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ABSTRACT

	

Retraction of the taut, trailing portion of a moving chick heart fibroblast in vitro is
an abrupt dynamic process . Upon retraction, the fibroblast tail always ruptures, leaving a small
amount of itself attached to the substratum by focal contacts . Time-lapse cinemicrography
shows that retraction produces a sudden, massive movement of both surface and cytoplasmic
material toward a cluster of focal contacts near the main body of the cell . The appearance of
folds on the upper cell surface at this time and the absence of endocytotic vesicles are
consistent with this forward movement .

Retraction of the trailing edge, either occurring naturally or produced artificially with a
microneedle, consists of an initial fast component followed and overlapped by a slow com-
ponent . Upon artificial detachment in the presence of iodoacetate, dinitrophenol, and sodium
fluoride, and at 4°C, the slow component is strongly inhibited and the fast one only slightly
inhibited . Moreover, the tail of glycerinated fibroblasts shortens in the presence of ATP only at
a slow rate, which is comparable to that of the slow component observed with the intact cell .
Structurally, an extended tail of a fibroblast is highly birefringent, most likely because of the
bundles of microfilaments oriented parallel to the long axis of the tail seen in TEM . Most of the
birefringence is lost during the fast phase and the rest during the slow phase of retraction .
Concurrently, the bundles of microfilaments disappear during the fast phase of retraction and
are replaced by a microfilament meshwork . All of these results are consistent with the
hypothesis that the initial fast component of retraction is a passive elastic recoil, associated
with the oriented bundles of microfilaments, and that the slow component of retraction is an
active contraction, associated with a meshwork of microfilaments .

Fibroblast-type cells in culture attach to and spread on planar
substrata to form a varying number of highly flattened lamel-
lae. The spreading of these lamellae places the cell under
tension (36, 40, 54), and causes it to elongate to varying degrees
in the direction of movement . Translocation of the whole cell
occurs (a) when one of these lamellae spreads at a higher rate
to become the largest and therefore the leading one (9, 68),
and the trailing end withdraws at a low rate (22), and (b) when
the trailing portion of the cell, the tail, becomes greatly elon-
gated under the resulting tension, detaches, and rapidly retracts
(6, 20, 38, 64), and the leading edge surges ahead (22). Loco-
motor activity during fibroblast movement thus involves intrin-
sic mechanochemical forces that can both extend and retract
the tail .

Spreading of the leading lamellae appears to be the active
feature of cell locomotion; however, were it not for retraction
of the trailing edge, the cell as a whole would not become
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displaced . Although considerable attention has been devoted
to the spreading of the leading edge (e .g ., 2-5, 9, 36-38, 48,
60), retraction of the trailing edge has been largely neglected
(63) . It has been shown, however, that haptotactic movement
ofcells up a gradient in adhesiveness of the substratum (18) is
caused primarily by the greater tendency ofthe trailing edge to
detach from less adhesive substrata (37) and that increased
spreading at the leading edge can be induced by retraction of
the trailing edge (22, 27) .
A major stumbling block in the analysis of the movement of

fibroblasts in culture has been our inability to predict when
and where spreading will occur and when retraction of cell
margins will take palce . In the course of my studies on retrac-
tion of the trailing edge during fibroblast movement, however,
I have found that the tail of moving fibroblasts becomes taut
and phase dark, as seen with the phase-contrast microscope,
minutes before detachment and abrupt retraction of the trailing
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edge . One can therefore predict when and where retraction will
occur normally in moving fibroblasts by phase-contrast mi-
croscopy . In addition, one can induce retraction artificially, by
disrupting the attachment of a tail to the substratum with a
microneedle .
With this system of predictable locomotor activity at hand,

retraction of the trailing edge of moving fibroblasts could be
studied with a combination oftechniques concurrently : various
kinds of light microscopy, cinemicrography, micromanipula-
tion, drug treatment, and electron microscopy . The purpose of
this study has been to characterize the retraction process of
moving fibroblasts in culture, paying particular attention to :
(a) the changes in contacts when cells detach from the substra-
tum, (b) whether retraction is caused by active contraction or
passive recoil, or both, and (c) changes in cell surface organi-
zation, i .e ., how the plasma membrane and its associated
cortical cytoskeleton relate to retraction .

MATERIALS AND METHODS

Cell Culture
Suspensions of embryonic chick heart fibroblasts were derived from the

ventricle of 7- to 8-d embryos. The method of cell culture has been described
elsewhere (23) . The culture medium routinely used was Dulbecco's modified
Eagle's medium (DMEM), supplemented with 10% calf serum and 1% antibiotic-
antimycotic solution (Grand Island Biological Co ., Grand Island, N. Y .) .

Materials
Materials used in this research were obtained as follows: glutaraldehyde

(PolyScience Corp ., Niles, Ill .) ; osmium tetroxide (Fisher Scientific Co ., Pitts-
burgh, Pa.); 2,4dinitrophenol (DNP) (Merck Chemical Division, Merck & Inc.,
Rahway, N . J .); ATP, ADP, sodium fluoride (NaF), and iodoacetic acid (IAA)
(Sigma Chemical Co., St . Louis, Mo .) .

Light Microscopy, Micromanipulation,
and Cinemicrography

The retraction of fibroblasts, after both natural detachment and artificial
detachment with a microneedle, was recorded with cinemicrography . The prep-
aration for the filming chamber, optics (phase contrast and Nomarski differential
interference), micromanipulation, and cinemicrography have been described
elsewhere (22, 23).

For examining spread fibroblasts with polarization microscopy, a Zeiss Uni-
versal microscope was used, with a selected Abbe-type pol condenser oiled to the
large glass toverslip of a "sandwich" filming chamber and with the following
achromatic stain-free objectives: 40/0 .85 pol Zand 100/ 1 .25 pol Z oil. For phase-
contrast and polarization microscope examination of the same cell, an achromatic
aplanatic phase and interference contrast condenser was used. This facilitated
shifting between the two optic systems such that polarized and phase-contrast
images of the same cell could be obtained within 8 s (determined by time-lapse
filming) . Filtered tungsten illumination was used for phase-contrast microscopy .
For polarization microscopy, HBO 200 mercury arc illumination was filtered
with two heat-reflecting filters, a green filter, and a UV filter to protect cells from
heat and UV damage . A A/30 Brace-K6hler compensator (Carl Zeiss, Inc., New
York, N. Y .) was used to measure the extinction angle and the bias compensations .
Series of pairs oftwo photomicrographs at two opposite compensator settings (8)
were taken to demonstrate birefringence and it was found that the bias settings
vary between 2 .5 and 3 .5° for maximum contrast .

For examining contact behavior of cells on a glass substratum, a Zeiss
Universal microscope was modified for interference reflection microscopy ac-
cording to the design of Curtis (26) and Izzard and Lochner (48). A Zeiss 100/
1 .25 epiplanachromat pol oil objective was routinely used to examine a cell with
this technique. In some instances, a Zeiss 100/1 .3 phase planapochromat oil
objective was used . This allows one to examine a cell in phase contrast and then
shift to interference reflection microscopy within 2 s . Although the latter objective
produced a similar interference pattern, image contrast and resolution seemed to
be reduced . The maximum illuminating aperture of these optics was measured
according to the method of Izzard and Lochner (48) and gave the same value,
1 .1017. All of these studies were recorded on 16-mm time-lapse films (film type,
SO 115, Kodak) at frame intervals of 1 s, and processed commercially.
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Single Cell Technique for SEM and TEM
To examine the ultrastructure of the cell with special reference to its locomotor

activity, movement of a fibroblast was recorded by time-lapse filming and then
the same cell was fixed for SEM and TEM. The methods for fixation and
localization of cells for SEM have been reported elsewhere (23).

For thin-section TEM study, cells were first cultured on cover glasses . With
the filming chamber completely assembled, a spread fbroblast was chosen for
observation and its location was marked by engraving a circle, 0 .5 mm in
diameter, with a diamond-tipped object marker (E. Leitz, Inc., Rockleigh, N. J .),
around it on the opposite surface of the covershp. Cells were fixed at various
times before and after detachment of the trailing edge, by perfusing the chamber
cavity with 2% glutaraldehyde in a phosphate buffer with 2% sucrose, at pH 7.3
and 37°C for 10 min. The chamber was then dissembled at room temperature
and the toverslip containing the cells was removed and rinsed with buffer. The
cells were postfixed with 1% osmium tetroxide in the same buffer for 10 min.
After osmication, cells were washed in buffer, treated with 1% tannic acid in
buffer for 10 min, washed again, dehydrated through ethanol, and then flat-
embedded by laying face down on a layer ofEpon " 1 mm thick in an aluminum
weighing pan . The polymerized Epon was separated mechanically from the
weighing pan, and the cell of interest was relocated under a dissection microscope
with the help of the engraved circle on the cover glass . With watchmaker forceps,
a circle matching the original circle engraved onthe cover glass, was inscribed on
the exposed surface of the Epon . The polymerized Epon block containing the
cells was then separated from the cover glass by immersion in liquid nitrogen . A
second circle, matching the circle on the other side of the Epon, was inscribed
around the cell, and an arrow parallel to the direction of cellular movement was
also marked. The sheet ofEpon containing the cell of interest was then trimmed
by hand to within "0.1 mm of the desired location, and the plane of sectioning
through the cell was recorded by tracing the cell outline from the time-lapse film
to aid later interpretation ofEM images. Thin sections were stained with uranyl
acetate and lead citrate and examined with a Philips 300 microscope operated at
60 kV .

Analysis of Rate of Retraction
The rate and path of tail retraction were analyzed using cytoplasmic vesicles,

as cytoplasmic markers, and particles adhering to the surface, as surface markers .
Figure 4 illustrates a typical example ofsuch an analysis . Upon retraction of the
trailing edge, all markers undergo a sudden forward movement collectively
toward a stationary or null border in front of the nucleus which lies at the front
perinuclear region of the cell (Fig . 4 A and B) . The cytoplasmic markers at the
null border remain stationary during the 1-min period of retraction of the tailing
edge . The degree ofadvance of the trailing edge at a given time was taken as its
distance from the null border, and the percentage of its initial length was
calculated by dividing it by the initial ditance from the null border. For an
experimental group, the mean of measurements at a given time after retraction
is usually derived from 6 to 20 independent experiments, and the data are plotted
on a semi-logarithmic scale . Standard deviations of each data point are within
5% during the rapid phase of retraction (0-8 s after detachment) and within 8%
during the slow phase (16-64 s after detachment). The lines drawn through the
points were obtained by a linear regression analysis and an effort was made to
include as many points as possible so that the coefficient of determination (r) for
each line would be >0.95 . For an experimental group all measurements fit either
one or the other of two exponential curves, e.g., measurements from 0 to 8 s
fitting the fast component and data from 16 to 64 s, the slow one . Because the
fast and slow components overlap during the initial phase of retraction, the rate
constant of the fast component is determined by subtracting the slow phase rate
(16-64 s after detachment) from the fast phase rate (0-8 s after detachment) .

To compare the retraction of the detached trailing edges under various
experimental conditions (see below), the slopes shown in Fig. 5, which represent
the rate constants with units of s - ', are used . In 18% of cases, the trailing portions
of the cell adhere to the substratum at many sites, such that several minor
retractions occur after the trailing edge is detached, rather than a single abrupt
retraction . The results derived from these samples were complicated and difficult
to analyze and are not included in this report.

Temperature Treatments
Unless otherwise stated, all experiments were performed in a 37°C room . For

4°C treatments, cell cultures were brought into a 4°C room immediately before
micromanipulation of the cell, and their culture medium was replaced by new
medium cooled to 4°C . About 1-5 min later, the first micromanipulation was
performed . For each set of 4°C experiments, three separate operations were
performed on three separate cells to detach the training edge, and the results of
each were observed for 10 min .



Drug Studies
Phosphate-buffered saline (PBS : 0.14 M NaCl, 2.4 mM KCI, 8 mM Na2HPO,,

1 .6 mM KH2PO,, l mM CaC1 2, and 0.5 mM MgC12) was used as the working
medium for the study of the effects of metabolic inhibitors on retraction . The
metabolic inhibitors used were 0.2 mM DNP, 0 .2 mM NaF, and 0.2 mM IAA
dissolved together in PBS . This dosage completely blocks visible movement of
the cells in culture, including spreading activity at the leading edge and saltatory
movement of intracellular particles, within 5 min after application of the drugs.

With the micromanipulation chamber completely assembled, cells with elon-
gate tails were chosen and washed three times with the working medium (PBS)
during time-lapse filming. For each set of experiments, the first operation, which
produced retraction of the tail with a microneedle in the presence of only the
working medium, served as a control . The inhibitor solution was then applied
while filming, and the tails of other cells were caused to retract.

Glycerinated Fibroblasts
To glycerinate fibroblasts, a glass coverslip with attached fibroblasts was

quickly rinsed with cold (4°C) 1 :1 glycerol :Ca"-free PBS at pH 6 . It was then
kept in this same extraction solution at 4°C for 1 wk to 2 mo . Before each
experiment, the coverslip was rinsed with Ca"-free PBS and put in a sandwich
filming chamber at 37°C . Contraction solution (PBS + 2 mM ATP) at pH 7 .4
was perfused into the filming chamber while filming . PBS + 2 mM ADP was
also used to serve as control for ATP-required contraction . Carmine particles
added to the contraction solution were used to estimate the flow rate of the
solution and the time elapsed between the arrival at the cell periphery of the
contraction solution and fibroblast contraction .

RESULTS

General Description
When the trailing portion of an embryonic chick heart

fibroblast, "the tail," separates from the substratum, it invari-
ably retracts . This is illustrated in prints of frames taken from
a time-lapse film (Fig . 1) . The main features of this retraction
are representative of 86 fibroflasts observed under similar
conditions (see also Fig . 1 in reference 22).

Detachment Process
Time-lapse cinemicrography of moving chick heart fibro-

blasts has revealed that when the trailing edges detach they
always leave a part of themselve behind (Fig . 1) . This obser-
vation is confirmed by SEM (Fig. 2) . When such a cell is fixed
for examination in SEM, cell surface material is always ob-
served left behind on the substratum in the previous position
of the trailing edge (Fig . 2 C) . Mechanical detachment of the
trailing edge with a microneedle also leaves behind ruptured
fragments of cell surface on the substratum (Fig. 2 D) . The
ruptured cell surfaces, both the one retained with the cell and
the one left on the substratum, appear to seal rapidly, for they
appear continuous within 4 s after detachment of the trailing
edge (Fig. 2 D) . Clearly, detachment of the trailing edge of a
moving fibroblast from a glass or plastic substratum in culture
does not involve separation of the cell surface from the sub-
stratum, but rather rupture of the cell surface .'

This conclusion is confirmed by observation of the detach-
ment process with interference reflection microscopy (Fig. 3) .
The trailing edge adheres to the substratum at its tip by means
of a cluster of focal contacts (with a spacing - 15 nor between

' In view ofthe fording that "detachment" ofthe trailing edge from the
substratum involves rupture ofthe cell surface, in a strict sense another
term, such as "scission," would be preferable. However, as "detach-
ment" is commonly used for this process, I have decided to continue
use of it in this paper, with the understanding that in this case it does
not mean that the trailing edge of a fibroblast separates or "deadheres"
from the substratum when it pulls away during its locomotion .

FIGURE 1 Retraction at the trailing edge of an embryonic chick
heart fibroblast. Prints of frames were taken from 16-mm time-lapse
films . Debris on the substratum serve as fixed reference points
(arrows) . Numbers on each print refer to minutes and seconds after
beginning of the observations . (0) Phase-contrast image of the cell
shows a phase-dark tail . (2 :56) In this frame and in all subsequent
frames the same cell is viewed with Nomarski differential interfer-
ence optics . Upon detachment, the trailing edge retracts very fast at
first (7 :48 to 7 :56), and then more slowly (7 :56 to 8:48) . Absorption
of the tail remnant into the cell body occurs between 8:48 and 10 :
56 . The retraction is followed by a surge ahead at the two existing
spreading edges (arrowheads in 10 :56) . Note that when it detaches,
the trailing edge leaves a part of itself behind (arrows in 7:48 and 7 :
52) . X 300 .

the under surface of the cell and the substratum) and close
contacts (with a spacing of -30 nor) (Fig . 3) . As the trailing
edge detaches, the contacts remain behind on the substratum.
Frame-by-frame analysis of the time-lapse films reveals that
these contacts persist for several minutes and then the close
contacts fade away, leaving only focal contacts . Upon rupture
and retraction, the trailing edge continues to retract until it
reaches another cluster of focal contacts near the cell body
(Fig. 3) . This particular cluster then becomes longer and wider,
as the margin continues to retract, and persists until the next
detachment. Thus, focal contacts under the tail limit the extent
ofretraction.

Rate Analysis of Retraction
Time-lapse analysis reveals that retraction of the trailing

edge involves a sudden movement of both cell surface (includ-
ing the plasma membrane and submembranous cortex) and
cytoplasm (Fig . 4A and B) . Fig . 4 C shows the results of
measurements of the movement of surface and cytoplasmic
markers (see Materials and Methods) . Measurements on four
other cells yielded similar results . Net movement of each
marker varies greatly, ranging from 10 to 60 pin, depending on
the initial distance of each marker from the null border. In
spite of these differences in net movement, however, all mea-
surements of each marker can be fit by two separate exponen-
tial curves (Fig. 4 D) . The slopes of the lines in Fig . 4 D fall
into two distinguishable ranges . This indicates that the se-
quence ofmovement of all markers is similar, e.g., much faster
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FIGURE 2

	

SEM micrographs of fibroblasts and their substrata fixed at various times before and after detachment of the trailing
edge . (A) A fibroblast with a retracting tail in the living state . Numbers on each print refer to seconds after onset of retraction of
the trailing edge . Phase-contrast optics . Bar, 30 pm . X 600 . (B) The cell shown in A was fixed at 8 s after onset of retraction of the
trailing edge. Note that the tail retracts forward onto the upper side of the cell body, leaving cell surface material behind on the
glass substratum (arrowhead) . Bar, 10 jam. X 1,000 . (C) Higher magnification of the ruptured cell surface left behind in the
substratum, shown in B . Bar, 5 Wm . X 2,000. (D) Ruptured cell surface remaining on a plastic substratum, fixed 4 s after detachment
of the trailing edge of another cell with a microneedle . The arrowhead indicates site of detachment and the arrow points toward
the direction of retraction of the tail . Bar, 1 km . X 10,000. (E) Higher magnification of the retracting tail shown in B . Bar, 1 um . X
12,000. (F) A spread fibroblast fixed before detachment of the trailing edge. Bar, 10 Wm . X 1,100 .

at first and slower later, and is independent of their initial
position in the cell .

Analysis of the retraction process of a group of cells (Fig. 5)
gives results similar to those of the single cell analysis : mea-
surements of tail retraction fit two exponential curves that
overlap . The rate constant for the fast component is 6.4 x 10-2
s-1 (or 100- to 1,000-fold the normal rate of fibroblast translo-
cation), and the rate constant for the slow component is 9 .8 x
10-3 s- ' (or 10-fold the rate oftranslocation) . Overall, the initial
rapid retraction up to 8 s after detachment of the trailing edge
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(shown in Fig. 5) is primarily caused by the fast component,
and to a small extent (^-15% of the initial retraction) by the
slow one. The later steady retraction is primarily caused by the
slow component.
To determine whether the same sequence of retraction steps

occurs whenever the trailing edge is detached, regardless ofthe
cause, retraction of the trailing edge was also induced artifi-
cially by detaching the tail from the substratum with a micro-
needle . This always produces the same sequence of retraction
that occurs naturally (Fig. 5) .



FIGURE 3

	

Changing pattern of cell-substratum contacts during natural retraction of the trailing edge of an embryonic chick heart
fibroblast viewed with interference reflection optics . Numbers on each print refer to minutes and seconds after 1 min before
detachment of the trailing edge. This sequence shows the following features . (a) Focal contacts, in the form of dark streaks, are
located near the broad leading edge and at the tapered trailing end (frame 0) . There is also a region of close contact (gray area) just
forward of the trailing tip . Elongate dark streaks of focal contacts align parallel to the direction of movement (frame 0 to 1 :03) .
Before detachment of the trailing edge, this pattern of contacts persisted and remained little changed for 15 min . (b) The cluster
of focal contacts at the trailing edge (arrowhead in frame 1 :03) remains behind on the substratum as the trailing edge retracts .
Retraction of the trailing edge began at 1 :00 (not shown) . (c) Retraction of the trailing edge stops at the preexisting cluster of focal
contacts near the cell body (arrowhead in frame 2 :00) . (d ) Increase in protusive activity and, thus, spreading at the leading edge
are accompanied by the increase in the uniform gray area of close contacts at the leading edge (2 :00 to 7:51) . (e) New focal
contacts form and persist as the new leading edge advances to give rise to the dark streaks seen at the inner margin, while old focal
contacts fade . Note formation of three focal contacts indicated by lines in 1 :40 to 7 :51 and fading of two focal contacts indicated
by arrows in 1:03, 2 :00, and 7:51 . Bar, 50 gm . x 600.

Analysis of the Energy Dependence
of Retraction

A number of cellular activities such as lamellipodial exten-
sion and withdrawal, ruffling, and saltatory movement of
cytoplasmic particles cease within 5 min after fibroblasts are

exposed to 4°C, or to media containing metabolic inhibitors,
or to glycerination (see Materials and Methods) . To examine
whether retraction of the trailing edge is also inhibited at the
same time as these other aspects oC cell movement, the trailing
edge was artificially detached by a microneedle under these
conditions .
COLD TREATMENT :

	

Detachment of the trailing edge 1-3
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Time(s)

min after exposure to 4°C (Fig. 5) causes an initial retraction .
It appears to snap suddenly inward (Fig . 6A) . The slope for
the fast component in the cold is close to that at 37°C ; the rate
constant of the fast component is 6 .8 x 10-2 s-' at 4°C, as
compared to 6.5 x 10-2 s-' at 37°C (Fig. 5) . However, the fast
component of cells exposed to 4°C for more than 10 min is
reduced to 50% of the control slope . There is little actual
shortening ofthe tails after this initial rapid retraction (the rate
constant of the slow component is 1 .7 x 10-3 s - ', as compared
to a normal rate of 9.2 x 10-3 s- ') . The retracted tail simply
slowly twists and waves in the medium (Fig . 6A). Thus, the
slow component is strongly inhibited .
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FIGURE 4 Surface and cytoplasmic movement
during retraction of the trailing edge of a fibroblast .
(A) and (B) The trailing edge (te), a particle adher-
ing to the cell surface (p), cytoplasmic vesicles (a,
b, c, d, e, and f), and the nucleus (dotted line)
were selected as markers of the retraction process
and were traced from a time-lapse film immedi-
ately (1 s) before detachment of the trailing edge .
The position of surface markers (shown in A) and
cytoplasmic markers (shown in B) at intervals dur-
ing retraction are shown as lines connecting the
successive positions of each marker, with the num-
ber indicating the number of seconds elapsed after
detachment . (C) Advance of all markers was plot-
ted as their distance from the null border (a line
drawn in the front perinuclear region in A and B)
against time during retraction . (D) Movement of
the markers, shown in C, were plotted on a semi-
logarithmic scale . The points for each marker can
be fit by two separate lines, suggesting the exist-
ence of fast and slow components . The rate con-
stants of the fast and slow components respectively
of each marker are : (te) 5 .3 x 10-2 and 8.0 x 10-3,
(p)4.3x10-2 and9.7x10-3, (a)5.3X10'and
6 .0 X 10-3 , (c) 3 .7 x 10-2 and 6 .3 x 10-3, and (d)
4 .8 x 10 -2 and 9,0 x 10-3 , with units of s- ' .

METABOLIC INHIBITORS : Detachment of the trailing
edge with a microneedle in a combination of metabolic inhib-
itors (see Materials and Methods for time-dosage details) still
causes fast retraction, similar to that of cells treated in the cold
(Fig. 5). The rate constant for the fast component when treated
with metabolic inhibitors is similar to normal. In contrast, the
rate constant for the slow component is strongly reduced to 1 .6
x 10-3 s-1 , as compared to a normal rate of 9.2 x 10-3

S-1 .

Morphologically, the phase-dark tail becomes phase lucid after
the initial rapid retraction (Fig . 6 B), indicating that its cyto-
plasmic structure has become disorganized .
GLYCERINATED FIBROBLASTS : Glycerinated

	

fibro-



blasts, with a partially destroyed cell surface (34), do not retract
at all in the absence of ATP, even when their trailing edges are
detached with a microneedle . The tail of a glycerinated fibro-
blast, with and without detachment with a microneedle, con-
tracts only after application of PBS supplemented with ATP
(Figs . 5 and 6 C) . This contraction occurs at a slow rate, 0 .5 ±
0.1 ttm/s (86 measurements), and in a constant manner (Fig .
5) . The rate constant for glycerinated fibroblasts, measured as
7.9 X 10-3 s-', is thus comparable to the slow component of
retraction in normal fibroblasts .

Surface Changes during Retraction
Surface changes associated with retraction of the trailing

edge were studied by scanning and transmission electron mi-
croscopy. Fig. 2B and E shows typical SEM micrographs of a
cell fixed at the end of the initial rapid phase of retraction of
its trailing edge . The upper cell surface of the retracted tail is
covered with microfolds, in contrast to that of a spread fibro-
blast (Fig . 2F), in which the surface is generally and charac-
teristically smooth and free of folds . TEM reveals that the cell
surface of the tail becomes folded at the end of the fast phase
of retraction (Fig . 10) and that the plasma membrane at the
base of some of the folds has amorphous dense material
subtending the membrane, resembling coated pits (10, and
Figs. 9-11) . No pinocytotic vesicles are found under the folded
surface of the retracted tail (Fig . 10) . These results, along with
those with SEM, constitute clear evidence against an internal-
ization of surface membrane by endocytosis, as the trailing
edge of the fibroblast retracts.

Changes in Birefringent Pattern upon Retraction
When the trailing edge of a fibroblast is about to detach

from the substratum, the whole trailing portion of the cell
appears maximally taut and highly refractive, and phase-dark
by phase contrast optics (Figs . 1, 6-8) . In addition, it is highly
birefringent, with birefringent fibrils aligned parallel to its
longitudinal axis (Figs . 7 and 8) . Upon retraction of the trailing
portion of the cell, birefringence typically fades : in most in-
stances this reduction of birefringence occurs first in the front
portion of the tail and then at the trailing tip . Time-lapse
sequences show that, as a trailing edge of the cell retracts, the
tail immediately exhibits a discontinuous pattern of birefrin-
gence (Fig . 7), probably indicating helical twisting (see also
Fig . 2 E) . This pattern shortly disappears as the tail slowly
retracts, -8-16 s after detachment of the trailing edge. The
cells then become virtually nonbirefringent in the long axis of
the retracted tail at the time of maximum retraction and, later,
during absorption of the retracted tail into the cell body
(Fig. 7) .

Changes in Ultrastructure during Retraction
To provide an ultrastructural basis of the changes in bire-

fringence that take place during retraction of the tail of a
fibroblast, cells were examined in TEM at various times before
and after detachment of the trailing edge . Observations made
with light microscopy and electron microscopy correlate well
(Figs . 8-10) . Bundles ofmicrofilaments are seen to correspond
to the phase-dark, birefringent fibrils observed in the tail of a
living cell (Fig. 8) . Upon retraction, the tails contain only few
bundles of microfilaments (Fig. 10B), which corresponds to
the reduction of birefringence in the retracting tails . Judging
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FIGURE 5 Analysis of retraction rates of fibroblasts after detach-
ment of the trailing edge (") in normal medium at 37°C, (") at
reduced temperature and in the presence of metabolic inhibitors,
and (O) after addition of ATP to the glycerinated models .

(") Data, shown as control, represent the mean degree of retrac-
tion of 12 cells following artificial detachment (ADN) of the trailing
edge with a microneedle in normal medium at 37°C . Measurements
of retraction of another 12 cells after natural detachment (NDN) are
not shown in the figure; however, the rate constants of the fast and
slow components of both ADN and NDNare listed below. (") Data
designated 4°C are the mean degrees of retraction of six cells, whose
trailing edge was detached with a microneedle 1-3 min after the
cells were exposed to 4°C medium . These data represent inhibition
of the slow component of retraction by cold and metabolic inhibi-
tors . The rate constants of retraction of 12 cells, whose trailing edge
were detached between 10 and 30 min after the cells were exposed
to 4°C medium (4°C, 10-30 min), and of eight cells, whose trailing
edge was detached in the presence of inhibitors (DNP + NaF +
IAA), are also given below. (0) Data shown as contraction represent
shortening of the detached tails of 12 glycerinated fibroblasts after
addition of 2 mM ATP in PBS. Time 0 indicates onset of tail
shortening . The rate constant of contraction of glycerinated fibro-
blasts is 7.9 X 10-3 s-', whereas the rate constants of the fast and
slow components, respectively, of each experiment mentioned
above are: (ADN) 6.5 X 10-2 and 9.2 X 10-3 , (NDN) 6.4 X 10-2 and
9.8 X 10-3, (4 °C) 6.8 X 10-2 and 1.7 X 10-3 , (4 °C, 10-30 min) 3.5 X
10-2 and 1.0 X 10-3 , (DNP + NaF + IAA) 5.8 X 10-2 and 1.6 X 10-3,
with units of s- ' .

from the direction of sectioning and the dispersed images of
the microfilaments, I believe that the retracting tails, as shown
in Fig. 10, contain mostly meshworks of microfilaments . Fur-
thermore, the microfilament-filled cytoplasmic cortex in the
retracting tail becomes enlarged to an average thickness of 0.5
p.tn (average thickness ofcortical microfilaments in a stretched
tail is 0 .1 p.m [see Fig . 9]) . From this, it seems likely that
bundles of microfilaments present in the elongated tail are
reoriented and pulled back into a thickened meshwork upon
retraction .

In contrast to microfilaments, the microtubules appear to
decrease in number during retraction ofthe trailing edge . Cross
sections along an elongated tail (Fig. 9) contain a constant
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FIGURE 6

	

Inhibition of retraction of the trailing edge by (A) cold, (B) metabolic inhibitors, and (C) glycerination . Numbers refer
to seconds after detachment of the trailing edge with a microneedle. Bars, 50 Wm . (A) After 20 min at 4°C, the trailing edge snaps
forward immediately after its detachment from the substratum, giving the effect of a double exposure in the frame 1 (actual
exposure time 0 .5 s) . Waving, but no actual further shortening, of the tail occurs -8 s after detachment . x 500 . (B) Part of the rapid
phase of retraction occurs in the presence of 0 .2 mM DNP + NaF + IAA in PBS. It also gives a double-exposure image of the tailing
edge at frame 2 . The retraction soon stops at 8 s after detachment of the trailing edge . x 480. (C) Numbers on each print refer to
seconds after perfusion with the contraction solution was carried out. Cell surface materials in the broad, thin, leading lamellae
were severely extracted by glycerol, while those in the tail seemed to be largely retained, as suggested by the continued phase-
dark appearance of the tail at 0 s . the tail starts to shorten (shown in frame 32) -20 s after addition of the contraction solution . The
tail slowly contracts toward the cell body, but the disrupted leading lamellae remain quiescent at 180 and 600 s. x 500 .
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number of microtubules : 82 t 6 microtubules (six measure-
ments) are found in the middle portion of the tail and 78 ± 3
(eight measurements) in the region close to the nucleus . During

FIGURE 7

	

Changing patterns of birefringence in a fibroblast during
retraction of the trailing edge . Prints of frames were taken from a
16-mm time-lapse film made with phase-contrast and polarization
microscopy . Numbers on each print refer to minutes and seconds
after beginning of the observations . Phase-contrast image of the
spread fibroblast shows the phase-dark tail (frame 0) . Reverse con-
trast of a pair of two prints, shown at 0:10 and 0:24 s, taken at two
opposite compensator settings, demonstrates that the fibrils of
positive contrast (0:24 to 2 :52), parallel to the longitudinal axis of
the cell, are indeed caused by birefringence . High contrast prints
are presented (0:24, 1 :20, 1 :58, and 2 :52) to show the pattern of
birefringent fibrils in the retracting tail and in the cell body . How-
ever, three sequential frames after detachment of the trailing edge
of the cell (1 :22, 1 :24, and 1 :26) were printed with moderate contrast
to show the changing pattern of birefringence in the retracting tail .
The retracted tail on the cell body (arrow in frame 1 :58) has lost
most of its birefringence . A birefringent sphere starts to appear in
the cell body at 1 :58 and becomes evident at 2:52 (arrows) . Note

the slow phase of retraction, in two samples examined 16 and
32 s after detachment of the trailing edge, the tails contained
less than 10 fragments ofmicrotubules in all sections examined .
This nearly tenfold difference in number of microtubules sug-
gests that microtubules are disassembled during retraction .
Intermediate filaments become tightly packed and fill the
center space of the retracting tails (Fig . 10 D), which probably
corresponds to the birefringent sphere seen in the retracted cell
(Fig . 7) .
The upper side of the cell body in front of the retracting tail

shows the same thickening ofmicrofilament meshwork beneath
the folded surface as in the retracting tail itself (Fig . 11A and
B) . In contrast, the upper surface of the cell body behind the
retracted tail and, now, the new tail (Fig . 11 C) is smooth and
contains oriented cortical microfdaments. Concomitantly, the
entire underside of the cell body remains generally smooth
(Fig. 11) . Its cortical microfilaments are aligned in the form of
bundles and appear to terminate at the sites ofseveral electron-
dense plaques (Fig . 11 A, C, and D). The restriction of folded
membrane and associated thickened microfilament meshwork
to the retracting tail and adjacent upper cell cortex suggests
that contraction of this cortical meshwork is the active force
pulling the retracting tail forward during the slow phase of
retraction.

DISCUSSION
Rupture of the Trailing Edge upon Retraction

It has been proposed that detachment of cells from other
cells or from inert substrate may involve "deadhesion" (24, 26),
rupture of cell surface (65), or both . However, it was later
demonstrated that when cells are detached artificially from a
plane substratum, either by mechanical shearing (65, 67) or by
chemical treatment (25), pieces of the cell surface are left
behind . Weiss (65, 66) contends that this is usual and normal,
and that "distraction" by mechanical shearing provides a mea-
sure of strength of the cell surface rather than of the adhesion .
The present study clearly demonstrates, by a direct correlation
of cinemicrography, SEM and interference reflection micros-
copy, that nonlethal rupture of the cell surface does indeed
occur upon abrupt retraction of the trailing edge ofa fibroblast,
both during normal cellular locomotion in vitro and after
detachment with a microneedle .

Surface Changes during Retraction
In view of the fact that the plasma membrane is fluid at

physiological temperatures (58) and that surface constituents
move rapidly in fibroblasts (4, 28, 36), the behavior of the
upper surface of a fibroblast during tail retraction takes on
added interest . Does it flow forward; does it retract elastically ;
does it fold up into microvilli or other folds (29, 32) ; or is it
internalized in the form of endocytotic vesicles (30)? In this
study, analyses of movement of particles on the cell surface
and of cytoplasmic vesicles during retraction show that there
is a collective movement of the cell surface toward the leading
edge of the cell (Fig . 4) . Concomitantly, folds and microvillus-
like structures appeared on the retracted tail (Fig. 2) and no
pinocytotic vesicles were observed beneath the folded surface
(Figs. 10 and 11). These results suggest that the cell surface of
the retracted tail is temporarily conserved during retraction,

that a trace of birefringent fibrils remains in the cell body after the
tail is completely absorbed (frame 2 :52) . Bar, 50 pm . x 520 .
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FIGURE 8

	

A correlation of light microscopy and electron microscopy of the trailing edge of a fibroblast . (A) Phase-contrast and
polarization microscopy of the same cell . Note the direct correlation of the phase-dark fibrils and birefringent fibrils in the trailing
edge of the cell . Bar, 3014m . X 600. (B) Thin section parallel, but with a slight angle, to the plane of cell-substratum contacts
throughout the trailing edge of the same cell, shown by arrowheads in A . The cell was fixed immediately after the light micrographs
were taken . The dark shadow in the right side of the print (arrowheads) is the serum line on the substratum . Because one end of
the microfilament bundles (arrows) coexists with the serum line in this section, the end of microfilament bundles in the serum
shadow might represent the termination of the bundles of microfilaments on the plasma membrane . Note that the position of the
bundles of microfilaments relates to that of phase-contrast and birefringent fibrils . Bar, 1 pm . X 24,000 . (C) A higher magnification
of the section shown in B . Note that the individual microfilaments in the bundle are not strictly parallel to one another . Bar, 0.5
pm . X 48,000.

which constitutes clear evidence against an elastic retraction of
surface membrane or an internalization of surface membrane
by endocytosis. Then, at 15 min after detachment, when the
cell is advancing slowly, the upper surface once again becomes
smooth (23) . This sequence of events suggests that the cell
surface that moved forward during tail retraction is soon
utilized for the renewed spreading at the leading edge of the
cell (22, 27) .

Passive and Active Components of Retraction

The shortening of cell processes is generally assumed to
involve active contraction (34, 43, 45, 47, 49); however, it could
also involve elastic recoil of the cell under tension or a com-
bination ofboth (63) . Although the degree oftension developed
by an extended, moving fibroblast has not yet been measured
with accuracy (38,40, 54), it is obviously high (39) . The detailed
analysis of fibroblast tail retraction in this communication
demonstrates that the rate of retraction clearly involves two
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components: the first with an initial exceedingly fast rate
followed and overlapped by a slow one (Figs . 4 and 5) . The
fast component can be interpreted as elastic recoil, resulting
from tension preexisting in the spread cell (35, 44, 62) . Shorten-
ing of the tail by this means will cease when the declining
tension equals the force resisting shortening . After this, the
continued steady shortening (the slow phase of retraction) of
the tail must be an active contractile process.

Consistent with this conclusion, both metabolic inhibitors
and reduced temperature (4°C) strongly inhibit the slow com-
ponent, leaving the fast component only slightly affected .
Furthermore, treating fibroblasts with ionophore A23187 in
Ca"-free solution, which presumably lowers free Ca" in the
cells and blocks active contraction (47), completely blocks the
slow component but has little effect on the fast one (unpub-
lished results) . In addition, the tail of glycerinated fibroblasts
shortens in the presence of ATP at a slow rate that is compa-
rable to that of the slow conponent of normal retraction . A



FIGURE 9

	

Cross sections of an elongate fibroblast . (A) Phase-contrast image of the cell in the living state . Bar, 50 Jam . X 500. (B )
A cross section of the tail at the level indicated by a line in A . Bar, 0.5 gm . X 18,000. (C) A cross section of the cell body indicated
by a line in A . Bar, 0 .5 lm . X 32,000. (D) A cross section of the middle portion of the tail indicated by a line in A . Bar, 0 .5 Jim . X
28,000 . (E) A higher magnification of a portion of cell surface shown in C . Bar, 0 .1 R,m . X 128,000 . The aggregates of electron-dense
dots in the cortical cytoplasm are cross-sections of bundles of microfilaments (mfb) . The plasma membrane is not smooth in cross
sections . Some regions of the plasma membrane contain amorphous dense material subtending both sides of the membrane
(arrowheads) . mt, Microtubules .

kinetic component of glycerinated fibroblasts comparable to
the fast component of normal cells was never seen . This result
could be because glycerination disrupts the cell surface and
may relax tension in the spread cells . Taking all ofthese results
together, it appears that the fast component represents primar-
ily the passive recoil of a system under tension, whereas the
slow component represents an active contraction.
The partial inhibition of the fast component of retraction

(Fig . 5) by metabolic inhibitors and cold treatment could be
only an apparent one, on account of its overlap with the slow
component, or it could be on account of an intrinsic effect on
the fast component . If the energy stored in an elastic component
results from stretching during spreading, then the development,
and possibly the maintenance, of the stretched state may well
depend on active processes. Finally, the increased inhibitory
effect of prolonged cold treatment could also be due to other
effects, such as an increased viscosity of the plasma membrane
(19) or depolymerization of cytoplasmic filaments (56) .

Structural Basis of Active and Passive Retraction

Since the elongate, taut tail of a moving fibroblast is filled
with bundles of microfilaments extending parallel to its long
axis (15, 33, 53, 60), the orientation of these filaments before

rupture of the trailing edge might provide an ultrastructural
basis for the development of tension in the tail . Thin-section
electron microscopy has revealed that the individual microfil-
aments that make up the bundles in the tail are not strictly
parallel to one another (Fig. 8) . When critical point-dried
specimens were examined in whole-mount TEM (15, 16, 21),
the oriented microfilaments (bundles) appeared to be oriented
regions of the uniquitous filamentous meshwork, somewhat
like a three-dimensional fish net under tension (2, 52) . This
suggests that organization of microfilaments into elongated
bundles is produced by tension generated in the cytoplasmic
network . If this is so, one prerequisite might be an anchoring
of the microfilaments to the plasma membrane . Oriented mi-
crofilament bundles terminate at focal sites of cell-substratum
contact (5, 14, 41), precisely where tension generation in the
cytoplasm would be the strongest and alignment would there-
fore be the greatest.

If this hypothesis is valid, one would predict that when the
trailing edge of fibroblast retracts rapidly, and the tension
within the tail is suddenly reduced, the microfilament bundles
would lose their orientation and reassume the meshwork ar-
rangement. TEM observations are consistent with this sugges-
tion. Because the domain of cortical microfilaments becomes
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FIGURE 10

	

Ultrastructure of the retracting tail of a fibroblast . (A)
Time-lapse sequences of retraction of the trailing edge . The cell was
fixed 16 s after detachment of the trailing edge. Bar, 50 gm . X 400.
(B) A sagittal section of the tip of the retracting tail . Approximate
position of the section is shown by the line B in A . Note the
generally random orientation of the microfilaments. A bundle of
microfilaments (mfb) is identified in the section . Bar, 1 fLm . X 15,500 .
(C) A sagittal section of the base of retraction tail close to the cell
body . Approximate position of this section is shown by the line C
in A . Note the folded cell surface and the condensed and randomly
oriented microfilaments (mf) . Bar, 1 pm . X 10,400 . (D) A higher
magnification of a sagittal section adjacent to the section shown in
C . Cortical meshworks of microfilaments (mf) are thickened up to
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thicker when the tail shortens and widens, it seems likely that
a reorientation ofmicrofilaments from bundles to meshwork is
occurring, rather than a disassembly of the microfilaments
themselves. Consistent with this, the highly birefringent ex-
tended tail loses much of its birefringence during retraction
(Fig. 7) . This is also what one would expect if there were a
change in the orientation of microfilaments from a longitudi-
nally oriented arrangement parallel to the long axis of the tail
to a randomly oriented state . This essential mechanical process,
involving no substantial breaking and making of molecular
bonds, would fit with the observation that the fast component
oftail retraction is not much affected by reduction of temper-
ature or by metabolic inhibitors.
Once this rapid physical reorientation of the microfilaments

from bundles to meshwork occurs, the actomyosin meshwork
may contract and undergo other chemical rearrangements (11,
13, 17, 45, 47, 50, 57, 61) . Such processes might well be
markedly inhibited by lowering the temperature and by meta-
bolic inhibitors, and could therefore be the primary events
occurring during the slow phase of retraction . The formation
of folds in the cell surface during this slow phase would be
consistent with the idea that the contraction of the cortical
meshwork under the surface provides the active force for tail
retraction during this phase.

CONCLUSION
Organization of the Filamentous System in
Relation to Tension

The idea that interwoven protein chains in the cell cortex
are responsible for the elastic nature of the cell surface was
suggested many years ago by Lewis and Lewis (51) . They
stated that the extending margins of spread cells "produced a
pull on the cytoplasmic layer," that "tension striae" were in
some way produced by this tension and disappear when the
tension is reduced . These tension striae have been identified as
a collection of oriented, actin-containing microfilaments (e.g.,
12, 34, 46, 59) and referred to variously as "stress fibers" (15),
"sheath microfilaments" (60), and more commonly recently as
"microfilament bundles" (e.g., 34, 41) . In confirmation ofthis
old idea, artificial application of tension to cytoplasmic gels
causes the normally randomly oriented filaments to line up
parallel to one another (7, 61) . Moreover, recent observations
have shown that microfilaments in the cortex of Physarum
become oriented only when contraction is resisted and are,
therefore, under increased tension (31, 55) . During fibroblast
locomotion, plaques and their associated cortical bundles of
microfilaments appear within 20 s after cells make contact with
other cells (42) and with the substratum (21) . This apparently
reflects the "contact retraction" (1), which occurs immediately
after contact, in which the cell is placed under tension precisely
at the sites of close surface apposition.
The present study of retraction of the trailing edge of a

moving fibroblast suggests the following mechanism for the
process. (a) Rupture ofthe trailing edge causes a loss oftension.
(b) Loss of tension occurs in two phases, corresponding to an
initial fast phase of retraction, followed by a slow one. (c) Loss
of tension transforms elongated microfilament bundles into a
disoriented meshwork in the fast phase. (d) Active contraction

0.75 gm and lie beneath the folded surface. Intermediate filaments
(if) and a few microtubules (mt) are located in the subcortical
region . Bar, 1 gm . X 15,500 .



FIGURE 11

	

Ultrastructure of a fibroblast during the slow phase of retraction of the trailing edge . The phase-contrast image of the
cell at the time of fixation, i .e ., 46 s after detachment of the trailing edge, is inserted in B . The fixed cell is sectioned sagittally along
the direction of tail retraction . Approximate positions of the TEM micrographs are indicated by lines in the fixed cell . (A) A section
of the front of the cell body, around the region of null border (arrowhead ; see also Fig . 4) . The microfilament meshworks beneath
the folded upper surface have an average thickness of 0.25 Am . Note the indentations and plaques, located in the cell surface of
both upper and lower side of the cell (arrows), and the different orientation of cortical microfilaments in the upper and lower
cytoplasm of the cell body . Cortical microfilaments between plaques are aligned in the form of "bundles" . Bar, 1 Jim . x 24,000 . (B)
A higher magnification of a section adjacent to the section shown in A . Arrowhead, the region of null border . Bar, 0.5 ftm . x 48,000 .
(C) A sagittal section of the new tail (see the insert in B), posterior to the base of the retracted tail (arrowhead), showing its
smooth surface and thin cortical layer. Bundles of microfilaments (mgb) extend beneath the smooth surface (arrows) in the new
tail and at the lower side of the cell body in parallel with the direction of tension (see text) . Bar, 1 1Lm . x 12,000 . (D) A higher
magnification of the lower side of the cell body showing smooth surface and oriented microfilaments (mf) and microtubules (mt) .
Bar, 0.514m . x 40,000.
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by the meshwork in the slow phase completes retraction ofthe
tail, throwing its surface into folds.
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