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Abstract

The micro-viscoelasticity of the intracellular space of Dictyostelium discoideum cells is studied by evaluating the intracellular trans-
port of magnetic force probes and their viscoelastic responses to force pulses of 20—700 pN. The role of the actin cortex, the microtubule
(MT) aster and their crosstalk is explored by comparing the behaviour of wild-type cells, myosin II null mutants, latrunculin A and
benomyl treated cells. The MT coupled beads perform irregular local and long range directed motions which are characterized by mea-
suring their velocity distributions (P(v)). The correlated motion of the MT and the centrosome are evaluated by microfluorescence of
GFP-labelled MTs. P(v) can be represented by log-normal distributions with long tails and it is determined by random sweeping
motions (v ~ 0.5 um/s) of the MTs (caused by tangential forces on the filament ends coupled to the actin cortex) and by intermittent
bead transports parallel to the MTs (vpax ~ 1.5 pm/s). The tails are due to spontaneous filament deflections (with speeds up to
10 um/s) attributed to pre-stressing of the MT by local cortical tensions, generated by dynactin motors generating plus-end directed
forces in the MTs. The viscoelastic responses are strongly non-linear and are mostly directed opposite or perpendicular to the force,
showing that the cytoplasm behaves as an active viscoplastic body with time and force dependent drag coefficients. Nano-Newton loads
exerted on the soft MT are balanced by traction forces arising at the MT ends coupled to the actin cortex and the centrosome, respec-
tively. The mechanical coupling between the soft microtubules and the viscoelastic actin cortex provides cells with high mechanical sta-
bility despite the softness of the cytoplasm.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Quantitative studies of micro-mechanical properties of
cells are becoming of growing interest for several reasons.
First, mechanical material properties play a key role in
the control of numerous cellular processes such as cell
shape changes [1], cell locomotion [2], adhesion [3] or cell
division [4] by mechanical forces. Second, local forces can
control the cellular architecture in a subtle way, for
instance through the activation of small GTPases of the
rho-family [5] which can result in rapid (sub-second) re-
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organizations of the actin network [6], including the forma-
tion of stress fibres [7], the activation of micro-muscles or
the growth of cellular protrusions, such as philipodia [8]
or axons [9]. Finally, measurements of viscoelastic moduli
provide a sensitive tool for real time studies of structural
re-organizations of the cytoskeleton induced by external
forces, cell signalling processes, or biochemical perturba-
tions [7,10]. Micromechanical studies can also provide an
answer to the long standing and controversial question of
whether information can be transmitted from the cell enve-
lope to the nucleus by elastic stresses [11].

Various micromechanical techniques have been estab-
lished during the last few years to measure local elastic
moduli or the stress—strain relationship of whole cells
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including micropipette aspiration techniques [12-14],
atomic force microscopy [15], optical tweezers [16,17], or
cell poking with glass rods [18]. Based on these techniques,
the elastic properties of cell envelopes, whole nucleated
cells and erythrocytes have been extensively studied
[1,19]. The findings of these experiments may be summa-
rized by the statement that nucleated cells can be described
in terms of droplets of polymeric fluid which are enclosed
by elastic shells exhibiting bending and shear elasticity
[13,14,20].

In contrast, the viscoelasticity of cells or cellular sub-
structures has only gained broad interest more recently
despite its key role in the evolution of the mechanical con-
trol of cellular processes over time. Moreover, studies of
the local viscoelastic moduli of the cell envelope or the
cytoplasm can yield valuable insights into the structure of
the membrane associated actin cortex and structural
changes induced by cell stimulating or damaging agents
[7,10], deceases [21] or by application of external forces
[22]. A variety of colloidal probe microrheometry tech-
niques have been developed over the last few years based
on the analysis of Brownian motion [10,23,24] or of the
viscoelastic responses evoked by local forces applied
through optical traps [10,23] and magnetic tweezers. With
magnetic tweezers, viscoelastic responses can be evoked
by linear [25] or by torsional [26,27] excitations. The visco-
elastic response to force pulses yield relaxation moduli G(¢)
and relaxation times, while oscillatory force scenarios yield
complex viscoelastic impedances. Since the two sets of
parameters are related by convolution, the two modes of
excitation yield equivalent results [7].

Judged from micromechanical studies, cells can be con-
sidered to be built-up of three mechanically distinct bodies
[19]: the cell envelope, the cytoplasm and the nuclear com-
plex. Cell envelopes behave as linear viscoelastic bodies, the
viscoelastic impedance of which exhibit the typical visco-
elastic signatures of actin networks [7]. The cytoplasmic
space is a soft colloidal assembly which is mechanically sta-
bilized by the aster-shaped microtubule (MT) network. In
mammalian cells its stability is enforced by the network
of intermediate filaments while this system is missing in
Dictyostelia cells. The nuclear envelope forms again a more
rigid viscoelastic body [28].

The present work was motivated by the question of
whether, similar to the cell envelope, the intracellular space
behaves as a true viscoelastic body. Microrheometric stud-
ies of the cytoplasm of mammalian cells by magnetic twee-
zer microrheometry [25] and force free laser tracking [10]
have been interpreted in terms of the models of viscoelastic
bodies exhibiting shear moduli of the order of 100 Pa.
However, shear field mapping experiments did not provide
any evidence for elastic coupling between intracellular
compartments over distances of 0.5 um [25]. More recent
microrheological studies of Dictyostelia cells immobilized
by agar overlays provided evidence that the cytoplasmic
space behaves rather as a viscoplastic body [29]. To gain
more detailed insight into the nature of the dynamic

mechanical properties of the cytoplasmic space, we studied
wild-type D. discoideum cells, cells with GFP labelled
microtubules and mutants lacking the motor protein myo-
sin II under more natural conditions. The quasi-spherical
vegetative cells were settled onto glass substrates but not
compressed by agar overlays. Three series of experiments
were performed. First, we measured the local speeds and
mean square displacements of actively transported super-
paramagnetic beads of 1.42 um diameter over extended
periods of time (20—40 min). The beads are engulfed by
the cells through phagocytosis. They become coated by
the plasma membrane exposing the cytoplasmic surface
of the cell membrane and are therefore expected to be pro-
cessed by the cell similar to intracellular compartments. To
study the control of the intracellular transport of the
magnetosomes by microtubules, their motion and their
conformational changes were visualized by fluorescence
microscopy of cells transfected with green fluorescent
tubulin (GFP-a-tubulin).

In a second set of experiments the viscoelastic response
of the beads evoked by force pulses of 20-700 pN were
studied. The beads visited some regions repeatedly enabling
us to observe the bead trajectory at the same local region
within the cell in the absence and presence of external
forces and to measure viscosities and active forces inside
living cells. To gain some insight into the control of the
mechanical properties of the intracellular space by the actin
and microtubule based cytoskeleton, we evaluated the
effect of benomyl and latrunculin A. Benomyl partially
decomposes the aster-like assemblies near the periphery
of the cell. Latrunculin A, an actin monomer sequesterer,
impedes the turnover of actin, resulting in the partial
decomposition of the actin cortex.

In a third group of experiments we analysed the motion
of the colloidal force probes in terms of the local velocities
in the absence and presence of external forces. We show
first that the distributions of absolute velocities P(v) can
be represented as a log-normal distribution which exhibits
long tails extending to very high velocities (v ~ 10 pm/s)
even in the absence of external forces. Parallel microfluo-
rescence and rheological studies of cells transfected with
GFP-tubulin show that the colloidal probes are in general
bound to these filaments even after application of external
forces up to 1 nN. The trajectories of the bead thus reflect
the motion of the microtubule. From these experiments we
conclude that the log—normal distributions are mainly
determined by statistical sweeping motions of the micro-
tubules about their anchoring at the centrosome with
velocities of v ~ 0.5 um/s and to the intermittent motion
of the beads parallel to the long axes of the microtubules
(maximum velocities of 1.5 um/s). We then provide some
evidence that the long tails of P(v) are due to occasional
fast motions of the beads that are driven by pre-stressing
of the MT by forces of several hundred picoNewtons gen-
erated by local cortical tensions.

In the last part we address the question of how the visco-
plastic intracellular space can maintain mechanical stability
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under the action of local external forces (~1 nN) exceeding
the buckling instability limit of the microtubules (~15 pN)
by orders of magnitude. We show that local forces applied
to MT-coupled beads evoke immediate and rapid deflec-
tions of the filaments and of the centrosome in the direction
perpendicular to or opposite to the force direction. This
motion is attributed to traction forces which arise at the
two filament ends (anchored at the actin cortex and the
centrosome, respectively) and which generate tensions in
the filaments that balance the external load. After a
response time of about 0.5 s, the filaments tend to return
close to the original position by the irregular motion of
the MT ends along the actin cortex (with velocities of
~0.3 pm/s), suggesting that the MT aster exhibits an equi-
librium organization in the absence of external forces.

We finally propose a model suggesting that the mechan-
ical stabilization of the Dictyostelia cells is provided by
active coupling of the star-like assembly of microtubules
to the actin cortex. This can occur by dynactin motors or
other MT-actin linkers that bind the MTs to actin cables
or local assemblies of the actin gels. The MT aster can be
actively pre-stressed by dynactin motors or by spontaneous
growth and migration of local assemblies of actin gels. We
argue that this discrete mechanical design provides the cell
with a high global stability while the softness of the cyto-
plasm enables fast, effective intracellular transport of
compartments.

2. Materials and methods
2.1. Preparation of cells

D. discoideum wild-type and mutant cells were cultivated
in petri dishes using liquid AX2 nutrient medium (provided
by the Max-Planck-Institut fiir Biochemie, Martinsried,
Germany). The wild-type AX2 and the myosin null mutant
HS2205 [29] were transfected to express fluorescent GFP-a-
tubulin (cell lines HG1668 and HG1671 [30,31]). For each
experiment, the cells were taken from axenic culture. To
starve the cells, they were extracted from their nutrient
by washing and centrifuging three times with cold 17 mM
K—-Na phosphate buffer (pH 6.0). The supernatant was dis-
carded after each centrifugation step and the cells were re-
suspended in the phosphate buffer at 4 °C by vortexing and
then deposited onto the bottom glass surface of the sample
chamber. The chamber was not covered in order to provide
the cells with oxygen during the time of observation, since
oxygen deficiency has drastic effects on the viability of the
cells. The cells settled on the glass slides within minutes and
the experiments were performed not later than 2 h after the
final washing step. Under these conditions they are in the
vegetative state, exhibiting a quasi-spherical shape, and
do not aggregate. The cells were incubated with latrunculin
A or benomyl just before the measurement. We applied a
latrunculin A concentration of 5 uM and washed the cells
after the observation. The incubation with benomyl
occurred with a concentration of 25-50 uM.

2.2. Colloidal probes

Ferromagnetic Fe;O4 beads of diameter d=1.42 um
were provided by W. Moller (GSF, Munich, Germany).
They were separated from their solvent by centrifuging.
The pellet was then re-suspended in the 17 mM K-Na
phosphate buffer. The suspension was agitated in a bath
sonifier for 10 min. It was further homogenized by vor-
texing before mixing with the cell suspension (at a cell to
bead density 10:1). Uptake of the beads by the cells
occurred in a rotator within about 5 min. Experiments were
started within half an hour after this step.

2.3. The magnetic bead microrheometer

The experimental setup was described previously [25,32].
The inhomogeneous field is generated with a soft iron core
exhibiting a sharp wedge-shaped edge. Magnetization
occurred by a magnetic coil with 1500 turns made of a
0.7 mm diameter copper wire. The measuring chamber
(total volume of 150 pl) was made up of a Teflon frame
with an 18 mm X 18 mm glass slide serving as a bottom
onto which the cells are deposited. The Teflon frame is
embedded in a copper sample holder placed onto the
microscope stage. The edge of the soft iron core penetrates
into the sample chamber through an opening in the copper
and Teflon housing. The penetration depth of the blade can
be varied to adjust the distance to the cell studied to a min-
imum value of ~100 um. The coil current is produced by a
home-made voltage-controlled current supply that trans-
forms the voltage signal of a FG9000 function generator
(ELV Elektronik AG, Leer, Germany) or DS345 (SRS
Stanford Research Systems, Sunnyvale, CA, USA) into a
current signal with a maximum output of 4 A. This exper-
imental setup was mounted onto an AXIOVERT 200
microscope (Zeiss, Oberkochen, Germany). For imaging,
a Zeiss Plan-Neofluar (100x PH2) microscope objective
was used. The microscope image was recorded by a
charge-coupled device camera (C 4880-80 Hamamatsu,
Herrsching, Germany) and stored on a personal computer.
The position of the magnetic particle was tracked by the
home-made real-time image processing software OPEN
BOX [33]. The time resolution was 20 ms.

2.4. Determination of velocity

The local velocity of the colloidal probes in the image
plane was determined by numerical differentiation accord-
ing to a previously developed procedure [7,29]:

xi+1—x—-1 ? yi+1_yi_l ’
iy iati =
UL(Xy ) \/<ti+1—ti_1> +<ti+1_ti_1
(1)

It is a coarse-grained velocity obtained by averaging the
local displacements over 0.03 s.
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3. Experimental results and interpretations

3.1. Random and intermittent directed motion of
magnetosomes

To evaluate the effect of external forces on the cell cyto-
plasm, we analyzed 1400 responses for wild-type cells, 600
for benomyl treated cells and 480 pulses for myosin II null
mutants. Fig. la shows a trajectory of a 1.42 um diameter
magnetosome in a wild-type D. discoideum cell observed
for 10 min. The rainbow-like color code indicates the time
course of the motion starting with red at 7o = 0. The start-
ing point is marked by the initial position of the bead (dark
disk at the top). During the trajectory, force pulses of 17 s
duration with force amplitudes ranging from 110 to 700 pN
were applied, which were always directed towards the left.
The image of the cell is shown at 1 = 0s. The red, yellow,
green, light blue, dark blue and purple curves (rainbow
coded) in Fig. 1' indicate the outline of the cell at
t,=1min, t,=2min 40 s, t,=4min 5s, t;, = 5Smin 355,
4o = 7 min 45 s and #, = 10 min 35 s, respectively. The cell
generates pseudopods and rotates during the observation
time but it does not move significantly in a given direction.
A more detailed inspection of the trajectories and global
motions of the cells did not show any correlation between
these two sets of motions. It should also be noted that the
velocities of the advancing protrusions or rotations are on
the order of 0.05 um/s and are thus slow compared to the
internal motions. Fig. 1a clearly shows that the trajectory
of the colloidal probe is composed of local irregular walks
and directed motions and this behaviour also holds if force
pulses of up to I nN are applied.

Closer inspection of 680 force induced trajectories shows
two remarkable observations. The first is that in most cases
(about 80%) the force pulses trigger immediate fast deflec-
tions of the bead in directions opposite or perpendicular to
the external force. The speed of these motions can reach
5-10 um/s. Below, we will provide evidence that these fast
deflections are due to strong pre-stressing of the MTs (see
Fig. 1c for a schematic view of the processes). The second
observation is shown in Fig. 1b. A section of the trajectory
of Fig. la is shown where several pulses P1-P4 induce a
deflection of the bead nearly perpendicular to the force
direction (to the left in the negative x-direction). The sce-
nario starts at the top of this magnified view with the bead
entering from above (light green trajectory). The bead
moves first in a diffusive way towards the lower left corner
of the cell and returns to the position P1. Here a pulse of
450 pN is applied which induces an immediate and fast
deflection nearly perpendicular to the force direction. The
motion slows down rapidly in ~1/2 s (Fig. 2). After switch-
ing off the force the bead returns to position P2 by irregular
walks. Now a second pulse of 500 pN is applied resulting in

! For interpretation of colour in this figure, the reader is referred to the
web version of this article.

y (um)

X (pum)

Fig. la. Trajectory of magnetic bead observed for about 600s. The
movie’s time flow is illustrated by a rainbow color code starting with red
and ending with blue/purple. The relation between the time and the color
is given in the inset. The start position of the bead is further marked by an
arrow and ending in blue. The cell’s contour at six distinct times is marked
in red, yellow, green, light blue, dark blue and purple at the corresponding
times #,=1min, f,=2min 40s, f;=4min 5s, f=5min 355,
tqp="7min 45s and #,=10min 35s, respectively. The white square
indicates the region shown at higher resolution in (b).

12 13 14 15
X (um)

Fig. 1b. Section of bead trajectory of (a) showing situation where the bead
moves predominantly perpendicular to the applied external force direction
during external force pulses. The force amplitudes for pulses P1-P4 are

f1=450pN (yellow line), f> =500 pN (orange line), f3 =110 pN (red

line), and f3 = 290 pN (purple line), respectively. Note that due to the slow
(diffusive) reversibility of the enforced deflections the bead can revisit the
same region within the cell several times. Below we provide evidence that
the perpendicular motion of the beads is due to angular deflections of
microtubules.
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Pseudopod
Formation

Flagella-like
Motion

Brownian
Motion

Fig. lc. Schematic view of the relevant compartments and processes in the
cell, which has internalized a magnetosome. A magnetic field gradient
dB/dx exerts a force F, on the magnetic bead always in the —x-direction.
The bead moves along microtubules (MTs) with a velocity v,. The MTs
perform flagella-like motions with a velocity of v.. V7, is the velocity of the
advancement of pseudopods when the cell starts moving in a new
direction. It is negligible compared to the fast bead movement in the cell.
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Fig. 2. Time dependence of the bead displacement in x-direction (thick
black line) and y-direction (thick grey line) and of the absolute velocity
(black curve on top). The velocity scale is given at the right ordinate. Note
that velocities >3 pm are cut-off. The height of the grey bars reflects the
force amplitudes for pulses P1-P4 (f; = 450 pN, f> = 500 pN, f3 = 110 pN,
and f4 = 290 pN, respectively). (a) Experimental data is shown for pulse 1
and pulse 2. (b) Experimental data is shown for pulse 3 and pulse 4.

the same behaviour as before. The recurrent behaviour is
observed again twice and pulses P3 (110 pN) and P4
(290 pN) are applied. After the fourth pulse the bead
escapes to the lower left corner without returning again.
The absolute velocities and the deflections of the bead in
the x- and y-direction are shown in Fig. 2. The time depen-
dence of the velocity v clearly shows the rapid slowing
down of the motion in the presence of forces above a
threshold of 100 pN. At smaller forces the velocity of the
bead deflection is not reduced remarkably during the appli-
cation of the force.

The main observations can be summarized as follows:

Although the beads traverse about the same location in
the cell several times, the velocities of deflection are very
different. In the case of pulse P1 and P2 (with amplitudes
of 450 pN and 500 pN), the initial velocities immediately
after switching on the force pulse are very high (about
vo ~ 10 um/s). After a response time of about 0.5s the
motion is slowing down drastically. For the pulse P4
(290 pN) the initial velocity is vy ~ 1 um/s and the slowing
down is much less pronounced. For P3 (110 pN) the initial
velocity (~1 pum/s) is nearly equal to the drift velocities of
the bead during its return into the initial position and no
remarkable slowing down is observed. The slowing down
of the velocity in the presence of forces exceeding 100 pN
and the absence of this effect below this threshold force
has been observed in numerous cases and appears to be a
universal feature of wild-type cells. It should be noted that
the return of the beads to the original position occurs only
in about 50% of the 600 cases studied. It is not due to true
elastic behaviour of the cytoplasm since the bead moves
back in a quasi-random fashion. Below (Fig. 5) we provide
evidence that the high initial velocity for P1 and P2 agrees
with the initial escape velocity of the microtubules in the
direction perpendicular to the applied force. The slow
reversibility of the bead suggests that the star-like assembly
of the filaments exhibits a stable (ground state) configura-
tion to which the cell returns slowly after mechanical
deformations.

3.2. Velocity distributions

The magnetic probes engulfed by the cells are wrapped
by plasma membrane during the phagocytosis and are thus
expected to be processed by the cell similar to intracellular
compartments. Since the beads perform actively driven
local irregular walks and directed motions over distances
on the order of micrometers we think it is more appropriate
to characterize their motion in terms of local velocity distri-
butions instead of mean square displacement-versus- time
plots [24]. Velocity distributions of nine wild-type cells with
a total observation time of about 1.5 h, six myosin II null
mutants (observation time about 1h), four latrunkulin
treated cells (observation time about 45 min) and four ben-
omyl treated cells (observation time about 45 min) were
investigated in this work. 10 min traces were analysed at
time intervals of 0.06 s corresponding to 10,000 data point
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Fig. 3a. Velocity distributions of 1.42 pym diameter magnetic beads in AX
2 wild-type cells in the absence ([J) and the presence (H) of external force
pulses are shown. The drawn curves are optimal fits of the data by log—
normal distributions.

per cell. The distributions are normalized with respect to
the total integral over P(v). The distributions of different
cells within the same cell type agreed rather well and we
therefore present below the data obtained for a single cell.
In Fig. 3a the velocity distributions of the magnetic bead in
wild-type cells are shown for two situations: first, in the
absence of external forces (open square symbols) and sec-
ond, during force pulses (closed square symbols). Very
broad distributions extending over three orders of magni-
tude in time are observed.

We attempted to characterize the velocity distributions
P(v) in terms of established distribution functions which
are known to exhibit finite averages. We found that the
measured velocity distributions between 0.02 and 2 um/s
can be best fitted by log—normal distributions according to

1 —(logv)?

See appendix for the comparison with other distribution
functions. Log-—normal distributions are often observed in
complex systems (with fractal dimensionality) which show
also 1/frequency noise. They are typically observed if mo-
tions (such as electrons in semiconductors) are energy acti-
vated and if the relaxation times of the excitation processes
driving the motion do not depend on the scale of the pro-
cesses such as the length of the random walks [35]. We
pointed out in our earlier studies of agar immobilized cells
that the force-induced bead motion can also be described in
terms of enforced motion of particles in quasi-periodic
potentials [36].

The drawn curves are fits of log—normal distributions
(Eq. (2)) to the measured velocity distributions. Velocities
<0.1 um could not be measured accurately enough and
these data are therefore excluded from the fit. The total
velocity distribution exhibits, however, long tails which
can extend up to 10 um/s, also excluded from our fits. A
surprising result is that the maximum of the distribution
function (P(v)max at v ~ 0.5 pm/s) is shifted to lower values

WT +
WT 0

Myosin Il null +
> Myosin I null 0
fit WT+
fit. WT 0
— fit_Myosin I null +
fit_Myosin Il null 0

P(v)

v (um/s)

Fig. 3b. Velocity distributions of magnetic beads in myosin null mutants
measured in the presence (closed black circles) and in the absence of
external force pulses (open black circles). For comparison the distributions
of the wild-type cell is also plotted (in grey). The open squares correspond
again to the absence and the closed to the presence of forces. The drawn
curves are optimal fits of the data by log-normal distributions.

m WT+
WT 0

A WT Latrunculin +

2 WT Latrunculin 0
— fit WT+
----- fit WT0
— fit_WT Latrunculin +
----- fit WT Latrunculin 0

P(v)

v (um/s)

Fig. 3c. Velocity distributions of magnetic bead in latrunculin A treated
wild-type cells in absence (open black triangles) and the presence of force
pulses (closed black triangles). For comparison the velocity distributions
of the untreated wild-type cells are shown in grey (according to (B)). The
drawn curves are again optimal fits to log-normal distributions.

of v (to P(v)max at ~0.1 um/s) in the presence of external
forces. This reflects the slowing down of the fast bead
motion in the presence of external forces as was directly
shown in Figs. 1b and 2. The effect does not depend on
the relative orientation of the bead motion with respect
to the external force direction and it is nearly absent below
a threshold force of 100 nN.

In Fig. 3b we compare the velocity distributions of mag-
netic probes in myosin II mutants and wild-type cells,
which were again measured in the absence and presence
of external forces. It is seen that the distribution for myosin
II null mutants is slightly shifted to lower velocities
(P(v)max at v~ 0.2 um/s) with respect to wild-type cells.
As in the case of wild-type cells, the maximum of P(v) is
again shifted to lower values under the action of external



D. Heinrich, E. Sackmann | Acta Biomaterialia 2 (2006) 619-631 625

forces. Inspection of 480 bead responses shows that the
direction of motion is still mostly directed opposite to the
external force direction. This shows that knock out of myo-
sin I does not abolish the pre-stressing of the MT and the
capacity of the cell to respond actively to strong external
forces. The shift of the maximum of P(v) to lower velocities
is explained in terms of an increase of the viscosity of the
cytoplasm by knock out of myosin II. This increase of
the viscosity of myosin II null mutants was observed in ear-
lier studies [29,34].

Different behaviour is found for latrunculin A treated
cells. Compared to wild-type cells the maximum of P(v) is
shifted to lower values by a factor of five with P(v)nax
located at v~ 0.1 pm/s. Most importantly, the external
forces do not induce a shift of the maximum of P(v) to lower
velocities demonstrating that the slowing down by external
forces is abolished. This finding has been verified by direct
observation of the time dependence of the velocities before
and during the force pulses similar to Fig. 2. Finally, the
bead is mostly deflected in the direction of the external
force, indicating that the cells can no longer counteract
external forces in an active way. In many cases the bead
does not move at all, even after application of 700 nN
pulses, which is most likely due to the capture of the beads
by microtubules near the centrosome. As will be discussed
below, this is essential to prevent damage of the biochemi-
cally stressed cells by strong external forces.

The velocity distribution of benomyl treated wild-type
cells exhibits similar behaviour. In these cells only short,
truncated MTs are observable around the centrosome.
The velocity distribution is again shifted to lower values
of v (P(v)mayx 18 located at v ~ 0.1 pm/s) and external forces
do not cause slowing down of the bead. Closer inspection
of the trajectories of several cells shows that the beads
are located predominantly close to the nucleus and are
often strongly trapped near the centrosome.

3.3. Measurement of local drag coefficients and forces from
recurrent paths

Friction coefficients could be measured in specific cases
where the beads were deflected in a passive way in the force
direction. In such cases the trajectories consisted of nearly
straight paths with velocities altering between 0.2 and
1.0 pm/s (for a force of 200 pN) corresponding to friction
coefficients between 2x 10™* and 2x 107> Nsm™~'. This
data corresponds well with the range of values (=2 x
107*-1x 10> N's m ™' found for cells immobilized by agar
overlays which respond to external force pulses mostly in a
passive way [29]. In this study we measured active intracel-
lular forces directly by comparing the velocities of the
beads immediately before and after application of the
external load and found active forces on the order of
Jace = 100 pN [36].

A second approach to obtain quantitative information
on the time dependent drag coefficient {(¢) of the cytoplasm
is to analyze the force pulse induced deflection of the bead

5.0

4.5+

displacement (pum)

4.0 P g™

30 40 t(s) 50 60

Fig. 4. Example of passive deflection of magnetic bead in force direction
in latrunculin A treated wild-type cell evoked by a force pulse of
F.. =720 pN. The drawn line is fitted to the data by assuming that the

friction coefficient exhibits a square root law { (¢) ~ 0.00015¢'72.

in latrunculin A treated cells. They behave as passive visco-
plastic bodies and the bead is mostly deflected in the direc-
tion of the force. In the example presented in Fig. 4 we
show that the time dependence of the drag coefficient can
be represented by a power law {(f) =0.0015/* with a ~
1/2. This empirical law has been observed about 20 times
for situations when the beads are not captured at the cen-
trosome. It predicts that { increases from (=5x
100*Nsm™! for t~0.1s (roughly the time resolution of
the velocity measurement) to (~5x10>Nsm™' for
t ~ 10 s (roughly the length of the force pulses). These val-
ues are larger by about a factor 3 than the above, directly
measured data, which may be explained by the closer prox-
imity of the beads to the nuclear region. A possible expla-
nation for this empirical power law is the accumulation of
intracellular components in front of the rapidly moving
bead since the intracellular compartments (such as vesicles
and mitochondria) cannot escape rapidly enough by diffu-
sion. This gives rise to a local osmotic pressure counteract-
ing the driving force. Such behaviour has indeed been
observed for entangled actin networks and it has been
shown theoretically that this effect leads to a square root
law of the bead motion [37]. The active forces driving the
fast initial motions (such as the fast deflections shown in
Fig. 1b) can now be estimated by assuming that the friction
is determined by the short time value of the drag coeffi-
cient: { ~2x 107* N s/m. The fast motion of the bead
along the MT (with v ~ 1.5 um/s) would require forces of
~200 pN while 2 nN are needed for the very fast angular
deflections of the filaments (with v ~ 10 pm/s).

3.4. Visualization of enforced motion of the microtubule

To clarify the interaction of the beads with the micro-
tubules during their motion, we studied cells with
GFP-labelled a-tubulin. We simultaneously observed the
trajectory of the bead motion and the conformational
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(with force pulse trajecti

MT attachec
to bead

centrosome |1
centrosome 2

Fig. 5a. Fluorescence image of D. discoideum wild-type cell with two
centrosomes and GFP labelled tubulin o, at 1 s before an external force
pulse is switched on, directed to the left (—x-direction). The bead and its
trajectory as well as the MT, to which it is attached, are marked. The bead
trajectory contour indicates the bead trajectory during the external force
pulse of F =40 pN. The bead follows in the direction of the applied
force.

change of the MTs before and after the application of force
pulses. The observation of several cells showed that the
beads remain bound to microtubules most of the time even
after application of pulses of several hundred picoNewtons.
Several scenarios were observed. Two examples are shown
in Figs. 5 and 6, where contours of the filament before and
after the force pulse are shown together with the trajecto-
ries of the bead centres and of the centrosomes. For each
case the MTs were imaged in time intervals of 50 ms. This
allowed us to analyze the time evolution of the conforma-

Bead

15.54

15.0

y (pm)

Bead Track

0.5 um

MT attacl
to bead

2 um
centrosome |

centrosome 2

Fig. Sc. Fluorescence image of the cell during the applied external force
pulse with F, =40 pN. This is a later snapshot of the movie (first image
shown in (A)), from which the conformations and trajectories in (B) are
extracted.

tional changes and motion of the MT in small steps and to
determine the contours of the filaments in a reliable way
although they were occasionally transiently blurred due
to the filament motion in the vertical direction. To simplify
the presentation, Figs. 5b and 6 show only every sixth MT
conformation observed in the movie. The bead and centro-
some trajectories reflect all positions measured.

Closer inspection of the movie from which Fig. 5a and 5c
are extracted shows that in the force-free state the MT fila-
ment initially rotates clockwise in a random way about the
centrosome, with the end coupled to the actin cortex moving
with a velocity of v ~ 0.5 pum/s. After application of a pulse
of fo ~ 40 pN, the centrosome and the filament move per-

Fon

Centrosome 1
Track

14.54
Centrosome 2
Track
25 3.0 35

X (pm)

Fig. 5b. Motion of microtubule and attached bead in cell with two centrosomes, induced by a force pulse of F.. = 40 pN. The thin grey line (#1) shows a
snapshot of the filament contour immediately (56 ms) before application of the force and the thick lines (numbered 2-5) during application of the force.
Contour #6 indicates the MT position after the force pulse is switched off. The thick dark grey curve with the arrow indicates the motion of the MT and is
drawn to guide the eye. The time interval between contours is 0.5 s. The inset at the right side shows the trajectory of the centrosome #1 closer to the bead
(Fig. 6A) with the dots indicating the switching on and off of the external force. The maximum initial velocity of the centrosome is v ~ 3 um/s. The small
inset at the top shows the corresponding trajectory of the bead centre (maximum initial velocity ~1 pm/s). Note that the bead follows the force direction
and that the filament is elongated during the application of the force pulse with a velocity of ~1 um/s. The inset on the bottom shows the trajectory of the
remote centrosome (centrosome 2, (A)), moving in the opposite direction (+x) while the external force pulse is applied in the —x-direction.
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Fig. 6. Motion of microtubule and attached bead induced by a strong
force pulse of F = 530 pN in a GFP-tubulin-o markered Dictyostelium
discoideum cell. The thin grey line (#1) shows a snapshot of the filament
contour before, the thick contours (numbered 2-5) during and the thin line
#6 after the application of the force pulse. The time intervals between
snapshots were several seconds, with the exception of that between #1 and
#2 which is 56 ms. The thick grey line with the arrow indicates the
deflection of the MT. The curve at the right (bottom) shows the trajectory
of the centrosome, with the dots indicating the positions where the force is
switched on and off, respectively. The initial velocity of the centrosome is
v~ 3.5 um/s. The bead trajectory is given in the inset at the top of the
figure, indicating that the bead moves in the opposite (+x) direction with
respect to the external force pulse (in the —x-direction). The velocity of the
bead immediately after application of the force pulse is v = 4 pm/s.

pendicular to the direction of the force pulse. The initial
velocity of the centrosome after application of the force is
~3 pm/s and that of the filament ~4 pm/s. The bead moves
in the direction of the force with an initial velocity of 1 um/s.
The filament thus responds to the force by escaping perpen-
dicular to the force direction. This behaviour suggests that
the local force generated on the filament is very rapidly com-
pensated by traction forces acting at both ends in a direction
nearly perpendicular to or opposite to the applied force
(Fig. 6). After the initial phase, the filament swings back
again and moves in the force direction with velocities close
to those characteristic for the irregular sweeping motion of
the MT (Fig. 5b). Interestingly, it is seen that the MT elon-
gates by about 0.5 um, pointing to a force induced dynamic
growth [38,39].

In the case of Fig. 6, the peripheral end of the filament is
initially bent downwards and the magnetic bead exerts a
force tangential to the filament. After application of a
530 pN external force, the centrosome moves immediately
opposite to the force and the filament rotates counter
clockwise with a high velocity of 3.5 pm/s. It then moves
back again (clockwise) more slowly (v = 0.6 um/s). The
maximum bead velocity along the MT is 5 pum/s, and
the average velocity is 0.5 pm/s. This shows again that
the external force is very rapidly balanced by traction
forces at both ends of the filament and that the cell then
returns slowly again to some stable (ground) state. The
velocity of this relaxation process is again similar to that
of the quasi-random sweeping motions of the bead.

4. General discussion
4.1. Attribution of velocity distribution to motional processes

Inspection of the bead trajectories (Figs. 1 and 2) and
the simultaneous analysis of the bead and MT motion
(Figs. 5 and 6) strongly suggest that the velocity distribu-
tion (Fig. 3) is determined by three types of motions: The
first consists of directed motions with velocities between
0.5 and 1.5 um/s that contribute to the right wing of
P(v). It is largely determined by the bidirectional intermit-
tent transport of beads in a direction parallel to the micro-
tubules and consists of a stop-and-goes transport (with
maximum velocities of v~ 1.5um/s). The phases of
straight motions extend over about 1 pm (lasting about
0.5 s as judged from separate measurements of the velocity
correlation function). These motions require active forces
of ~200 pN. Similar intermittent motions with equal max-
imum velocities (~2 pm/s) are reported for axonal trans-
ports in neural cells [38,40]. We cannot exclude the
possibility that tangential motion is partially due to the
dynamic instability of the MT for which velocities of about
0.3 um/s have been reported [38,39].

The second type of motion consists of flagella-like
sweeping motions of the microtubules about the centro-
some with velocities of v~ 0.5 um/s. They contribute
mainly to the left wing of P(v). Similar velocities for this
type of motion were also found for cells immobilized by
agar films (A. Reuter, unpublished data of Diploma Thesis,
Technical University Munich, 2003). The driving force for
this motion is estimated to be F = 100 pN.

The third type of motion is determined by spontancous
and very fast deflections of the MTs in random directions
with velocities up to 10 um/s. This type of motion is similar
to that induced by external forces above a threshold of
100 pN. In this case the motions consist of rapid deflections
of the filaments predominantly perpendicular to the force
direction. They occur concomitantly with the deflection of
the centrosome (on which the filaments are anchored) in
about the same direction (Fig. 5). The induced bead deflec-
tions shown in Fig. 1b are attributed to this angular deflec-
tion of the MT since the initial velocities of the motions
(vo = 1.8 pm/s and 3 pm/s for 110 pN and 290 pN, respec-
tively) agree reasonably well with the velocities of the
force-induced displacement of the MT observed by micro-
fluorescence (Fig. 5a). Driving forces in the nN range are
needed to drive such fast motions which would require
the cooperative action of several hundred motor proteins.
This can hardly be achieved by MT associated motor pro-
teins [42]. We conjecture that the fast motion is driven by
pre-stressing of the microtubule by local tensions of the
actin cortex generated by actin—-MT crosstalk. Evidence
for this conclusion is provided by the finding that the fast
motions are abolished by latrunculin A. It appears to
decompose the actin cortex preferentially at the interface
between the actin and the MT based cytoskeletal fractions.
This is suggested by our separate observation that after the
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application of this poison, the number of connections
between the MTs and the actin cortex decrease rapidly with
time. Moreover, the MTs appear to become much more
flexible suggesting that they are not under tension anymore.

4.2. On intracellular space as active viscoplastic bodies

In previous studies of rheological properties of the cyto-
plasm we studied Dictyostelia cells immobilized by agar
overlays [29]. We found that small forces between 20 and
50 pN evoke in general bead deflections in the force direc-
tion following two types of response scenarios: (i) immedi-
ate diffusive motion in the direction of force interrupted by
local random walks due to the transient capture of the
beads, (ii) delayed responses with the random motions in
the force direction starting with delays of several seconds
after application of the force. The deflections were mostly
irreversible. Similar to the mechanical behaviour of poly-
mer melts in glassy states the friction coefficients of the
cytoplasm (or the mobility of the beads) were strongly
force dependent, which is the characteristic property of
viscoplastic materials, together with the existence of thresh-
old forces above which the material starts to flow [44]. This
cytoplasmic viscoplasticity may provide an explanation for
the glass-like behaviour of the viscoelastic impedance
observed by micro-rheometric studies of fibroblasts with
rotating magnetic beads [26] or by micropipette studies
[14] leading to the conclusion that cells behave as glass-like
bodies.

The present rheological experiments confirm this con-
clusion. They show, however, that the free cells behave very
differently than agar immobilized cells. Their cytoplasmic
space forms a much more active viscoplastic body which
can rapidly balance very strong external forces in the
nano-Newton regime within a fraction of a second
(~0.2 s). Such forces are also typical for the generation of
lamellipodia [43].

4.3. How the viscoplastic cytoplasmic space can generate and
resist nano-Newton forces

We now address the questions concerning the pre-stress-
ing of the MTs and how the intracellular space can balance
local forces in the nano-Newton range (e.g., applied locally
to single microtubules). Since the cytoplasm is viscoplastic,
the stability of the single filament can only be maintained
by coupling of the aster-like assembly of microtubules to
the composite and truly viscoelastic cell envelope. The
maximum force which free microtubules of about 10 um
length (of bending stiffness 4 x 1072 J m) can resist with-
out buckling is at most 15 pN. The micro-fluorescence
observation of the induced motion of the MTs shows that
mechanical stability is established by traction forces gener-
ated at the ends of the filament anchored at the centrosome
and the actin cortex, respectively (Fig. 5). The force exerted
by the centrosome can be balanced by the microtubules
located at the opposite side of the force probe.

Tensions in the microtubule plus end coupled to the
actin cortex can be generated by three possible mecha-
nisms: first, by coupling of MT associated motor proteins
such as dynactin [45] to the actin cortex (Fig. 7); second,
by activation of actin/myosin micro-muscles located at
the surface of the actin cortex; third, by spontaneous local
growth of domain-like actin meshworks. Actin myosin
bundles close to the inner surface of the cortex have been
visualized by electron microscopy [41] while travelling
waves of actin assemblies have recently been observed by
micro-fluorescence at the growing tips of the pseudopods.
Transmission of forces between the MTs and the actin cor-
tex could be mediated by any complexes between actin and
tubulin binding proteins or by vesicles with bound microtu-
bule and actin associated motor proteins [46,47]. Myosin 11
motors play a key role for the positioning of microtubule
asters during spindle assembly by moving the ends of the
MT along the inner surface of the actin cortex [48]. How-
ever, since the pre-stresses are also observed in myosin 11
null mutants this mechanism is ruled out.

Two possible explanations for the mechanical stabiliza-
tion of the cells are proposed (Fig. 7). One model assumes
that dynactin complexes are bound to the actin cables and
generate forces on the MT in the plus-end direction.
According to Newton’s law of force balance, an opposite
force is exerted on the actin cable to which dynactin is cou-
pled. Since the actin cortex is coupled to the plasma mem-
brane by talin or myosin I [49] mediated links, this gives
rise to a lateral cortical tension in the direction of the

Fig. 7. Schematic view of the balance of external forces (F.) by
generation of traction forces at the ends of the MTs anchored at the
actin cortex (force F4) and the centrosome (Force F(), respectively. The
MTs are tensed by dynactin motors generating forces in their plus-end
direction. The filament tension is balanced by lateral tensions generated in
the crosslinked actin cortex of the cell envelope. The force on the
centrosome is stabilized by tensions generated in the MTs anchored at the
opposite side of the cell. The inset shows the model of the generation of
pre-stresses in the MTs by generation of cortical tensions through
dynactin motors. Global stability is achieved by the balance of the
tensions of the MTs and of the local cortical tensions.
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MT plus end. A force of 1 nN would require the action of
about 500 motor proteins which suggests that several MTs
are involved in the generation of local cortical tensions.

A second mechanism generating pre-stresses and driving
the tangential irregular walks of the actin coupled MT ends
could be the spontaneous generation and decay of (~1 pm?
large) dynamic micro-domains of actin assemblies [S0].
(These can consist of actin, crosslinked by passive linkers
such as Arp2/3 [47,50] and filamin, or of actin/myosin
micro-bundles.) They form mostly at the leading front of
pseudopods and at the cytoplasmic side of the cell surface
contacting the substrate. They migrate along the surface
with typical velocities of 0.05 um/s and are involved in
the protrusion of pseudopods. In very recent complemen-
tary micro-fluorescence studies of cells moving over rods
generated on glass surfaces, we found that these actin
assemblies can move even faster (~0.5 um/s, D. Heinrich,
G. Gerisch, unpublished data) than reported in Ref. [50].
The migrating assemblies are suppressed by latrunculin
but not by knock out of myosin II, in agreement with
our findings. The critical buckling force of the ~0.1 pm
long actin filaments within the meshworks (of ~0.1 pm
mesh size) is of the order of 1nN [43]. Migrating actin
assemblies could thus indeed generate the observed pre-
stressing of the MT system. Finally, it should be noted that
active cortical tensions can be generated by assemblies of
myosin I which are coupled to actin filaments interacting
with the plasma membrane through talin.

The above mechanisms can explain several of our find-
ings. Consider first the instantaneous deflection of the MT
and centrosome approximately perpendicular to the applied
force f.x and the subsequent slow return to the original posi-
tion. The force will increase the tension in the pre-stressed
MT and is expected to lead to the unbinding of actin-MT
connections. The local cortical tension is not balanced any
more and pulls the MT opposite to the force direction until
mechanical equilibrium is established again (occurring with
a response time of 0.2 s). This equilibration process could be
mediated by tensions induced in the other MTs of the aster
or by re-organization of the dynamic actin assemblies. After
the local force balance is established again, the MTs return
close to their original position by the irregular sweeping
motions. The observation that strongly deflected microtu-
bules often return slowly to the original position (Fig. 1)
suggests that there exists some mechanical ground state pro-
viding the cell with a mechanical memory.

The above mechanisms are no longer functional after
treatment of the cells with latrunculin A and benomyl,
since these poisons abolish the MT-actin coupling. Our
experiments suggest that the cells adapt to this situation
by maintaining the beads near the nuclear region. Closer
inspection of a large number of mechanical responses also
suggests that the induced motion of the beads is often
impeded after application of several strong force pulses.
A possible explanation is that the cells adapt to strong
mechanical stresses by capturing the beads again within
the MT network.

In order to maintain the global stability of the cell or to
avoid folding of the cell envelope, the actin cortex must
form a percolated elastic network in such a way that local
changes of the tangential stress can be balanced by stresses
generated at other sites in the cell.

In summary, our experiments lead to the conclusion
that the mechanical stability of cells exhibiting soft cyto-
plasms (such as Dictyostelia cells) is maintained by cou-
pling of the microtubules to the viscoelastic actin cortex
which could be mediated by binding of dynactin motors
to actin cables or other linkers coupling MTs to dynamic
actin assemblies [47]. Thus local external forces could be
compensated by re-organization of the actin cortex until
lateral cortical tensions are balanced by stresses generated
within the MT aster or by both processes. Balance of cor-
tical tensions (¢ in Fig. 6) within the cell envelope alone
would require that the domains of tightly crosslinked
actin form a percolated network. We argue that this dis-
crete mechanical design provides the cell with a high glo-
bal stability while the softness of the cytoplasm facilitates
the fast intracellular transport of compartments or the re-
positioning of the centrosome. The proposed model sug-
gests some analogies between the mechanical design of
Dictyostelia cells and technical tensegrity structures [S1].
In the cell, the microtubules play the role of pre-stressed
springs that can maintain only linear tensions while the
actin cortex provides stability towards shearing and exten-
sions. In contrast to technical tensegrity structures, cells
are adaptable and can return to their original shape
(mechanical ground state) by active forces. Depending
on the type of experiment, the mechanical properties of
the cell can be described by the continuum mode (as for
the interpretation of micropipette experiments [52]) or
by discrete models (such as for the evaluation of micro-
mechanical experiments).

5. Conclusions

The cytoplasmic space of Dictyostelia cells behaves like
a soft viscoplastic body which is mechanically stabilized by
active coupling of the aster-like assembly of microtubules
to the actin cortex. This could be mediated either actively
by motors of the dynactin family or passively by coupling
of MTs to dynamic actin assemblies. The actin cortex and
the MT aster form an interconnected (percolated) mechan-
ical structure in such a way that sudden local loads can be
balanced by cortical tensions progressing within the actin
cortex, by stresses generated within the MT aster or by
both mechanisms. Local fluctuations of the cortical ten-
sions induce flagella-like motions of the MTs and quasi-
random motions of the centrosome, which can lead to
strong pre-stressing of the MTs.

This discrete mechanical design allows cells to resist
nano-Newton mechanical forces while the cytoplasm forms
a soft viscous body which is essential for the rapid intracel-
lular transport. This design of Dictyostelia cells shows
some analogies to that of technical tensegrity structures,
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with the MTs playing the role of pre-stressed springs that
can maintain only linear tensions while the actin cortex
provides the stability against shearing.

Acknowledgements

The work was supported by the Volkswagenstiftung and
the Fonds der Chemischen Industrie. We thank Prof. G.
Gerisch for providing the cells and for very helpful discus-
sions. One of the authors (D.H.) acknowledges the hospi-
tality of the group of Prof. J. Spatz at the University of
Heidelberg and the help of the Nikon Imaging Center with
complementary micro-fluorescence experiments.

Appendix

We compared the fits of three different distributions to
the measured velocity distribution functions presented in
Fig. 3a:

Log-normal distribution: P(v) = Ko+ K, * exp(—(In(x/
K>)/K3)).

Exponential distribution: P(v)ex = Ko + K * exp(— K5 * x).
Power law distribution: P(v)p = K, + K; * x*2.

Table 1

Fitting parameters and »*> values for the optimal fits (log-normal,
exponential and power law) in the restricted range of the velocities
(v=10.05-1.5 um/s) for wild-type cells (Fig. 3a) in the presence and
absence of external forces

With force applied No force applied

Log-normal fit
2

z 4.38159¢—5 7.02617e—5
Ko —4.40819¢e—5 —0.000782318
K 0.0155455 0.00645721
K 0.0926804 0.296585

K; 1.26819 1.40169
Exponential fit

7 0.000101386 0.000187522
Ky —4.64562¢—5 —0.00523198
K 0.0213083 0.010871

K 3.87424 0.345876
Power law fit

7 0.000363005 0.00035964
Ky —0.0049732 —0.0597949
K, 0.000017008 0.0617602
K —0.469339 0.0285804
Table 2

Fitting parameters and 7> values for the optimal log-normal fit over the
whole range of velocities with the exception of the long tails at v > 4 um/s

With force applied No force applied

Log-normal fit
2

x 7.66131e—5 7.96925e—5
Ko —0.000100558 —0.000267676
K 0.0159749 0.00603335
K 0.0777968 0.299752
K; 1.42855 1.2694

The parameters are summarized in Table 1. The range of
velocities over which the measured distributions (with and
without applied force) could be fitted at all with the expo-
nential and power law distributions had to be reduced both
at the beginning and at the end of the velocity scale leaving
a fitting range between v = 0.05 and 1.5 um/s. It should be
noted that the exponential and power law distributions can
fit reasonably well only the decreasing branch of the veloc-
ity distributions, while the log-—normal distribution can fit
the ascending and decreasing branches of distributions
over the whole range of velocities. In Table 2 we present
the fit parameters for the log—normal distribution obtained
by fitting P(v) over the whole range of measured velocities.
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