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Abstract. Shapes, motions, and forces developed in
lamellipodia and ruffles at the leading edges of pri-
mary chick embryo heart fibroblasts were character-
ized by differential interference contrast microscopy
and digital video enhancement techniques. The initial
extension of the cell edge to form a thin, planar
lamellipodium parallel to the substrate surface was
analyzed in two dimensions with temporal and spatial
resolution of 3 s and 0.2 um, respectively. An exten-
sion begins and ends with brief, rapid acceleration and
deceleration separated by a long period of nearly con-
stant velocity in the range of 4-7 um/min. Extensions
and retractions were initiated randomly over time. As
demonstrated by optical sectioning microscopy, the ex-
tended lamellipodia formed ruffles by sharply bending
upward at hinge points 2-4 um behind their tips. Sur-
prisingly, ruffies continued to grow in length at the
same average rate after bending upward. They main-
tained a straight shape in vertical cross section, sug-

gesting the ruffles were mechanically stiff.

The forces required to bend ruffles of these cells
and of BC3HI1 cells were measured by pushing a thin
quartz fishpole probe against the tip of a ruffle 7-10
um from its base either toward or away from the cen-
ter of the cell. Force was determined by measuring the
bending of the probe monitored by video microscopy.
Typically the probe forced the ruffle to swing rigidly
in an arc about an apparent hinge at is base, and
ruffles rapidly, and almost completely, recovered their
shape when the probe was removed. Hence, ruffies ap-
peared to be relatively stiff and to resist bending with
forces more elastic than viscous, unlike the cell body.
Ruffles on both types of cells resisted bending with
forces of 15-30 pdyn/um of displacement at their tips
when pushed toward or away from the cell center. The
significance of the observations for mechanisms of cell
locomotion is discussed.

IGRATION of fibroblasts and fibroblast-like cells
M over a flat surface seems to occur as a cyclic pro-

cess with two major phases (Abercrombie et al.,
1970a,b; Trinkaus, 1984). First the cell extends a thin lamel-
lipodium from its leading edge that contacts the substrate.
Then portions of the cell behind the lamellipodium are drawn
forward. During this cycle on some substrates, the extended
lamellipodium is sometimes drawn.backward to form a
“ruffle”

Although much information has been obtained about loco-
motion of diverse kinds of cells, the mechanisms by which
the processes are coordinated and force is developed are still
unknown (Trinkaus, 1984). Some investigators have sug-
gested that cytoskeletal functions such as polymerization of
filaments and myosin-dependent contractibility provide the
driving forces for cellular locomotion (Abercrombie et al.,
1977; Small, 1982; Rinnerthaler et al., 1988; Smith, 1988;
Mitchison and Kirschner, 1988; Bray and White, 1988).
Others have proposed that forward motion results from po-
larized deposition of cell surface membrane at the leading
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edge of the cell (Abercrombie et al., 1970c; Bretscher, 1984;
Kupfer and Singer, 1988). The objectives of the work pre-
sented here are to describe fine details of leading edge mo-
tions and to measure forces generated in this region. This in-
formation sheds light on the mechanics of these processes
and how they may be involved in cell locomotion.

The general characteristics of the extension and retraction
processes have previously been identified for fibroblasts
(Abercrombie et al., 1970a; Chen, 1979, 1981) and for epi-
thelial cells (Dipasquale, 1975). Motions of the leading
edges of cells were studied by following the positions of a
small number of discrete points along the active edges in
time lapse images of cells taken at 0.5- or 1-min intervals.
These studies, however, viewed only a two-dimensional
projection of three-dimensional processes that often involve
the folding and elevation from the substrate of motile
lamellas to form ruffies. Observations of motile cells from
a lateral view have yielded insights into the movement of
ruffles in the vertical plane (Ingram, 1969), but were limited
in spatial resolution, and were not quantitative. Alterna-
tively, the three-dimensional shapes of ruffled extensions
have been viewed by electron microscopy (Abercrombie et
al., 1972). These studies allow excellent visualization of the
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structures, but not analysis of their movements. In addition,
the observed shapes, especially of thin ruffles, may be per-
turbed by fixation or freezing. We have used high resolution
differential interference contrast video microscopy and opti-
cal sectioning to characterize the two- and three-dimensional
motions of the leading edges. These techniques have allowed
us to surpass the temporal and spatial resolution of the ear-
lier observations of live cells.

We have found that extension of the lamellipodium occurs
smoothly, directly, and with constant velocity. As the lamel-
lipodium continues to grow in length, it lifts upward to form
a ruffle. In swinging up from the substratum the ruffle bends
about a localized hinge point 4-6 um behind its extending
tip. Interestingly, the ruffle continues to extend or grow in
length at nearly the same rate after it has bent upwards. The
elevated, extending portion of the ruffle distal to the hinge
is mainly straight in cross section suggesting that its shape
is rigidly maintained by its internal structure. We have found
no evidence that extension and ruffling retraction occur with
regular periodicity in time as previously suggested (Aber-
crombie et al., 1970a).

These results suggest that ruffles are relatively stiff struc-
tures. To test this suggestion, we have used fine quartz fibers
to measure the stiffness of ruffles. The sensitivity of the
fibers allowed measurements of forces in the range of 3-100
udyn. This approach has previously been used in different
applications (Evans et al., 1980; Howard and Hudspeth,
1987; Kishino and Yanagida, 1988). We report that ruffles
are indeed very stiff considering their thinness, and are
largely elastic. Upon being pushed, they remain straight and
bend at a point near their bases, resisting deformation with
forces of 15-30 udyn/um displacement of their tips. Our
results provide a context for and place constraints on
mechanistic models of fibroblast locomotion.

Materials and Methods

Cells and Tissues Cultures

Primary explant cultures of chick embryo heart fibroblasts (CHFs)! were
used for measurements of ruffie deformability and for observations of mo-
tions and were prepared as follows (Izzard and Lochner, 1976). Hearts were
removed from 8- to 10-day-old chick embryos and rinsed with TBS. The
hearts were cut into small (~v1-mm) pieces with a microdissection scissors;
the pieces were rinsed in TBS and allowed to settle; and the TBS was re-
moved. Rinsed pieces were resuspended in primary growth medium
(Hunter, 1979) consisting of DME with 8% FCS, 2% chick serum, and
10% tryptose phosphate broth, and were placed on 22 X 22-mm cover slips
in 35-mm tissue culture dishes. CHF tissue chunks in primary growth
medium were cultured overnight in a 5% CO; incubator at 37°C, and
fibroblasts that had migrated out of the tissue chunks onto the coverslip to
a form a ring of cells around the chunks after 15 h were used. BC3H1 cells
are a smooth musclelike cell line (Schubert and Harris, 1974). These were
grown in BC3HI medium which retained the cells in an undifferentiated
state and consisted of high glucose DME supplemented with 20% FCS in
a 5% COa, 37°C incubator. Logarithmically growing cells half way to
confluency were used for measurements of ruffle deformability.

To characterize leading lamellar motions, a Teflon O-ring (Millipore
Continental Water Systems, Bedford, MA) was coated with vaseline and
placed onto a microscope slide, and the cavity thus created was filled with
culture medium in a 5% CO; environment. A coverslip with attached cells
was placed face down onto this Teflon ring. The resuiting sealed chamber
had a volume of ~50 ul. Cells in this chamber were observed for up to
1 h, and continued to ruffie and migrate actively for at least 2 h.

1. Abbreviation used in this paper: CHF, chick embryo heart fibroblasts.
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To measure ruffle bending forces coverslips with attached cells were re-
moved from culture medium and sealed with vaseline to the bottom (out-
side) of 35-mm plastic tissue culture dishes in which 15-mm-diam holes had
been drilled, so as to leave the cells of the center region of the coverslips
exposed and accessible to the inside of the dish. The dishes were filled with
the appropriate culture medium for the two cell types, supplemented with
20 mM Hepes to maintain the pH at 7.4.

Digital Video Microscopy

Cells were viewed with a Zeiss IM35 inverted microscope and 63X
planapochromat oil immersion objective (NA of 1.4). For motion analysis,
Normarski differential interference optics (oil immersion condensor with
NA of 1.4) were used; for force measurements, cells and fishpole probe
were viewed with phase three illumination from a long (9-mm) working dis-
tance condensor with NA of 06.

Images of the cells were collected with a vidicon video camera with as-
pect ratio adjusted to yield equal magnification in two dimensions and digi-
tized by a Grinnell GMR 274 video frame buffer. A 6.3X eyepiece was
placed between the microscope and the video camera to increase magnifi-
cation. Under these conditions, the total magnification was such that the
full video screen width displayed 90 pm. Four or eight video frames were
averaged within the video frame buffer to decrease video noise, and up to
1,000 averaged frames were stored by use of a VAX 11/780 computer onto
an RM80 disk at 3.0- or 6.0-s intervals (motion experiments) or at 1.0-s in-
tervals (force experiments). Maximally one full frame of video data (0.25
megabytes) could be stored per second. The microscope and video camera
were placed on a vibration isolation table (Kinetic Systems, Inc., Boston,
MA). The microscope stage, condenser, and objectives were enclosed in
a Plexiglass box with a total volume of ~1.5 cubic feet. A slow stream of
warm air was blown into the box to maintain an ambient temperature of
36.5°C. For the force measurements, the video signal was also recorded
directly from the camera onto a time lapse video tape recorder (Panasonic
NV8040) to assess the effect of the deformations on the ability of the cells
to continue ruffling.

Two-dimensional Edge Analysis

The edge of the cell (i.e., the border of the two-dimensional projection of
the cell onto the focal plane of the microscope) was identified by hand for
the first image frame of the time sequence. The cursor supplied in the video
frame buffer system was used to designate points along the cell’s edge. The
edge of the cell for each successive frame in the sequence of up to 500
frames was then identified automatically by a computer algorithm devel-
oped specifically for this analysis involving pattern recognition and image
registration. The algorithm has been presented in detail (Felder, 1984).

Displacement Data

Detailed motions of the cell edge were characterized using radial lines inter-
secting the edge as local coordinate axes. For round cells, the radii origi-
nated from the average center of mass of the projected cell outline. For cells
with elongate shapes, radial lines were described for each region of the celt
at which the edge was actively extending and retracting. These radial lines
originated from the center of curvature of an arc that approximated the aver-
age shape of the region's active edge. The points of intersection of the edge
at the time with each radial line were identified by computer program, and
the distance outward along the radial line from the local center to the point
of intersection was calculated. The average distance along each radial line
for all frames analyzed was subtracted from each measured distance. The
resultant displacement data set provided the distance from the average edge
position outward along radial lines as a discrete function of time (or frame
number) and radial position. The duration of the data records ranged be-
tween 600 and 3,000 s (200 to 500 data points), with the sampling rate of
1 frame/3.0 or 60 s.

Optical Sectioning Microscopy

Optical sectioning was performed manually by moving a rod affixed to the
fine focus control along a notched surface (for details, see Felder, 1984).
The uncertainty of the amount of elevation for each position was estimated
to be 0.15 um. A video image of the cell (usually 150 x 150 pixels in size)
was collected at each focal plane at 0.5- or 1.0-s intervals. The first image
recorded the focal plane at the base of the cell. Then the objective was
quickly moved by a unit step size of either 0.5 or 1.0 um, and the next image
was recorded at this new focal plane. Successively higher (more dorsal),
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focal planes were recorded until the highest point of the cell was in focus.
Then the focus was rapidly returned to the level of the base of the cell and
the process was repeated. Typically 8 or 10 focal planes were recorded per
cycle and two time intervals were used to refocus to the base of the cell at
the end of each cycle. The images from a full cycle together make up one
“time frame” of optical sectioning data. Between 10 and 35 time frames
were collected for each cell.

Cross-sectional Shapes and Lengths of Ruffles

To analyze the shape of the ruffies in cross section, lines were drawn by eye
perpendicular to the ruffling edge of the cell at ~2 um intervais. The im-
age of each focal plane for each time frame was scanned along this line
(Felder, 1984), and the point of largest absolute difference from the back-
ground intensity level was identified by computer as being the likely point
of intersection of the cross-sectional line with the ruffle. The estimated in-
tersection points for each line were inspected by use of a computer program
that displayed to the user the image, the point chosen, and the line scanned.
Corrections were made when necessary, and were required mostly for the
lowest level frame where other bright or dark spots appeared due to other
structures inside the cell. The result was a set of points that when connected
identified the intersection of the ruffle with a vertical plane of cross section.

The length of the ruffle along this plane of cross section was calculated
by summing the lengths of line segments connecting the points of intersec-
tion between the ruffie and the plane for consecutive optical sections. The
sum was begun at an arbitrary starting point inside the cell on the cross-
sectional line within the “lowest” focal plane (so the offset of the values was
arbitrary). Pictorially, the lengths of line segments of data similar to that
plotted in Fig. 5 were summed. Since the resolution in the dorsal-ventral
direction was 1 um, the uncertainty in length measurements was high. This
is estimated to be 0.7 um for nearly vertical ruffles, and 1.5 um for ruffles
bent upwards at an angle of 30°. The defined lengths for the first six time
frames (50 s) after the ruffle first was observed to lift from the substrate
were fit to straight lines by linear regression. The fitted slopes for four to
six vertical sections were averaged, yielding the estimated velocity of
growth and its standard deviation. The correlation coefficients were >0.8,
and the total increase in length during the 50-s period averaged 4 gm, and
hence exceeded the estimated uncertainty of the measurement by three to
sixfold. The rate at which the base of the cell retracted after the ruffie had
lifted was calculated by fitting the length of the cell within the “lowest”
(nearest the substrate) optical section in the same way. For both calculations
of rates, the frame at which the extending tip first appeared in the second
optical section was the first time frame used. This eliminated possible errors
in comparing length of the ruffle before and after lifting, and removed the
rapid decrease in extension of the base of the cell that was due to the rapid
bending upward of the extended lamellipodium that usvally occurred at a
point 2-4 pm behind the extending tip.

To reconstruct the shapes of the ruffles in cross section, intersection
points between ruffle and vertical planes for consecutive optical sections
were connected by straight lines. First, however, the intersection points
were corrected for time lags between the collection of the lower and upper
images within a time frame. We assumed that the ruffie moved steadily and
parallel to the cross-sectional line between time frames. The corrected posi-
tion of the ruffle at each focal plane level was calculated by linear interpola-
tion, preceding time frame to current time frame, in accord with the respec-
tive time delay.

Quartz Fishpole Probes

Quartz fishpole probes were produced following the specifications for con-
structing balances capable of weighing samples of 1-10 ng (Lowry and Pas-
sonneau, 1972). Quartz fibers of 3-mm diameter were flame blown to
lengths of 5-10 cm with diameters ranging from 0.3 to 1.5 pm. One fiber
estimated to be 0.5 um in diameter was selected for use. The fiber was se-
cured at one end to a Pasteur pipette and was cut to a free length of 2.94
+ 006 mm. The sensitivity (resistance to bending) of this fiber was
calibrated by hanging pieces of individual freeze-dried muscle tissue on
the tip of the horizontal quartz fiber, and measuring the deflection of the tip,
which ranged from 0.3 to 0.8 mm with a 70X dissecting microscope. The
tissue samples ranged from 1.5 to 4 ng and were weighed on a previously
calibrated fishpole balance as described (Lowry and Passonneau, 1972).
The sensitivity was found to be 373 + 0.18 (SEM) udyn/mm.

Two lengths were cut from this fiber and mounted with epoxy onto the
tips of glass micropipettes (see Fig. 9 [Appendix I}). The free lengths
of the fibers were 282 and 421 um. During the experiment, the position of
the micropipette and hence the fishpole probe was controlled by a
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micromanipulator (Narishige Scientific Instrument Laboratory, Tokyo,
Japan).

Collection of Force Data

The quartz fishpole probe was introduced into the dish at an angle of ~15°
from horizontal, and cells and probe were located and manipulated into
place under low power by moving the sliding microscope stage and the
micromanipulator. The entire length of the quartz fiber was submerged.
Video frame collection was run continuously to obtain 350 frames at 1-s
intervals while a cell was being probed. A ruffie or microspike was brought
into focus. The probe tip was then slowly brought into contact with the ruffle
7-10 pm above the coverslip by use of the joystick control of horizontal and
vertical positioning of the micromanipulator. Then the probe was moved
horizontally, perpendicular to its long axis at a rate of 5-10 um/s against
the ruffle by use of the dial control of one horizontal dimension, also avail-
able on the micromanipulator. This insured as well as possible that the only
movement of the fishpole was perpendicular to its length. Part of the disper-
sion of measured deformation forces might be due to the exertion of force
by the probe in a direction not entirely normal to the probe length. The
moored end of the probe was moved 10 to 30 um during exertion of force,
and so components of the motion not orthogonal to the probe length should
be very small. Further, movement of the probe tip due to cell motion, being
much smaller than the amount by which the moored end was moved, had
little effect on the amount of force exerted.

Analysis of Force

During a measurement, the fishpole probe was held fixed at one end while
the force of its interaction with the ruffle was perpendicular to the axis of
the probe at its other end. The equation that relates the force on the probe
to the magnitude of its resulting small deflection is derived in Appendix I.
The applied force f (in pdyn) at the fishpole tip is related to the angular
deflection, 8, at the tip for a short fiber segment of length / (in micrometers)
cut from the calibrated stock fiber of length L (in millimeters) by:

f = —2/3 (LN)? 373 sinf udyn.

For the two segments used in these measurements this equation reduced to:
f =795 1+ 71 sind udyn (for the 282 pum segment); and

f = 357 £ 32 sind pdyn (for the 421 um segment).

The uncertainties in the calibration of f are due to uncertainties in length
measurements and in the calibration of the stock fiber.

The angle that the tip of the fishpole probe made with respect to the video
reference frame (coordinates fixed relative to the video camera) for each
digitized video image was calculated as follows. The coordinates in the
video reference frame of five points estimated to lie along the center of the
beam and to range from 0 to 20 xm from the tip of the beam were identified
by using the zoom and pan cursor feature of the Grinnell video frame buffer.
These points were fit by linear regression to straight lines. In all experi-
ments, the correlation coefficient was good (>0.97 or <-0.97).

A consecutive sequence of image frames was chosen for analysis when
the first frame showed the probe to be apparently touching the cell but with
no force exerted on the probe detectable in the angle measurement. Then,
the next one or more frames captured time points at which the probe pushed
against the ruffle. The force exerted on the probe in each frame of a se-
guence was calculated as explained above from the difference in tip angle
for that frame minus the tip angle for the first (0 force) frame. The deforma-
tion of the cell structure was measured by the amount of movement of the
probe tip perpendicular to its unstressed long axis.

The accuracy of the difference angle measurements was tested by record-
ing video frames of the fishpole probe in position above and out of contact
with the cells (unstressed) intermittently for 350 s. Short sequential seg-
ments of this data record were analyzed to yield the amount of angle varia-
tion. The average difference between the angle at one time point and the
angle at a time point 1-10 s later was 0.0052 + 0.0053 radians for the longer
(more sensitive) fishpole probe. This uncertainty in the measurement of the
difference angle translates to an uncertainty in the measurement of the force
of 4.1 udyn. The forces measured in experiments ranged between 4 and
60 pdyn, with an average of 34 udyn, yielding an average signal to noise
ratio of 9. The accuracy of the measurement of deformation, i.e., the extent
of deflection of the probe tip, was estimated to be + 1 pixel, or + 0.2 um.
Accounting for estimated error in both force and displacement measure-
ments, a force measurement of 35 udyn with a displacement of 1.0 ym
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Figure 1. Power spectra of displacement data. The average power
spectra for displacements as a function of time along radial lines
of the active edge of each cell. (4-C). Each panel presents the aver-
age spectra for six cells. The overall average power spectrum for
all 18 cells is shown in D. The spectra of A-C were weighted
equally.

would have an expected uncertainty of 9 udyn/um. It was not possible to
measure repeatedly the force of deformation of one ruffie to determine
directly the uncertainty of the measurement because the ruffles change
shape over time. Nevertheless, from an examination of the apparent linear-
ity of the measurement seen when two or three measurements were per-
formed on the same ruffle (see Discussion or Fig. 3), the uncertainty of the
measurement must have remained in this range.

The sensitivity of the probe for this experimental design could be ad-
justed to range down to 1 udyn and up to many mdyn. The limit in sensitiv-
ity results from the limit of making (and working with) quartz fibers thinner
than ~0.2 um, as well as from the fact that the amount of sway in the fiber
due to fluid motions of the culture medium prohibits 0.2-pm-diam fibers
longer than ~150 um. A fiber sensitive to 1 pdyn/pm of displacement with
an expected uncertainty in force measurements of 0.4 udyn would have to
be 0.2 um in diameter and 120 um long. This thinner fiber would be more
difficult to calibrate, however.
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Results

Two-dimensional Displacement Data

Displacement data records were developed for 18 cells.
These records consisted of the measured distance outward
of the leading, active edges of the cells as a function both of
position along the edge and of time. To determine whether
lamellipodial extensions showed a tendency toward oscilla-
tory behavior, we calculated the average power spectrum for
the displacement data records (Fig. 1). The shape of the aver-
age power spectrum, shown in Fig. 1 D, is consistent with
a random, band-limited process, with power damped to half
maximal at a frequency of 0025 Hz. No significant second-
ary peaks were seen. Hence, although these processes may
appear to occur at regular intervals (Abercrombie et al.,
1970a), no oscillatory behavior was detected.

Rate and Time Course of Extension

The characteristics of larger lamellipodial extensions were
determined by analyzing edge displacement data selected by
two different sets of criteria. The first selected edge regions
at least 1 um wide that extended at least 2.5 um over a period
of at least 15 s (Fig. 2 A). Alternatively ruffling extensions
were selected by visual inspection of the time lapse digital
images. For 12 cells, all large ruffling events seen during
data collection were analyzed and yielded 20 displacement
records (Fig. 2 B). Data selected by the former, objective
criteria did not differ from those selected by the latter, sub-
jective criteria.

The behavior of the individual lamellar extensions shown
in Fig. 2, (4 and B) is summarized in Fig. 2 C, which
presents a histogram of the rates of edge extension. These
values agree well with those found earlier for fibroblasts
(Abercrombie et al., 1970a) and epithelial cells (Dipasquale,
1975) and for the extension of filopodia from nerve growth
cones (Argiro et al., 1985). Altogether 71 periods of exten-
sion were catalogued. All these events occurred smoothly

Figure 2. Rate and time course of extension.
Events were selected from the full-time
course displacement records for the 18 cells
as described in the text. A and B present the
displacement data directly for several in-
dividual extensions. Each extension drawn
represents a different lamellipodium ob-
served for one of the observed cells. The in-
dividual extensions are drawn to the same
scale in time and displacement. B includes
lines calculated by linear least squares fit to
] ] demonstrate the nearly constant velocity of
910 extension. A histogram of the rates of 86
extension events is presented in C.

2516



S pats 3]

al_ 2

Figure 3. Raw optical sectioning image data. The digital image data for each focal plane for one time frame of data was photographed

from the TV monitor. Pictured is a 30 X 30 um? section of a CHF cell showing the leading lamella. The image in 4 was taken with the
focal plane coincident with the base of the CHF cell. For each of the following images (B-H), the focal plane was moved up (dorsally)
1 um. Images were taken at 1.0 s intervals. The arrow in D shows a region in which the ruffie extended parallel to the direction of optical
shear, and hence where little image contrast is seen. In H are plotted the lines that define the cross-sectional planes that were used in defining
the shapes of the ruffles in cross section (Fig. 5). The dark line that follows the center of the ruffling ridge in H represents the ridge edge
contour used for three-dimensional reconstruction. A perspective drawing of outlined ridges defined for these optical sections is presented,
after turning counterclockwise by 90° in I. The bar in H represents 10 pm.

and steadily, as suggested previously by time lapse films. The
extension data in Fig. 2 B were fitted by least squares to
straight lines that have been included in the figure. For all
of these fits, the correlation coefficients were > 0.97. When
these data were fitted to a second order polynomial the re-
duced chi squared values for 15 of the 22 curves were not
significantly decreased. For the seven curves that were im-
proved, there was no preference for the second derivative of
the fitted polynomial to be either positive or negative. Hence,
to the resolution of the technique, which we estimate to be
0.2 um, lamellipodia extend smoothly and monotonically

Felder and Elson Leading Lamella Forces and Motions in Fibroblasts

with constant velocity, beginning and ending with rapid ac-
celeration and deceleration.

Optical Sectioning Data

The raw optical sectioning image data for one time frame for
one cell are presented in Fig. 3. Pictured here are 30 X 30-um
sections of the cell that include the leading lamella. In Fig.
3 A, the focal plane is set to view the base of the cell. Suc-
ceeding images were recorded at 1.0-s intervals with the fo-
cus plane elevated 1 um for each interval. The long, U-shaped
ruffling ridge for this cell is clearly visible. Note that there
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Figure 4. Lengths of ruffles. The lengths of ruffles along the planes
of cross section for three different ruffies are plotted as a function
of time. Solid lines represent this length. Dotted lines represent the
length of the cell extension that remained in the lowest focal plane;
that is, within ~0.3 um of the base of the cell. Circles indicate the
points at which the ruffles first noticeably lifted off the substratum.
A plots the lengths of the cross-sectianal shapes for the U-shaped
ruffle shown in Fig. 3, and plotted in cross section in Fig. 5 4. B
and C plot the lengths for the rufftes whose cross-sectional shapes
are plotted in Fig. 5 B and C, respectively. D plots the lengths of
one ruffie observed at 25°C, the cross-sectional shapes of which are
plotted in Fig. 5 D.

is little crossover from section to section. Each image dis-
plays a separate view of the ruffle with little interference
from parts of the cell that are out of focus. This is due to the
high numerical apperture of the objective and condenser
(yielding a depth of field of 0.2 um), and to the nature of
Nomarski DIC optics (Allen et al., 1969), which greatly
reduces the contribution of objects outside the focal plane re-
gion to picture contrast (cf Agard, 1984). After identifica-
tion of the cell edge in semiautomatic fashion, cell outlines
could be put together in perspective to reconstruct the shapes
of the ruffles. This kind of reconstruction is shown in Fig.
3 I, for the set of optical sections of Fig. 3 (turned 90°).

Lengths of the Ruffles in Cross Section

The cross-sectional lengths of the ruffes at 37°C were ana-
lyzed as a function of time (Fig. 4, solid lines) for three cells
observed at 37°C (4, A-C) and for one cell observed at 25°C
(Fig. 4 D). These were calculated from the raw cross-
sectional data. The length of the extension of the cell in the
lowest, most ventral section (within ~0.3 um of the sub-
strate) are plotted in this figure as the dotted lines. The aver-
age rates of extension after the ruffies were first seen to lift
from the substrate are presented in Table I. After the extend-
ing lamellipodia lifted upward to form ruffies, the outer ex-
tensions of the cells near the substrate plane (within the
lowest optical section) moved toward the cell centers (Fig.
4, dotted lines). The average rates of these retractions of the
bases of the cells after ruffle lifting are also presented in Ta-
ble I. (See Materials and Methods for a description of these
calculations.) Although the uncertainty in the assessment of
the lengths of the ruffies was high, the dispersion of mea-
sured rates of extension was not higher than that of the mea-
sured rates of base retraction. Further, the amount of in-
crease in length of the ruffles after lifting was 4-5 ym, much
higher than the 0.7-1.5 um estimated uncertainty of in-
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dividual measurements. We conclude that after a lamellipo-
dium has bent and lifted up away from the substrate, its
length increases at an average rate that is nearly the same as
its rate of extension when it was parallel to the substratum
(Fig. 2 C). Further, we conclude that the leading portion of
the cell, which remains near the substrate after the ruffle has
lifted, is retracted toward the cell center at a slower rate.

Cross-sectional Shapes

Fig. 5 presents vertical cross sections of ruffles at different
points along their breadths. The shapes of the ruffles for the
different time frames are overlaid, and the time sequence is
noted in the figure. These shapes have been corrected for
time slurring resulting from the 1-s time lag between the
recording of successive images that make a single time frame
(see Materials and Methods).

These drawings show that the lifted ruffies are not uni-
formly curved but remain very nearly straight over most of
their length and bend sharply about hinge points near their
attachment to the substratum. At times long after the ruffle
was raised, however, the shape was sometimes crinkled (see
Fig. 5, B and C). The speed of the tip of the ruffle often
reached 0.2-0.4 um/s.

In hopes of better observing the ruffling motion by slowing
it down, three ruffles were analyzed at 25°C. The cross-
sectional lengths for one of these ruffles is presented in Fig.
4 D, and the time-corrected cross-sectional shapes for this
ruffle are presented in Fig. 5 D. The average rates of exten-
sion of the length of the ruffle and of retraction of the base
of the ruffle after lifting are summarized in the last line of
Table L. These ruffles were somewhat smaller than those ob-
served at 37°C and did not lift or swing as quickly. The
reduction in the speed of lamellar elevation permitted im-
proved analysis of the shape changes of the ruffie because of
effectively improved time resolution. The data support the
conclusions reached from the 37°C data. Clearly, the ex-
tending lamellipodia continued to lengthen as they bent up-
ward. The base of the one cell examined quantitatively (Fig.
4 D) did not move detectably toward the cell center, however.
Again, similar to the 37°C data, lifted ruffles were straight
in cross section.

Table 1. Rates of Lamellar Motions

Before lifting Lamellar extension
5.3 + 1.0 21)¢
After lifting Rate of extension Rate of base retraction
Cell A 6.8 + 2.6 3.7+2.1
Cell B 6.5 + 3.7 21+32
Cell C 7.6 +53 49 + 2.6
Cell D (25°C) 7.6 +2.7 03 £+ 2.0

Average for cells A-C 7.0 £ 3.9 (18)% 3.6 + 2.8 (18)%

* Rates of lamellar extension before lifting (data of Fig. 2 B) and ruffie exten-
sion and base retraction after lifting (data of Fig. 4). All in gm/min.

t Standard deviation, with the number of measurements, each on a different
ruffle, shown in parentheses.

§ Standard deviation, with total number of measurements (six from each of the
cells A-C).
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Deformation of Ruffles and Their Recovery

The fact that ruffles remain largely straight in cross section
after lifting suggests they are stiff structures. We, then, used
quartz fishpole probes to exert force on ruffles and to mea-
sure the force with which they resisted deformation. The
resisting force exerted by the ruffle was determined by mea-
suring the bending of the probe. Only the deformability of
large ruffles, which formed smooth, long (up to 10 um)
ridges parallel to the edges of the cells, were tested. These
were contacted as near the tips of the ruffles as possible, and
were pushed perpendicular to their long axis either away
from or toward the cell center. Since these ruffling ridges
generally spontaneously fold back toward the center of the
cell (Abercrombie et al., 1970b), the push out was against
and the push in was with the normal direction of motion for
these structures.

Fig. 6 presents an example of a ruffle first pushed inward
and then outward. Notice that the shape of the ruffle did not
change very much; the ruffle bent as a unit. This was found
to be true for all deformations made. The ruffling ridge
generally bent about an axis located approximately at the
base of the ruffle and parallel to the substratum and the edge
of the cell.

In most experiments, the deformed ruffles recovered their
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Figure S. Ruffle cross sections.
The eross-sectional shapes of
three different ruffles observed
at 37°C (A4, B, and C) and for
one ruffie observed at 25°C
(D) corrected for the time lag
between acquisition of image
seotions are plotted, with time
frames overlaid and numbered
in sequence. A presents the
gross-sectional shapes for four.
planes of cross section spaced
out along the curved edge of
the leading lamella pictured in
Fig. 3. B-D present cross sec-
tions spaced out along three
different ruffles. Successive
time frames for 4-C were sep-
arated by 10 s. Time frames
for D were separated by 7.2 s
(and optical sections for this
cell were taken O:6 s apart).

shape very rapidly after removal of the fishpole probe. As the
probe slipped off the ruffies at the end of a sweep, the ruffles
sprang back most of the way to their prestressed positions
in about one-fourth of a second, as determined from the time.
lapse video recordings. This is displayed in video frames 18
and 25 of Fig. 6. This rapid recovery was observed for
inward and outward deformations. The dotted Tines drawn in
these frames represent the shape of the ruffle in the previous
frames, 17 and 24, respectively. Since deformations ranged
up to 5 pm, this recovery involved a very fast motion. The
speed and extent of shape recovery suggest that it was domi-
nated by elastic rather than viscous forces. In a few instances,
ruffies did not recover from very large deformations. For all
structures, however, ruffle retraction, as observed by time
lapse recording (data not shown), continued even after sev-
eral deformations. This.was true even for two ruffles that
were pushed away from the cell center and flattened onto the
substrate. These did not recover their shape rapidly but, after
slight delays, bent upwards again and resumed the ruffling
activity. ,

Linearity of Force Versus Displacement Jor
Ruffle Deformations

To compare different measurements, we must know the de-
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Figure 6. A ruffle pushed in and then out. One ruffie on a BC3HI cell was pushed in toward the center of the cell in video frames 16
and 17, and then released before frame 18 to spring back outward. 5 s later the same ruffle was pushed outward away from the center
of the cell in video frames 23 and 24, and was released before frame 25. The dotted lines in frames 18 and 25 represent the shapes of
the ruffie in the previous frames under stress, frames 17 and 24, respectively. Frames were recorded at 1 s intervals. Bar, 5 um.

The Journal of Cell Biology, Volume 111, 1990 2520



B Figure 7. Force versus deformation. Plotted

in Fig. 7 A are all trials performed on the

100t CHE cells in which successive video frames

- - showed a sequence of measurements of

g 8or 2 02 force as a function of the amount of defor-
k) o . .

2 ol = mation, Data from successive frames show-

W =t ing measurements on the same ruffle with

& o} g o progressive amounts of deformation are

/ g . connected by straight, solid lines. Dashed

20} / * = . - i R i lines show how these lines would extrapo-

ol — FORCE OF DEFORMATION (udyn../u)so % late back toward zero force and zero de-

o] 2 4 6 8 10
DISPLACEMENT [microns)

formation. Open circles represent ruffles
that were pushed out, and closed circles

represent ruffies pushed in. Similar data were obtained for the BC3HI cells (not shown). Generally force scaled linearly with deformation,
except for smaller deformations where signal to noise was low. In Fig. 7 B, the distribution of measured forces of resistance to deformation
for both CHF and BC3HI cells are plotted. The fraction of total trials measured within each range of force per unit of deformation is
plotted as a function of the force per unit of deformation. Dotted lines represent the distribution for ruffies pushed outward (n = 26),

and solid lines represent that for ruffles pushed inward (n = 21).

pendence of the force on the amount of deformation. The
data for all ruffies tested on CHF cells for which successive
force/displacement measurements (in successive frames)
were recorded are plotted in Fig. 7. Measurements for in-
dividual are ruffles are connected by lines. To good approxi-
mation, the resisting force was a linear function of the size
of the deformation and extrapolated back to near zero force
at zero displacement. This relation, however, did not always
hold (see examples in Fig. 7) as a result, most likely, of the
low signal to noise ratio. This held equally well for ruffies
pushed out (away from the center of the cell) and for ruffles
pushed in. Hence measurements can be characterized and
compared in terms of the average force per unit of deforma-
tion measured.

Forces of Deformation for Ruffles

The values obtained for the forces of deformation of ruffles
in both BC3H1 and CHEF cells are presented in Table II. The
large number of measurements, ranging from 10 to 14 for
each cell and direction, were taken because of the wide
spread in the data. Listed measurements are the average
force per unit of deformation measured for each ruffie. Most
ruffies were measured two or three times, either in succes-
sive frames as presented in Fig. 7 or with multiple sweeps,
for which the resting shape was different.

The ruffies for both cell types resisted deformations with
a force of 15 to 30 udyn/um of deformation. It appeared that
the ruffles resisted deformation with greater force when
pushed out (against their normal direction of motion) than
when pushed in. For BC3H1 cells, the measured average
force resistant to an outward deformation was twofold

Table II. Forces of Deformation

Cell type Pushed out* Pushed in*
BC3H1 28 + 143 (14)¢ 14 +7(13)

CHF 20 + 16 (14) 15 + 12 (10)

Total 24 + 15 (SE = 2.9l 15 + 10 (SE = 2.0)

* All units, in pdyn/pm.

% Standard deviation of the distribution.
§ Number of separate structures tested.
I SEM.
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greater than that for an inward deformation. For CHF cells,
this ratio was ~1.3. A histogram of the force measurements
in Fig. 8 characterizes the difference between outward and
inward resistance. To facilitate comparison, data from the
two cell types have been pooled. There is a non-Gaussian,
skew distribution for these measurements, and hence a sim-
ple 1 test cannot be used to decide whether the difference is
significant. Some of the difference in deformability for out-
ward and inward pushes may have been due to the natural
centripetal movement of the ruffles, which could range up to
0.2-0.4 um during a measurement. This motion would cause
us to overestimate the amount of deformation of the ruffle
caused by the probe itself when pushed in, and underesti-
mate it when pushed out. Since deformations made were
usually between 1 and 2 um (see Fig. 7), the forces of defor-
mation could have been inaccurate by 10-30% in the two
different directions.

Strictly speaking, since ruffles deformed largely at their
bases, the measurements of deformability would better have
been made as torques and angular displacements. In fact,
pushing on ruffles at different distances from their bases may
have contributed to the relatively large dispersion in the mea-
surements. Unfortunately, our experimental procedure did
not provide for a direct measure of the distance between the
point of application of force and the hinge about which the
ruffie bent. We estimate that the force was applied to a ruffie
7-10 pm from its base and that the direction of force was
mainly perpendicular to the plane of the lamella. The aver-
age value of 20 udyn/um of displacement converts to an esti-
mated average angular deformability (torque per unit of an-
gular deformation) of 1.4 um-mdyn/radian.

Traction on the Leading Lamella

The measurement of ruffie deformability provides informa-
tion about the structural strength of the ruffie, but not about
the force that can be generated by the ruffle or by the leading
lamellas of these cells. On an active cell particles picked up
at the leading edge (where the ruffle occurs) are transported
back along its dorsal and ventral surfaces across the broad,
thin leading lamella to a region anterior to the nucleus (Aber-
crombie et al., 1970c; Dembo and Harris, 1981; Sheetz et
al., 1989), suggesting that centripetal forces are being gener-
ated. We observed centripetal movement of our quartz fish-
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Figure 8. Lamellipod pulling.
The ability of a BC3H1 cell
and a CHF cell to pull the
fishpole probe toward the cell
center is plotted. The probe
tip contacted the cells on the
leading lamella behind the ruf-
fling edge. Filled and open
circles designate the forces ex-
erted on BC3H1 and CHF cells,
respectively. (Lower panel) The
displacement of the tip of the
fishpole probe (in micrometers)
in a direction toward the cen-
ters of the cells is plotted as a
function of time. The dashed
lines plot an average velocity
of 1 and 4 um/min for refer-
ence. (Upper panel) The force
resisting that displacement ex-

5 10
TIME (s)

pole probes resting on the leading lamellas, and have at-
tempted to measure the centripetal force that drives this
motion. The tip of the fishpole probe was brought down to
touch the cell surface, and the pipette holding the moored
end of the fiber was lowered another 5-10 um with no notice-
able change in the position of the tip. This translates to
the probe pushing down on the cell with a force of roughly
15 udyn. Since spread cells resist indentation with a force
in the range of 1 mdyn/um for a probe of roughly the same
dimensions (Petersen et al., 1982), this downward force
would be expected to produce a deformation on the order of
001 um into the surface of the cells. The fishpole probe was
moved perpendicular to its long axis away from the cell cen-
ter during the measurements in an attempt to counterbalance
the force inward exerted on the probe by the cell and thereby
obtain approximately a static force measurement.

15 erted by the fishpole probe
(udyn) is plotted as a function
of time.

The force exerted outward by the probe and the movement
inward of the probe tip are plotted in Fig. 9. For the measure-
ment of the BC3HI cells, the outward force of the probe was
maintained at 5 + 1 pdyn for most of the 14 s of the experi-
ment. The cell overcame this nearly steady outward force
and pulled the probe tip toward its center with an average ve-
locity of 1.5 ym/min. If the tip were sliding to some extent
along the surface of the cell during the experiment, this
would be an underestimate of the rate of motion of the cell
surface. For the CHF cell, the force exerted against the in-
ward movement by the fishpole probe was gradually in-
creased over the 10 s of the experiment, and reached a simi-
lar value of 5 udyn. The probe tip was pulled in at a rate of
~4 ym/min. The probe came into contact with the base of
a ruffle that was retracting inward at about the fifth second
of the experiment. For both trials, the force of bending of the

Cell Figure 9. Geometry of force measure-
- Structure ment. The fishpole probe consists of a
quartz fiber (f) glued onto the broken
end of a glass micropipette (p) with a
small drop of epoxy. The probe is drawn
in two positions. In the upper position
the probe extends along the Z axis just
> touching an object (0) without exerting

z force on it. The origin of the Z axis has
been placed at the fastened tip of the
quartz fiber, and the fiber has a length L.
In the lower drawing, the micropipette

has been moved down a distance, -X, and the tip of the probe has deformed the object by an amount, D. The probe has been bent so that
the tip of the probe forms an angle, 8, with the Z axis. The angle, 6, is measured, and the amount of displacement of the quartz fiber’s
tip, X-D, and hence the force, F, on the tip are calculated as described in the Appendix I.
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probe was not sufficient to stop the progress of the tip com-
pletely. Hence, the leading lamella can move the probe in-
ward with a force at least as great as that which we have mea-
sured, but this may not be the maximal force that can be
generated. Attempts to resist motion with larger force, how-
ever, resulted in the probe sliding off the cells.

Discussion

We have studied the extension and retraction of the leading
edge of locomoting fibroblasts by high resolution light mi-
croscopy and analysis of digitized video images. We have
demonstrated that lamellar extensions begin randomly in
time and occur with constant velocity of extension both be-
fore and after the lamellas bend upward to form ruffles. Fur-
ther, we have shown that the ruffling lamellas are straight in
cross section, quite stiff and elastic, and appear to be subject
to relatively large retractive forces. Our observations allow
us to draw conclusions about the mechanisms and mechanics
of these processes.

Extension of the Lamellipodium

We have observed that the leading edge of a locomoting
fibroblast extends as a broad, flat sheet or lamellipodium at
rates of 2-7 um/min, in agreement with previous estimates
of from 2 to 8 pm/min (Abercrombie et al., 1970a; Chen,
1979). Most of the active lamella extends with the same ve-
locity and to the same extent. Most informative is the obser-
vation that the velocity of extension remains constant during
most of its duration within the resolution of our measure-
ments and that the extension reaches a maximal velocity
quickly; i.e., the period of acceleration to constant velocity
is very brief.

Viewed a priori, the rate of lamellar extension could be de-
termined by a balance between the forces driving the exten-
sion and those resisting it, or, if the resisting forces are
negligibly small by the rate of application of the extending
forces. If lamellar extension were limited by a balance be-
tween driving and resisting forces, its rate could depend on
the rate of application of the former and the dependence of
the latter on the size and shape of the lamellipodium. A sim-
ple linear viscoelastic model predicts an exponential time
course for lamellar extension and so is contradicted by the
experimental observations. This model, although rudimen-
tary helps to clarify the various contributions to the force
balance and is discussed in greater detail in Appendix II. As
another example, the time course for acrosomal extension
(Tilney and Inoue, 1982) has recently been explained in
terms of a changing balance between viscoelastic forces
which resist acrosomal extension and osmotic forces which
drive it (Oster et al., 1982; Tilney and Inoue, 1985; Oster
and Perelson, 1987). This model yields a dependence on
2, in agreement with their experimental observations. A
similar model has been suggested to account for lamel-
lipodial extension (Oster and Perelson, 1985). Interestingly,
the time course for the extension of filopodia in nerve growth
cones, although much slower, qualitatively resembles that of
the Thyone acrosomal process (Argiro et al., 1985). Hence,
the shape of the process may play a significant role in deter-
mining its time course of extension.

None of these simple models yield a behavior consistent
with our results, that extension occurs with constant velocity.
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Although it is possible to develop force balance models that
are consistent with these observations, this requires assump-
tions that cannot yet be justified experimentally, such as time
or shape dependent resistance to extension. Hence, it seems
simplest at present to suppose that the constant rate of lamel-
lipodial extension results from the constant rate of applica-
tion of force, presumably due to the steady operation of the
motor that drives it, with little effect of viscoelastic resis-
tance. The proposed constant rate of operation of the driving
motor may be controlled by a constant rate of delivery of a
limiting material, or by the speed of a rate-limiting biochem-
ical reaction.

Force for Lamellar Extension

The origin of the force responsible for lamellar extension is
unclear. One possibility is an increase of intracellular hydro-
static pressure due to an osmotically driven influx of water
(Tilney and Inoue, 1985). Since the hydrostatic pressure
would be increased throughout the cell, this hypothesis also
requires a mechanism for confining the cellular deformation
to the extending lamella (cf Oster, 1988). In our opinion it
is simpler to attribute tentatively the extensional force either
to the polymerization of microfilaments in the lamella or to
actin-myosin interactions (cf Smith, 1988; Mitchison and
Kirschner, 1988). Clearly, polymerization of proteins can
produce sufficient force to deform membranes as demon-
strated by the deformation of erythrocytes by sickle cell he-
moglobin (Mozzarelli et al., 1987) and recent observations
of the deformation of lipid vesicles by the polymerization of
enclosed actin (Cortese et al., 1989). The observations that
rhodamine-labeled filamentous actin does not move out into
an extending process (Felder, 1984; Wang, 1985) and that
freshly microinjected monomeric rhodamine-labeled actin is
preferentially incorporated into the extending lobopodia of
amoebae (Taylor et al., 1980) are consistent with this in-
terpretation. The rate of polymerization might be limited by
the concentration either of actin monomer or of filament
ends or, in a more complex manner by specific actin binding
proteins or ion fluxes. If these remained effectively constant,
the polymerization rate and the consequent rate of applica-
tion of extensile force would also be constant. If both viscous
and elastic resistance to extension were negligible, then the
rate of extension would be determined by the unloaded (max-
imal) rate of polymerization. The rapid diffusion of actin in
cytoplasm (Kreis et al., 1982; Felder, 1984) is sufficient to
provide a steady state monomer concentration and therefore
constant rate of polymerization, but actin polymerization in
living cells is not well enough characterized to assess this as-
sumption. Alternatively, extension due to interaction of my-
osin (presumably myosin I; cf Mitchison and Kirschner,
1988), attached to the lamellar membrane, with actin fila-
ments anchored to a fixed position relative to the substrate,
could produce lamellar extension with constant velocity. Re-
cent observations of rapid forward transport of membrane
glycoproteins in the lamellas of rapidly translocating fish
epidermal keratocytes are consistent with the generation of
forward extensile forces (Kucik et al., 1989).

Ruffle Elevation

As it extends, the lamellipodium begins to bend upward to
form a ruffie at a point 2—4 um behind its advancing tip. The
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outward extension of the elevating ruffle continues at its ini-
tial rate until it has swung past vertical, typically 40-60 s af-
ter beginning to bend upward. Hence, the initiation of bend-
ing is not correlated with cessation of extension. The
bending its confined to a narrow region of high curvature,
the “hinge,” near the base of the ruffle, leaving most of the
ruffle straight in vertical cross section (cf. Abercrombie et
al., 1970b). When pushed with a probe, a ruffte similarly
bends at its base, resisting the imposed stress with forces of
up to and beyond 50 udyn, and then springs back rapidly af-
ter the probe is removed to continue its natural movement.
Hence, the ruffles seem to be quite stiff for such thin struc-
tures and largely elastic. That the ruffles remain straight
while growing in length after elevating suggests that the
shape of the lamellipodium is intrinsic to its structure and
not merely a consequence of its development in juxtaposition
to the flat surface of the substratum. The observed stiffness
indicates that the material properties are determined by
cytoskeletal structures rather than by the membrane. The
ability of phospholipid membranes to sustain shear or bend-
ing strain is far too small to resist deformations with the
forces that we have measured (Evans and Hochmuth, 1978).
The stiffness and elasticity of fibroblast lamellipodia is remi-
niscent of the similar characteristics of neutrophil pseudopo-
dia observed by micropipette aspiration (Schmid-Schoen-
bein et al., 1982).

Force for Ruffle Bending

The origin of the force that bends a lamella upward to form
a ruffle is unknown. We assume that to bend the ruffles natu-
rally, the cell must exert a torque similar in magnitude to the
torque we have exerted in bending the ruffies with our quartz
probe. (This may not be true, however. For example, the
ruffie could be bent in only small increments requiring much
less force, with rapidly coupled bending and cytoskeletal
remodelling to relieve stress.) Because of the magnitude of
the force required, we favor actin-myosin interactions ex-
erted through the actin filaments within the lamella. To bend
the lamella requires the exertion of a torque about the hinge
axis and therefore a component of force acting on the lamella
perpendicular to this axis exerted some distance from the
axis and normal to the plane of the lamella. The geometry
of the extended lamella is highly inefficient for this function.
The lamellas are very thin and so the filaments must be
largely parallel to the lamellar plane. Further, they may exert
force on the whole surface of the lamella. Thus, only a small
component of the force is applied perpendicular to the lamel-
lar plane and is exerted with an effective radius substantially
less than the full height of the ruffle. In our measurements,
however, the probe was applied to the tip of the ruffle, and
the full force was applied perpendicular to the lamellar
plane. Hence, we estimate that the natural retraction force
exerted on the lamellipodium is substantially greater (per-
haps >10-fold) than the force with which we were able to
bend ruffles.

Surface Traction Forces and Imp_licatiéns Jor
Cell Locomotion

The measurements discussed above place constraints on
models both of lamellar motion and of the generation of force
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within lamellas. Ultimately, however, we want to know how
these motions and forces are related to cell locomotion.
Without a more complete description of the geometry, the
origin of driving forces, and the nature of forces resisting cell
motions interpretations remain speculative. To provide a
working hypothesis and in agreement with suggestions of
others (Abercrombie et al., 1977), we suppose that the
forces which create and move ruffles are the same forces that
drive cell movement. In this view, the leading lamella is ex-
tended to develop more forward contacts with the cell’s sur-
roundings. As the lamella extends, fairly strong retractive
forces are exerted, possibly by interaction of myosin and ac-
tin filaments. The retractive forces either pull the lamella
rearward and bend it upward (for cells attached on one side
to a flat surface), or, if the lamella is more firmly attached
to the substrate, draw the rearward portions of the cell for-
ward to prepare for a further cycle of lamellar extension (cf
Chen, 1979, 1981). From this perspective, the ruffle deform-
ability measurements discussed above should relate directly
to the retractile forces that pull the cell forward.

Our direct measurements of surface retraction forces yield
values that approximately agree with forces which resist
ruffle bending. This supports the contention that the same
forces are responsible both for ruffle elevation and for for-
ward cellular retraction during locomotion. The dynamic,
retractive force is ~v5 udyn/um? of probe surface in contact
with the cell surface. This is two orders of magnitude greater
than the force estimated to be required to transport particles
rearward along the leading lamella of CHF cells and mouse
peritoneal macrophages (Dembo and Harris, 1981). This
discrepancy presumably indicates that the rate of particle
transport is determined by the rate of the motor that drives
transport and is not influenced by the small viscous resis-
tance to the particle motion.

The measured force of surface retraction is in the range of
pressures required for elastic shear (~10° dyn/cm?) but is
100-fold less than that required for elastic stretching (~10°
dyn/cm?) of erythrocyte membranes (Evans and Skalak,
1980). The retractive force is also considerably less than the
forces developed in stress fibers spanning focal contacts (Iz-
zard and Lochner, 1980). This static tensile force has been
estimated to be on the order of 10 mydnes for a fibroblast
with a leading edge 10 um in length (Harris et al., 1980).
In contrast, cells which crawl more rapidly like polymor-
phonuclear leukocytes and macrophages do not develop
stress fibers or focal contacts (Oliver et al., 1978; Painter et
al., 1981). For these cells, a retractive force of 5 to 50 udyn
exerted near the leading edge may be enough to pull the cells
forward. The drag forces acting on these cells as well as the
retractive force produced at their leading edges, however, re-
main to be measured.

In summary, our measurements of the rates of lamellar ex-
tension and the shapes and deformability of ruffles suggest
that the forces driving motion of the leading lamella are sub-
stantially larger than the forces that resist motion. Hence, the
rates of movement appear to be determined by the rates of
application of force. Furthermore, the forces that we have
measured that resist lamellar deformation and retract the up-
per cell surface appear strong enough to be directly involved
in forward motion of the cells. Information on the details of
filament polymerization and the operation of motor proteins
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within lamellas as well as characterization of other relevant
forces, the force of lamellar extension and drag forces resist-
ing motion for rapidly moving cells, for example, will allow
a more definitive description of these processes.
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Appendix I

Bending of the Fishpole Probe as a Measure of
Applied Force

The bending moment of a beam is related to the Young’s
modulus for the material, E, the moment of inertia of the
beam cross section, I, and the radius of curvature, R, by the
equation M = EI/R; where R is defined as

/R = (dx/dz)/[1 + (dx/dz)],

which for small curvatures (i.e., where dx/dz << 1) becomes
/R = dxx/dz.

For the static case of a uniform beam held fixed and
straight at one end while a force F is applied perpendicular
to the long axis of the beam at the other end, the bending
moment M is balanced at all points along the beam by the
force component M = F (I—z); where [ is the length of the
beam and z is the distance along the beam. This situation
along with a description of the axes is pictured in Fig. 9. Sub-
stitution yields:

dxldzz = F(I—-2)/EL

The solution to this equation for the boundary conditions
already stated (x = O at z = 0 and dx/dz = O at z = 0 is):

x = F(EN 212 - V62Z]. ()

The deflection at the tip of the beam (x;) and the slope at
the tip (dx/dz), are

x; = FI3EL (2)
(dx/dz), = —FI/2EL;
hence,

x = =2/3 1 (dx/dy);
or

x = —2/3 ] sinf; (3)

where the angle 8 is the difference in direction of the probe
tip for stressed and unstressed conditions (as in Fig. 9).

Thus, the deflection of the tip of the beam is proportional
to the applied force F (Eq. 2) and can be measured by mea-
surement of the tip angle 4 (Eq. 3), and the sensitivity of the
beam (that is the amount of tip displacement per unit of ap-
plied force) is proportional to ! (Eq. 2).
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Appendix 11

Simple Mechanism for Lamellar Extension

Balance of Forces. We treat the lamella as the simplest one-
dimensional linear viscoelastic solid, a Voigt solid repre-
sented by an elastic element, a spring, in parallel with a vis-
cous element, a dashpot. As the lamella extends, the former
generates a force —kx; the latter, a force —ndx/dt, where x
is the degree of extension of the lamella from its condition
of mechanical equilibrium, and k and 7 are elasticity and vis-
cosity coefficients, respectively. Then the forces resisting ex-
tension are F(f) = —kx — ndx/dt. If we further suppose the
sudden application of a constant extensional force, Fo, then
the lamellar extension should follow the time course, x(f) =
—(Fo/x) {1 — exp (—t/7)] where 7 = /. This model, and
also more complicated one-dimensional linear viscoelastic
solid models, thus predict an exponential time course of
lamellar extension inconsistent with our results. A constant
rate of extension can be recovered from this model by sup-
posing that the lamella behaves as a viscous fluid with negli-
gible elastic resistance; i.e., 7 >> k. As indicated in the text,
however, evidence from our measurements and those of
others suggests that the lamella is more likely to behave as
an elastic solid than a viscous fluid.

The forces resisting extension might depend on the degree
of extension. For example, if the viscous resistance devel-
oped uniformly throughout the extending lamella, then 7
might be proportional to the degree of lamellar extension,
7 = cx, where c is a constant, as previously supposed for
the thyone acrosomal process (Oster et al., 1982). For this
latter situation —#/7 - x(f) + X log[|l — x(#)/xs|] where
we have supposed that the lamella extends in response to a
constant force, Fo, and xq = Fo/k and 7 = c¢/k. This model
does not predict a constant velocity of lamellar extension. If
the elastic resistance were negligible, then the model be-
comes similar to that developed by Oster et al. (1982) for the
Thyone acrosomal reaction. In both cases, x%(f) ~vr. Although
this is true for the acrosomal reaction, this relationship is
contradicted for lamellar extension by our experiments.

Unloaded Extension

Another possibility is that the viscous resistance to extension
is very small, as was observed for ruffie bending. Then the
lamella should respond instantaneously to the extensional
driving force and so the rate of extension of the lamella
would be governed by the rate of application of force. More
generally, if F(f) = of, where o is the rate of application of
force, then, for the Voigt model considered above, x(f) =
(a/k) [t — 7(1 — exp)(—t/7)]. So that for times long com-
pared to 7, the lamella would extend at a constant rate dx/dt
= —a/k. This would be preceded by an exponential ap-
proach to the constant asymptotic extension rate. If 5, and
therefore 7, were small, as expected from our studies of
lamellar bending, this transient exponential phase might be
too brief to detect. Hence our experimental results are con-
sistent with a simple linear model in which the force is ap-
plied at constant rate.
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