anterior cells (Figure 4d). It indicates that anterior cells in small slugs
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deform (and move) mainly in a direction orthogonal to the slug direction. However,
the proportion of polarized anterior cells increases with slug length. On the other
hand, posterior cells are highly polarized in the direction of slug migration.

The period of velocity oscillation ranges between 2.3 and 7.7 minutes for the
41 cells (belonging to 13 slugs) presenting oscillations in their autocorrelation
(Figure 4e). The period depends little on cell type and apparently decreases slightly
with slug length. In average, we find a period of 5.2 ± 1.2 minutes (mean ±
standard). Periodic movements exist only in the longer slugs investigated (larger
than 150 µm). The percentage of slugs with correlated cells is 58% (7:12) in slugs
with a length between 150 and 300 µm and 86% (6:7) in slugs larger than 300 µm.
Wave analysis is more difficult to achieve, because only long slugs with a large
number of fluorescent cells allow wave detection. We detected waves in four slugs,
the smaller is 222 µm long. Wave speed seems to be independent on the 2D-slug
length (Figure 4f). The average wave speed is 56 ± 10 minutes.

3.3. SUBSTRATE DEFORMATIONS AND TRACTION FORCES DURING

SLUG MIGRATION

Shape of Dictyostelium amoebae on polyacrylamide substrates treated with type I
collagen appear indistinguishable from those cultured on agar. Cells spread well
and are able to aggregate. The resulting 2D slugs migrate at the same speed than
slugs of the same length on agar (Figure 3). Both slugs and isolated cells (not
shown) induce displacements of fluorescent beads.

Figure 5a shows the transmission image (at t = 15 minutes) of an elongated
2D slug (280 µm long, 70 µm wide and 20–30 µm thick as measured with the
microscope). The slug is moving in the oil medium from left to right in a rectilinear
fashion (v = 12 µm/minutes) with a tubular slime sheath left behind. Initially, it was
at the extreme left boundary of the recorded field of view. Figures 5b and 5c show the
displacement field of this slug at two different times (i.e., t = 10 and 15 minutes).
Each arrow starts at the position of a bead centroid at t = 0, which is assumed to be in
the undisturbed state. Ahead from the slug tip on the right (Figure 5b), deformations
are indeed weak, spatially uniform and directionally isotropic. Unlike the slug speed
and the slug direction which are almost constant, substrate deformations show at
every time a characteristic pattern in the slug frame. Deformations are absent in the
tip region. In the central region, they present a parallel component from a direction
opposite to slug migration and a perpendicular component directed centrifugally
(Figures 5b and 5c). Far behind the slug, the beads almost returned to their initial
position (not shown).

The deformation field has been averaged in the moving slug frame in Figure 5d
using a 32 × 32 grid with spacing of 12.6 and 4.8 µm along slug axis and perpen-
dicular direction, respectively. We used this averaged data set to compute the force
field of Figure 5e. This force field presents slightly erratic vectors in its lower part.
This is due to the fact the displacement field in this lower part is not as regular as in
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Figure 5. Bead displacement and force vector field of an elongated 2D slug (L = 280 µm)
moving on polyacrylamide elastomer (Young modulus, E = 5 kPa) from left to right at v = 12
µm/minutes. (A) Transmission image of the slug at t = 15 minutes. (B–C) Bead displacement
vector field calculated between initial time 0 and t = 10 minutes (B), t = 15 minutes (C).
(D) Bead displacement vector field averaged in the moving slug frame. General slug shape is
represented. (E) Force field calculated from the averaged deformation field with a bead depth
Z = −5 µm. Scale of bead displacements and stresses (force per unit area) are given in (D–E).
All scale bars, 50 µm. (F) Parallel component of the force field averaged over six central rows
as a function of distance along slug axis. Dashed line is the mean parallel stress (i.e., −50 Pa).
(G) Perpendicular component of the force field averaged over 19 central columns as a function
of distance perpendicular to slug axis.

the upper part. We believe that irregularities are due to beads at different depths in
the elastomer. For a same force exerted at the surface, beads at different depth will
indeed present different displacements. Here, regularization methods [10–11] will
probably smooth the computed force field. We have calculated the bead displace-
ment vector field predicted from the force field of Figure 5e by back-substitution
into Equation (1) (see Materials and Methods). To the eye, no difference is visible
from the experimental field of Figure 5d (not shown). This solution was obtained
in six iterations and the mean vector error |GF − uexp| is 0.28 µm. This value is
larger than the estimated resolution for the bead center of mass (i.e., 0.1 µm). The
error is in fact due to the uncertainty in the relative bead depth which affect the
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Green functions. Changing the absolute mean bead depth (i.e., using Z = −2.5 or
Z = −7.5 instead of Z = −5 µm) in the calculations also has an important effect,
at least quantitatively, on the resulting force field. The control of the microscope
focusing plane seems then the most important point to obtain reliable quantitative
estimates of forces. On the other hand, we checked that adding Gaussian noise with
standard deviation 0.1 µm to the experimental displacement field only changes by
25% the magnitude of the average forces calculated, but not the qualitative pattern.
This relative change is similar to what was found using a regularization method
[11] and may be used as an estimate of the noise in the calculated forces.

We describe now the overall characteristics of the force field. We have computed
for that the average parallel and perpendicular force per unit area (stress) compo-
nents as a function of parallel and perpendicular distances (Figures 5f and g).
Parallel direction is the direction of slug migration. The average is taken over the
six central rows and the 19 central columns of the slug respectively. As expected
from the deformation field, forces are almost absent in about the first 20 µm along
the slug axis from the tip. Just after this force free area, one finds positive stress
at 0.45 kPa indicating a resistive force here. Surprisingly, in the central part of
the slug, the largest forces are mainly directed perpendicularly to the slug axis,
roughly symmetric with respect to this axis, with a maximum perpendicular stress
around 1 kPa (Figure 5g). In about a 15 µm wide layer on the periphery, but still
inside the slug, forces vanish (Figure 5g). The parallel component in the central
part of the slug is negative (−0.3 ± 0.1 kPa), indicating dominance of traction
here (Figure 5f). Note that forces are almost absent outside the slug boundaries
(Figure 5e) without constraining the solution for that purpose [10–11]. There are
not very well defined in the tail, but generally seem weakly resistive (Figure 5f).
The overall mean parallel force is −0.05 kPa not significantly different from zero.
As expected for a slowly locomoting body, viscous forces with the external medium
can be neglected, moreover, acceleration can be also neglected as the slug is mov-
ing at nearly constant speed. As a result, there is no net force transmitted to the
substrate [25, 26].

We have recorded the substrate deformations caused by several 2D slugs. The
force pattern seems to depend greatly on the slug thickness, though we could not
obtain unambiguous force solutions for each (either because the bead distribution
was too sparse, or because we obtained also forces outside the slug area, mainly in
the tail). In some thick 2D slugs, the displacement (and probably force) free area
in the anterior slug part may extend up to 150 µm from the tip (not shown). In
the later case, the tip seems constantly raised in the air, a close contact with the
substrate (and probably traction forces) exists mainly in the posterior region. Once,
we recorded a very thin slug, without visible sheath, almost flat and purely 2D as
found previously by Bonner [14]. The displacement pattern presents an interesting
loop on the sides (Figures 6b and 6d) similar to the dipolar electric field. This is the
deformation field expected from a point-like horizontal force monopole, oriented
backward [11]. The reentrant part of the loop is generally hardly visible as in
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Figure 6. Bead displacement and force vector field created by a small flat 2D slug (L = 158
µm) moving on polyacrylamide elastomer (Young modulus, E = 25 kPa) from left to right at
v = 2.7 µm/minute. (A–C) Bead displacement vector field calculated between initial time 0
and t = 20, 40 and 60 minutes. (D) Bead displacement vector field averaged in the moving slug
frame. General slug shape is represented. Vectors surrounded by a dotted line were interpolated
from neighbors. (E) Force field calculated from the averaged deformation field with a bead
depth Z = −7.5 µm. Scale of bead displacements and stresses (force per unit area) are given
in (D–E). All scale bars, 50 µm.

Figures 5b and d and 7a and b. It indicates that the relative magnitude of friction
in the tip and perpendicular forces are less important with respect to the traction
forces in the flat 2D slug. The force field calculated is noisy, due to sparse bead
distribution in particular in the posterior region of the slug (unit cells surrounded
by a dotted line where interpolated in Figure 6d), and forces do not perfectly vanish
outside the slug, however, the force field shows qualitatively these features: weak
friction and weak perpendicular forces (Figure 6e). Contrary to Figures 5e and 5g,
it is clear that there is a net negative traction force not balanced. We believe that the
missing force comes from the glass covering the 2D slugs. Even if Dictyostelium
amoeba poorly spread on glass, ruling out to our opinion the possibility that the
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Figure 7. Bead displacement and force vector field of a 3D slug (L = 400 µm) moving from
extreme left of the recorded field (t = 0) to right in a rectilinear fashion (v = 9.75 µm/minute)
on polyacrylamide elastomer (Young modulus, E = 25 kPa). (A) General slug shape together
with the rear of the slime sheath and bead displacement vector field at t = 40 minutes. (B) Bead
displacement vector field averaged in the moving slug frame. (C) Force field calculated from
the averaged deformation field with a bead depth Z = −21 µm. (D) Parallel component of the
force field averaged over six central rows as a function of distance along slug axis. Dashed line
is the mean parallel stress (i.e., −85 Pa). All scale bars, 50 µm.

cell mass gets traction from the rigid glass, it is possible that resistive forces are
transmitted to the glass (direct slug/glass friction, or due to protrusive defects in
elastomer or to water droplets in oil as those visible in Figures 6a and c).

In order to validate the experimental methods, the force calculations and the
qualitative features of force field found for 2D slugs, we have performed force
experiments on a freely migrating 3D slug in air on a polyacrylamide substrate
(without oil and cover glass).

The 3D slug of Figure 7a is 400 µm long, 190 µm wide. It is moving from
left to right at V = 9.75 µm/minute. A large collapsed slime sheath (as much as
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large as the slug width) was left behind the slug during its migration. We have
represented its more visible rear end part in the background of Figure 7a together
with slug outline. It resembles the sheath usually found for 3D slugs on agar. The
bead displacements (Figure 7a at t = 40 minutes or Figure 7b for the averaged data
in the slug frame) present a novel characteristic compared to the 2D slug analyzed.
The tail region presents large positive bead deformations (Figure 7b). On the slug
sides, we find large perpendicular deformations directed toward the periphery of
the slug. The force field obtained from the averaged deformations (Figure 7b) is
shown in Figure 7c. The mean vector error |GF − uexp| is 0.3 µm close to the value
found for the 2D slug (Figures 5d and 5f). Forces are very symmetric with respect
to slug axis. They are present in the slug area and vanish at the slug boundary except
on the tail area (see below).

Again we find a large perpendicular component of the force directed toward the
periphery on the sides of the slug. The magnitude of these perpendicular forces
increases from the slug axis to a maximum of about 4.1 kPa at mid distance from
the periphery and then slightly decreases. Forces are in fact almost perpendicular
to the slug boundary on the periphery. Figure 7d shows mean parallel component
profile as a function of distance along slug axis. Forces, null at the tip end and
outside, increase quickly to +0.9 kPa between 50 and 75 µm from the tip (resistive
forces). Traction becomes larger than friction only at about 100 µm from the tip
with a first minimum at −0.9 kPa (at 140 µm from the tip). Parallel forces almost
vanish in the central part of the slug (at 260 µm from the tip) and decrease again
in the very posterior part of the slug to −1.8 kPa. Behind the slug area, in the area
occupied by the trail of the slime sheath forces are clearly positive though the data
are noisy. This is due to poor statistics in computing the averaged bead deformation
field in this region (Figure 7b). We can evaluate however a mean resistive force of
+1.0 ± 0.5 kPa corresponding probably to the resistive force transmitted by the
collapsed sheath to the substrate. The overall force balance is respected as the mean
parallel net force is only −0.085 kPa (dashed line in Figure 7d).

4. Discussion

4.1. RESULTS OBTAINED WITH 2D SLUGS MAY APPLY DIRECTLY

TO NORMAL 3D SLUGS

Bonner [14, 28] noted that 2D slugs share most of their properties with 3D slugs.
From our extensive analysis of cell motion within 2D slugs, we are able to extend
the set of shared properties between 2D and 3D slugs. (i) The velocity of 2D slugs
is proportional to slug length and length-velocity plots of 2D slugs overlap with
those of 3D slugs in spite of differences in surrounding condition such as mineral
oil and coverglass. (ii) Most of the cells present at least regular oscillations of their
velocity. Waves of movement exist in the longer 2D slugs analyzed. Our estimates
of average wave speed and periodicity (i.e., 56 ± 10 µm/minute and 5.2 ± 1.2
minutes, respectively) are similar to previous measurements in 3D slugs using
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various methods [4, 6, 31], (iii) We occasionally observed spiral motion in a plane
perpendicular to slug migration at the tip of a large 2D slug (not shown). This slug
was certainly thicker than the others as we sometimes lost partially focus during the
cell rotation. Thus, it seems likely that there is a continuous cross-over in between
2D and 3D slugs using our method of preparation.

4.2. ROLE OF CHEMOATTRACTANT WAVES AND SLUG LENGTH DEPENDENCE

OF THE SLUG SPEED

The fact that wave speed is weakly dependent on 2D slug length and similar to
measurements in 3D slugs, suggests this quantity depends mainly on the wave de-
tection and relay properties of the cell, not on the slug geometry. On the other hand,
the apparent slight decrease of the period of velocity with slug length was never
reported (Figure 4e). The perpendicular component of the velocity (Figure 4b) and
the amplitude of deformations changes (Figure 4c) are larger for anterior than pos-
terior cells, but also weakly dependent on slug length. The proportion of polarized
anterior cells seems to increase with slug length (Figure 4d). The chemoattractant
waves may play this role, which is to polarize the cell deformations in the migrating
direction. Another possible role of chemotaxis is to increase the motive force of the
cells. Of course, a main issue of our future force measurements is to find whether
waves of forces exist. For the moment let us just comment that many recent models
of slug proposed that cells exert forces only when they experience a positive gradient
of chemoattractant. As a result, slug speed increases with slug length but saturates
when it exceed the wavelength migration [18, 19]. In these models, slugs larger
than the wavelength were not investigated. Figure 3 clearly shows that slug speed
still increases by a factor of 8–10 between the wavelength (250 µm) and the larger
3D slugs observed (3 mm). Something important is then not captured by models.
The hypothesis that the motive force of the slug is proportional to its volume and
not to the contact surface with the substratum for instance, initially deduced from
experiments by Inouye and Takeuchi [7, 30], merits a closer examination as it is the
hypothesis generally assumed to model slug migration [16–19]. An other possible
candidate is that the friction forces are more complicated than a simple viscous
drag proportional to the slug velocity [16–18, 30].

4.3. DISTRIBUTION OF FORCES IN MIGRATING SLUGS,
ROLE OF SLIME SHEATH

Perhaps the more intriguing result of this paper is the existence of large forces
perpendicular to the direction of slug migration, symmetric with respect to this
axis (4.1 kPa in Figure 7c). This is clearly visible in the 3D slug of Figure 7c
as well as in the relatively thick 2D slug of Figures 5e and f. On the other hand,
forces are mainly parallel to slug axis in thinner 2D slugs (Figure 6). Although we
did not follow cell movements in the force assay experiments, we never observed
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significant lateral movements in 2D slugs, especially in the central prespore part
of the slug. Symmetric lateral movements from the slug axis toward periphery
have never been reported to our knowledge in case of 3D slugs. Moreover, cells
present sometimes alternatively elongated shapes but mostly in the slug direc-
tion (Figure 4d). Therefore, the observed perpendicular forces do not correspond
to traction nor friction resulting from the lateral movements of the cells. We be-
lieve they result from the mechanical forces transmitted by the slime sheath to the
substrate.

The slime sheath is a glycoprotein surface coat synthesized by the cells, com-
pletely surrounding the slug. As the slug advances, new surface sheath is continu-
ously formed and it is left behind as a collapsed tube [29]. Once the sheath makes
contact with the substrate it attaches strongly to it and acts as a protective shell for
the slug. It seems likely that newly formed sheath in the anterior part of the slug can
be deformed by anterior cells, but posterior part is more rigid [32]. We postulate
that (i) this elastic sheath shell is continuously maintained under tension by the cell
mass, (ii) the slug as a whole has an ellipsoidal shape truncated on the contact area
with the surface (Figure 8), (iii) sheath is firmly anchored in different points in the
contact area. Then, due to its tension, the sheath can pull out the elastic substrate in
the direction tangential to the slug profile, where it is anchored, i.e., mostly around
the contact line between slug, external medium (oil or air) and substrate. These
stretching forces are referred as S, S′ or S′′ in Figure 8. Of course, the sheath is
not an ideal surface, it is made of protein filaments attached at different points
in the vicinity of the contact line. Perpendicular forces are then also distributed
underneath the slug.

Figure 8. Proposed forces acting on a Dictyostelium slug migrating on a planar surface. The
slug is surrounded by a viscoelastic sheath which is attached to the substrate in many points
in the contact area. Forces generated by the moving cell mass are transmitted to the substrate
by the sheath at these attachments points. Forces in the contact area are the traction T exerted
by the cells and the viscous drag D due to the cell/sheath/substrate friction. In the contact line
surrounding the contact area, the stretched sheath pulls out the elastomer in a direction tangent
to slug profile (S, S′, S′′).
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As the elastic substrate assays do not visualize vertical bead displacements, we
visualize only the in-plane component of the stretching forces, which is perpen-
dicular to the projection of slug boundary. In case of 3D or thick 2D slugs with a
contact angle � larger than 90◦ (Figure 8b), the in-plane force is directed outward
(Figures 5e and 7c). In case of pure 2D slugs, perpendicular forces are not important
possibly because sheath tension is small. Our hypothesis that the sheath transmits
forces to the substrate in the vicinity of contact lines also explain the resistive forces
in the tip and in the tail region (Figure 7c) as the corresponding tangent directions
are both directed forward for a thick 2D slug or a 3D one (Figure 8a).

4.4. ORDER OF MAGNITUDE OF TRACTION AND FRICTION FORCES

The question of where lies the motive force for slug movement is an old and
contentious issue (as reviewed in [15]). We believe our force measurements answer
definitely to this question. We find generally that forces (at least traction forces) are
absent in the front of the tip region of 3D and most 2D slugs (except the flat slug
of Figure 6). It is unlikely that traction and resistive forces (see below) compensate
exactly each other. We believe the absence of force is rather due to the vertical
raising of the tip may as found in 3D slugs [4, 5]. The fact that forces exist in
the tip of flat 2D slugs (Figure 6) supports also this conclusion. Therefore, forces
are exerted when a physical contact exists with the substrate. For that reason, the
absence of force in the central region of the 3D slug of Figures 7c and 7d is probably
due to the presence of an arch in this region as already found for old 3D migrating
slugs viewed from the side [5].

Resistive forces R in the tip and trail region result probably from the previously
described force due to sheath tension but also to a viscous drag due to cell/substrate
friction or cell/sheath friction transmitted to the substrate (S, S′ and D, respectively
in Figure 8a). By assuming tractions are absent in this region, we find an estimate
of R = +0.45 and +0.9 kPa for the tip resistive force of slugs of Figures 5 and
7, respectively. In the central part of the slug of Figure 5e, by assuming that the
same resistive force exists than in the tip (at least the order of magnitude should be
correct), we can evaluate the traction force per unit area T from the resulting negative
parallel force (T + R = −0.3 and −0.9 kPa, respectively). We find T = −0.75 and
−2.7 kPa for the thick 2D and the 3D slug, respectively. These preliminary orders
of magnitude are in agreement with the measurements of Inouye and Takeuchi [7]
who found that the motive force of 3D slugs inside agar capillaries is proportional
to its volume, the value per unit volume being 58 pN/µm3. Indeed, if we divide our
forces per unit area by the slug thickness (about 25 µm and 100 µm, respectively),
then we find approximately 30 pN/µm3. We are currently working to improve
the resolution (both spatial and in force) by increasing bead concentration and
improving their detection. We are also trying to improve the elastomer calibration
and the bead depth estimation to improve the reliability on the absolute force
measurements.
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5. Conclusions

We have studied extensively the movements including deformations of fluorescent
cells in thick 2D slugs. Basically, we found the same features as in 3D slugs [5].
We then performed the first measurements of the distribution of forces in migrating
Dictyostelium slugs. The distribution of forces transmitted to the substrate appears
much more complex than usually assumed in models. We find successive regions
of friction (tip and tail) and traction (central part) oriented in the slug axis as well
as large perpendicular forces. We make the hypothesis that the latter is due to the
elastic forces exerted by the stretched sheath. It is then challenging to understand
how this complex force pattern may generate a well defined length-dependence of
slug velocity.
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