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Abstract Cell motility is a fundamental process
associated with many phenomena in nature, such as
immune response, wound healing, and cancer meta-
stasis. In these processes, cells must squeeze through
cell layers, and we characterize this ability to actively
produce forces and simultaneously adapt their shapes.
We have measured forward forces up to 15 nN that a
migrating keratocyte was able to generate, in order to
adjust its shape and successfully force its way under
and past an obstacle. We also observed that 34 nN was
capable of stalling the cell’s forward motion. Further-
more, we measured that under compression stresses
up to 1,165 pN/um? (1,165 Pa), cell morphology, and
velocity remained unchanged. Additionally, we found
that keratocytes were able to compress themselves up
to 80% vertically in order to squeeze through a gap as
small as 500 nm.

Abbreviation
AFM  Atomic force microscope
IRM Interference reflection microscopy
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Introduction

A common scientific view of cell migration is cells
freely moving on a two-dimensional flat surface of a
Petri dish. In reality, however, cells generally move
through dense tissue where they are in contact with
other cells, requiring them to squeeze, and force their
way through. Under these conditions a cell must not
only have the ability to adapt and restructure its shape
at any time but also dynamically exert forces against its
surrounding matrix, and withstand the stresses from
other cells. These abilities are mediated by the cyto-
skeleton, a viscoelastic active polymer network, which
supports a cells’ structure but remains flexible. It is
able to generate forces via molecular motors, such as
myosin or kinesin (Finer et al. 1994; Block et al. 2003),
and by polymerization of proteins, like actin or
microtubules (Theriot 2000).

One extreme example for the importance of force
generation and maximum flexibility of the cytoskeleton
in cell migration is the process of inflammation. Leu-
kocytes bind to adhesion molecules at the cell wall of a
blood vessel, flatten out, squeeze through small gaps
between the endothelial cell wall, and migrate into the
surrounding tissue (Springer 1994). Another example
is tumor metastasis where tumor cells leave the main
tumor, migrate toward the endothelial cell wall of a
blood vessel, and squeeze through. Once in the blood
stream it is possible for metastatic tumor cells to spread
into different areas of the body to form secondary
tumors (Hanahan and Weinberg 2000).

This ability to generate and withstand forces during
migration by overcoming obstacles or squeezing
through small gaps between cells is the focus of this
letter. We put a polystyrene bead (~ size of a cell)
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glued to a cantilever tip of an atomic force microscope
(AFM) as an obstacle in front of a migrating cell. The
cell crawled underneath the bead, pushed it up bending
the cantilever, and squeezed through as depicted in
Fig. 1. We observed the movement of the cell and
measured the forces at the leading edge of the cell and
at the cell body.

The cells under investigation are fish keratocytes,
fast moving (several pm/min) cells, which maintain
nearly constant velocity, and a half-moon morphology
during migration. They are commonly studied in cell
motility because of their rather conserved shape and
their directionality in motion (usually perpendicular to
their long axes), which makes them the perfect test
case for our study, despite their largely two-dimen-
sional movement in vivo.

Experimental

Keratocyte culture

Primary goldfish epithelial keratocytes were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma
D6429, St. Louis, MO, USA) supplemented with 20%
fetal bovine serum (ATCC), 10 mM HEPES (Sigma),
and 100 U/ml penicillin-streptomycin (Sigma P0781).

Light microscopy

An inverted video microscope (Leica DM IRB) al-
lowed positioning of the cantilever tip and imaging of
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Fig. 1 Tllustration of the experiment. A polystyrene bead (dark
gray) glued to a cantilever-tip of an AFM was positioned on the
substrate in front of a migrating cell. The cell moved toward the
bead, crawled under it, and pushed the cantilever upwards. In
constant height mode (a), the z-piezo of the AFM was fixed, the
vertical deflection of the cantilever was recorded, and calculated
into force, whereas in constant force mode (b), the piezo’s z was
not fixed and its movement was recorded
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cell movement in phase contrast (Leica 40 x Ph2) as
well as in interference reflection microscopy (IRM)
(Leica 63 x Ph3) (Izzard and Lochner 1976). The IRM
technique permitted us to observe regions close to the
substrate. When visualized with IRM, regions in con-
tact with the substrate appear darker than not adhered
regions, as is seen in Fig. 2. By inhomogeneously illu-
minating the sample, reflections from the cantilever
were eliminated but the bead’s position and the cell’s
contour were still visible.

While phase contrast was mainly used for illustra-
tion and positioning of the cantilever, analysis, and
evaluation were done with the more detailed IRM
images.

Atomic force microscopy
Setup

A commercial AFM (Nano Wizard, JPK Instruments
AG, Berlin, Germany) was mounted on an inverted
video microscope allowing for all common light
microscopy techniques.

Polystyrene beads with a 1.5-3 um radius R (Sera-
dyn uniform microparticles, infinitely rigid compared
to the cell) were glued to cantilever tips (NanoWorld
Pointprobe CONT sensors and BSI sensors, Neuchatel,
Switzerland) to provide a well-defined probe geometry
and avoid puncturing the cell (Mahaffy et al. 2004).

The cantilever spring constant k. was determined by
the thermal noise method (Butt and Jaschke 1995) and
by calibration against a cantilever of known spring con-
stant (Tortonese 1997). The torsional spring constant
was determined from theoretical considerations with
kg = k*2L%*/(3%(1 + p)), where L is length of the canti-
lever, u is the Poisson ratio of the cantilever (i = 0.25)
(Green et al. 2004). Initial pushing force measurements
were made with elastically compliant (k. ~15 mN/m)
cantilevers, whereas attempts to stop cells were per-
formed with stiffer (k. ~130 mN/m) cantilevers.

Elasticity measurements and indentation depth
calculation

The cells’ elasticities were measured for keratocytes at
the lamellipodia and cell bodies. The local ‘‘elastic
constant”, k = E/(1-v?), with Young’s modulus E, and
the Poisson ratio v, was derived from force—distance
curves using the Tu or the Chen model, which build on
the Hertz model by correcting for the finite thickness
of thin samples (Mahaffy et al. 2004). The Tu model
best fits regions poorly adhered to the substrate, while
the Chen model is valid for regions strongly attached to
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Fig. 2 Experimental data for a keratocyte with constant force on
(setpoint is 4.1 nN, k. =159 + 21 mN/m, R =15 = 0.1 um),
resulted in a maximum downward stress of 1,165 + 292 pN/um?
(1,165 + 292 Pa). The upper panel shows a series of consecutive
IRM images during the measurement (scale bar = 10 um). Time
in seconds is given in the upper right corner of each image and
corresponds to the time scale in the respective graphs below. The
bead pushing on the substrate is outlined in black for clarity. In
the middle panel, the indentation depths ¢ were added to the
measured height signal, resulting in the undeformed height of the
cell (squares). Straight gray lines represent the corrected slopes
for the leading edge of the lamellipodium and the lamellipodial
back, which are required for our wedge model calculation. The
lower panel shows the lateral deflection (k4 = 410 + 62 pNm/
rad). The total forward force was measured from the combined
lateral and vertical deflections, and was 1.0 + 0.3 nN at the
lamellipodium and 5.4 = 0.9 nN at the cell body, corresponding
to forward stresses of 610 + 155 pN/um? (610 + 155 Pa) and
720 + 90 pN/um? (720 + 90 Pa), respectively

the substrate. In recent studies these techniques have
been proven to give the most accurate k values
(Mahaffy et al. 2004), in contrast to other techniques,
which yield too high values. We measured a typical k&
value for the cell body of 0.67 + 0.18 and 1.28 +
0.45 kPa for the lamellipodium (mean + SD, n = 10)
using either the Tu or the Chen model according to the
best data fit using a look-up table. These elasticities are
lower than those reported previously (10-55 kPa),
however, these earlier measurements did not account
for substrate stiffness, and are understood to be over-
estimates (Laurent et al. 2005).

From the elasticity one can calculate the indentation
depth, which is necessary to know the undeformed cell
height in an actual pushing force experiment. While we
calculated the cell elasticities using the accurate Tu or
Chen model, we used the simpler Hertz model,
Focaa = 4/3%k*R"?%5*2 and Hertz k values (cell body:
k =1.16 = 0.16 kPa, lamellipodium: k = 2.64 + 0.74
kPa, n = 10) to determine the indentation depth 6. This
can be done since numerical corrections in the Tu or
Chen model, Frychen = Foeaa™cOrrectionry chen, are
undone when calculating § with the Tu or Chen
k-values in the Tu or Chen model.

For large indentations (on the order of a bead
radius), axial strains can be as high as a 100%, and a
linear elastic behavior of the cell is debateable (Gardel
et al. 2004). To test this problem, a cell body was
deeply indented by the cantilever four times with
increasing forces, even including larger forces (~25 nN)
than the upward forces measured in most of the actual
experiments, and the ‘“‘elastic constants” of the cell
were determined. We compensated for substrate stiff-
ness, as well as cell adherence when calculating our
elasticities, as described previously (Mahaffy et al.
2004). Our calculated elasticities showed no depen-
dence on the applied force (as shown in Fig. 4c), thus
validating our linear approximation of the cell.

For the thin lamellipodium and strong indentations,
however, nonlinear substrate effects arise which cannot
be corrected for in the indentation depth calculations.
In these cases, another method was applied which used
an average height of the undeformed lamellipodium of
560 + 110 nm (mean + SD, n = 18) as a baseline. The
actual indentation depth is then given by subtracting
the measured signal at the lamellipodium in the
experiment from the determined baseline of 560 nm.

Data analysis

Since the cantilever is essentially a spring, which can
bend (vertical deflection) and rotate (lateral deflection),
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we measured both signals to get the total force of a cell.
During an experiment vertical and lateral deflection
signals (Vv and Vp, respectively) were read out and
recorded every 2 s. Knowing the sensitivity s (nm/V and
rad/V, respectively) and the spring constants & (mN/m
and Nm/rad, respectively) of the cantilever allowed the
conversion of the vertical signal into force and height
and of the lateral signal into torque 7. The lateral force
can be evaluated using the general relation Fp = /1,
where © = 54*ky*AV71, and [ is the moment arm which is
here tip length plus a certain fraction of the bead
diameter, depending on the indentation depth.

Velocity and position of the cell were determined
via analysis of recorded phase contrast or IRM images.
With the obtained cell velocity v, the translocation
distance between measurement time points was calcu-
lated.

The calculated indentation depth ¢ of the bead was
added to the vertical deflection, which resulted in
corrected slopes at the lamellipodium and at the cell
body, allowing the calculation of the forward-pushing
force. We also calculated the stresses based on the
contact area of the bead, as determined by the inden-
tation depth.

Results and discussion

Here we present measurements of the pushing forces
generated at the leading edge of the lamellipodium
and the cell body while a cell is squeezing its way past
an obstacle. A polystyrene bead glued to an AFM
cantilever-tip was pushed with a preset force against
the substrate, acting as an obstacle in front of a
migrating keratocyte. The keratocyte approached the
bead and pushed it up as the cell passed underneath,
bending the cantilever as shown in Fig. 1. The bend-
ing and twisting of the cantilever was detected as
vertical and lateral deflection signal, respectively, and
converted into height and force (see section Experi-
mental).

A typical experiment is shown in Fig. 2. The
behavior of the cell when influenced by the bead
(outlined in black) was observed with IRM, and is
shown in the upper panel. In this example, the kera-
tocyte passed underneath the bead from down left to
top right with a mean velocity of 14.5 + 0.3 pm/min.
General morphology and motion remained unchanged
during the measurement. The height signal and the
lateral deflection converted into force as functions of
time and distance are shown in the lower panels of
Fig. 2. Both signals correlate appropriately with the
observed motion of the cell seen with IRM.
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The cell was locally elastically deformed by at least
40% and generated upward stresses up to 1.2 = 0.3 nN/
urnz, which is equivalent to 1.2 + 0.3 kPa, and moved
past the bead.

In other experiments where cells successfully
squeezed through wunderneath the bead without
changing their velocities, upward stresses of up to
1.5 + 0.4 nN/um® were measured. The cells were lo-
cally deformed up to 80% of their normal height and
managed to squeeze through gaps ranging from 300 to
2,800 nm depending whether or not the nucleus went
directly underneath the bead.

In another experiment (Fig.3), the cantilever
pushed with a preset force of 65 +9 nN on the
substrate and the cell was not able to squeeze under-
neath the bead. The translocation of this keratocyte,
originally moving with 5.4 + 0.1 um/min from bottom
to top (Fig. 3 upper panel), was stopped. The lamelli-
podium stalled locally and split at the bead (outlined in
black). Subsequently, the whole cell did not generate
enough force to overcome the obstacle. Instead the
cell restructured and turned around, moving then in
opposite direction from top to bottom with the very
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Fig. 3 Stall force experiment. A keratocyte was stopped with a
lateral force of 34 nN and a vertical force of 65nN
(k=100 £ 20 mN/m, R =2.8 £ 0.1 um). Upper panel shows
consecutive phase contrast images of the experiment (scale
bar = 10 pum). Time is given in the upper right corner and
corresponds to the time given in the lower panel. In the image at
160 s the peripheral lamellipodial flank is outlined in black for
clarity. The lower panel shows the lateral deflection and force
(kg = 10.8 £ 1.6 nNm/rad)
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Fig. 4 Topography of a keratocyte, ‘“‘elastic wedge model”’, and
dependence of k on force. (a) Three-dimensional height profile
of a migrating keratocyte fixed with paraformaldehyde, taken
with a 4.2 + 0.6 pym bead on the cantilever tip. The flat region
shows the lamellipodium, the high region the cell body. The inset
shows a cross-section of the cell height. (b) “Elastic wedge
model”. An AFM-attached polystyrene bead was pushed up and
indented the cell as the cell moved forward. Steep regions of the
cell, such as the leading edge of the lamellipodium, and of the
cell body, were modeled as elastic wedges. The real cell height
was corrected with the indentation depth o, which increased with

same velocity of 5.4 + 0.1 um/min. The vertical
deflection only shows noise, which reflects the unsuc-
cessful try of the cell to squeeze under the bead and
push the cantilever out of its path (data not shown). In
the lateral direction, the cell clearly twisted the canti-
lever, which corresponds to a force pushing in the
direction of motion (Fig. 3 lower panel).

Keratocytes, in contrast to phagocytosing macro-
phages, do not lift up from the substrate to ingest
particles, such as bacteria or beads. Therefore actively
generated upward forces are unlikely to be the cause
for the measured signal in the experiments. In the
following it will be shown that solely the forward-
pushing forces generated by a cell are enough to ex-
plain the observed upward forces.

A typical topographical profile encountered by the
bead is shown in Fig. 4a. The thin region corresponds
to the lamellipodium, and the high region to the cell
body. The cell’s cross-section (Fig. 4a, inset) shows an
increase in height at the front of the lamellipodium,
and at the transition zone between lamellipodium and
cell body. We used these areas to measure the forward

rising cell height 4 (in constant height mode). The force
generated by the cell F..; was balanced by the force exerted
by the cantilever Fyeag. The vertical deflection or upward force
Fp, detected by the AFM was calculated into a forward-pushing
force Fiorwara Using the slope o of the wedge. Friction and bead-
cell adhesion were neglected in our model, which resulted in a
lower bound for Fiywarg- (€) Elastic constant k& as a function of
indentation force at a 5.7 um high cell body. Since k only varied
14%, while the force changed 500% (from 5 to 25 nN), we
determined the elasticity to be force-independent, and thus used
linear elasticity theory

forces, since in these regions the migrating cells con-
tinuously increased the cantilever deflection. We
modeled these relevant slopes as elastic wedges. Since
cells are elastically compliant, the bead on the canti-
lever indents the cell. The force exerted on the cell by
the cantilever increases with rising cell height, and
consequently the indentation depth also increases for a
fixed z-piezo position. To calculate the purely active
force component, we corrected for the elastic contri-
bution of the cell by adding the indentation depth to
the measured vertical deflection of the cantilever
(Fig. 4b, dashed line). Thus, we can calculate the actual
cell height (Fig. 4b, solid line), and correct the wedge
slope (see also Fig. 2). The forward force was then
calculated with the measured upward force (vertical
deflection) and the corrected angle o of the wedge
using Fiorwara = Fup * tan o.

Cells crawling perpendicular to the cantilever
caused also a considerable torsion of the cantilever,
again mainly in the regions of increasing cell height.
This lateral deflection allowed a direct measurement of
the forward-pushing force (see section Experimental).
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Since the torque t was generated at the indented area
of the cell, we took the fraction of the indented bead
area opposing the direction of motion and approxi-
mated the lateral pushing force with F, = 1/(d-0/2),
where d is maximum moment arm (tip length plus bead
diameter) and ¢ is the indentation depth of the bead.
Superposition of lateral and vertical measured forward
forces led to the total forward-pushing force of a cell.

In most experiments either the lateral or vertical
component dominated, depending on the direction of
the cells’ motion with respect to the cantilever but also
on the opposing stress and thus on the bead dimension
and the preset vertical force used. In general, small
stresses (big beads, small vertical force) led to very
clear vertical signals and small torsions and allowed an
analysis based mostly on the soft wedge model. Higher
stresses, however, caused deep indentations and
sometimes led to morphological changes of the cell. In
these cases, the lateral deflection signal detected the
strongest contribution of the forward-pushing force.
Here, the limit of the wedge model was exceeded and
contributions from the vertical signal could not be
evaluated. The measured lateral and vertical compo-
nents of the forward-pushing force were the same
order of magnitude.

The results for the measured forward force can be
separated into two categories: forces measured at the
lamellipodial front, and those measured at the cell
body. The forces measured at the same categorized
regions with different cells were consistent. Consecu-
tive measurements of specific individual cells with the
same opposing force were repeatable, demonstrating
the robustness of our method. We tested this by mea-
suring the lamellipodium and cell body protrusion for-
ces of two unique cells at two different time points with
the same applied force. We found that in all cases the
values for each cell and region at different time points
were within the error of measurement (~34%). In all of
our measurements, forward forces at the lamellipodium
ranged from 0.4 to 2.4 nN (210-1,030 pN/um?) (n = 8),
while forces at the cell body were larger, ranging from
about 2.8 to 15 nN (410-1,390 pN/um?) (n = 12). These
measured forward forces are reasonable and on the
same order as predicted (Mogilner and Oster 2003).
Within this force range we did not observe any obvious
changes in cell’s morphology or velocity. Our obser-
vations clearly exceed the results of Bohnet et al. where
they found that a weak force of a few piconewtons,
induced by a fluid flow, is enough to lift up and stall the
leading edge of a lamellipodium. They suggest, how-
ever, that they do not stall the active pushing force but
disrupt weak nascent adhesion points at the leading
edge (Bohnet et al. 2006).
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Joanny et al., predicted interesting velocity behavior
depending on the location of the applied force (Joanny
et al. 2003). Our observations showed no obvious
change in cell velocities within our range of applied
forces.

Our measured stall forces for whole keratocytes (see
Fig. 3) of 34 + 6 and 85 + 15 nN are in agreement with
those reported earlier by Oliver et al., who used the
deflection of an adhered micro-needle to oppose the
motion of a keratocyte and measure the net traction
force (~45 nN) of the cell (Oliver et al. 1995). Despite
the difference in techniques, in both cases the entire
cell’s force was stopped using a local obstruction; thus
the results are directly comparable. In general,
when cells crawl through tissue they must squeeze
between other cells. Our observations show that even
a keratocyte cell, which is typically found in quasi-
two-dimensional layers, is strong enough to generate
substantial forward-pushing forces and adapt its shape
while squeezing through gaps.
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