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We have studied two types of cell motility directed toward the cell center: retraction of
the cell margin and rearward flow of small cytoplasmic nodules during mitotic cell
rounding in Potoroo tridactylis kidney (PtK2) cells by time-lapse video microscopy, drug
treatments, and photoactivation of fluorescence. Nodules flow rearward on thin, actin-
rich fibers (retraction fibers) exposed as the cell margin retracts. Retraction of the cell
margin and rearward flow of nodules require intact actin filaments, but are insensitive to
an inhibitor of myosin function (butanedione monoxime). Using photoactivation of
fluorescence marking, we have determined that actin filaments in the majority of retrac-
tion fibers remain stationary while the cell margin retracts and nodules flow rearward.
The pointed ends of retraction fiber actin filaments face the cell center. We argue that
nodule motility is driven by a novel actin-based force that perhaps also partially con-

tributes to retraction of the cell margin during cell rounding at mitosis.

INTRODUCTION

Cell shape change plays an important role in many
areas of biology. Models for cell morphogenesis de-
scribe shape changes that occur as a result of motility
directed away from the cell center (e.g., protrusion of
cell margins such as lamellipodia and filopodia, cell
spreading after mitosis). However, equally important
is shape change resulting from motility directed to-
ward the cell center (e.g., retraction of the cell margin).
Retraction from the substrate occurs during cell
rounding at mitosis, at apoptosis, and during onco-
genic transformation. The cell margin also retracts at
the rear of migrating cells. To facilitate comparison
between different motile systems, we define move-
ment directed away from the cell center as “forward”
(also termed outward or anterograde in the literature)
and movement directed toward the cell center as
“rearward” (also termed inward, backward, or retro-
grade in the literature).
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Very little is known about the mechanism of retrac-
tion of the cell margin. In this article, we focus on
retraction of the cell margin during cell rounding at
mitosis. A round cell shape at mitosis probably plays
a role in setting the stage for subsequent cytokinesis.
Surprisingly, there is no complete description of re-
traction of the cell margin in rounding cells and the
mechanism of this motility during mitotic cell round-
ing has been little studied.

Mitotic cell rounding is a reproducible and easily
studied process in flat tissue culture cells (Harris,
1973; Wetzel et al., 1978), e.g., PtK2! cells (Sanger et al.,
1984; Mitchison, 1992). During mitotic cell rounding in
PtK2 cells and other highly adhesive cells, two types
of motility occur toward the cell center. The first is
retraction of the cell margin. As the cell margin re-
tracts a network of long, thin, actin-rich fibers (retrac-
tion fibers) attached to the substrate at their distal end
are exposed, connected at right angles to the cell mar-
gin at their proximal end. Revealed on these retraction
fibers is the second type of motility directed toward

1 Abbreviations used: BDM, butanedione monoxime; PtK2, Poto-
roo tridactylis kidney.
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the cell center; rearward flow of small, discrete cyto-
plasmic nodules (Mitchison, 1992). Although it is not
known whether nodule motility contributes to the cell
rounding process per se, for several reasons in this
article we have studied both retraction of the cell
margin and rearward nodule flow in mitotic PtK2
cells. We suspect that rearward nodule flow reflects a
mechanism that is at least partially common to retrac-
tion of the cell margin in rounding mitotic cells. Thus,
studying rearward nodule flow, which is a relatively
simple type of motility, may provide insight into the
more complex cell rounding process at mitosis. Also,
rearward nodule flow and retraction of mitotic cell
margins resemble features of other retractile cell types
and rearward types of cell motility. Thus, an investi-
gation of both rearward nodule flow and retraction of
mitotic cell margins may yield information on retrac-
tile and rearward motile mechanisms in general. To
characterize the system, we first describe the detailed
dynamic morphological changes that occur during mi-
totic cell rounding. We then address potential mecha-
nisms for retraction of the cell margin and rearward
nodule flow by analyzing the effects of drugs that
affect cytoskeletal proteins, since these proteins are
implicated in many different types of cell motility.
Finally, guided by the results of our drug studies, we
report the dynamic behavior of actin filaments in re-
traction fibers in live mitotic cells determined by pho-
toactivation of fluorescence. Our studies provide in-
sight into the mechanism of retraction of the cell
margin and rearward nodule flow during mitotic cell
rounding in PtK2 cells.

MATERIALS AND METHODS

Cell Culture

PtK2 cells, an epithelial cell line, were obtained from the American
Type Culture Collection (Rockville, MD) and grown in DME-H16
medium with 10% fetal calf serum, streptomycin, and penicillin at
37°C in 5% CO,. One to 3 days before an experiment, they were
plated onto glass coverslips and transferred on the day of observa-
tion to an aluminum chamber. Cells were observed at 34-36°C in
bicarbonate- and phenol red-free DME with 10% bovine calf serum,

20 mM HEPES (pH 7.4), streptomycin, and penicillin. This was
covered with a thin layer of silicone oil to prevent evaporation.

Video Microscopy for Drug Studies

Time-lapse phase-contrast video recording of unperturbed and
drug-treated mitotic cells was done with a charge-coupled device
video-rate camera (Hamamatsu, Bridgewater, NJ). A 40X Neofluar
0.75 NA objective with a 1X eyepiece was used. Cytochalasin D
(Sigma Chemical Co., St. Louis, MO) was added to a final concen-
tration of 10 ug/ml and butanedione monoxime (BDM, Sigma
Chemical Co.) to a final concentration of 10-20 mM to cells under
observation during early, mid, or late rounding for 10 to 30 min.
Drugs were washed out with three to four changes in phosphate-
buffered saline and then two to three changes in media. BDM is a
low-affinity inhibitor of myosin, but seems specific for this protein.
In vitro BDM inhibits purified rabbit muscle myosin II (Higuchi and
Takemori, 1989), purified human nonmuscle myosin II and pig
myosin V; and a mixture of Drosophila myosins I, II, and VI (Cramer
and Mitchison, 1995). In the same study, in vivo BDM disrupts
motility based on myosin II (cytokinesis) in Ptk2 cells and myosin
1C (vacuole contraction) in Acanthamoeba. Also, in PtK2 cells, BDM
disrupts the organization of myosin II in cell-staining studies. In a
different study in Aplysia neurons, BDM inhibits rearward flow in
lamellipodia (Lin et al., 1996). It does not interfere with kinesin
ATPase activity nor actin filament assembly.

Microinjection and Photoactivation

Microinjection of caged resorufin actin into PtK2 cells, photoactiva-
tion of fluorescence, and collection of paired phase-contrast and
epifluorescence images with a silicon-intensified target-tube camera
were performed as described (Mitchison and Cramer, 1993).

Preparation of Images

All video images were imported into Adobe photoshop (Adobe
Systems Inc., Mountain View, CA), digitally processed, and printed
on a Phaser 440 printer (Tektronix Inc., Wilsonville, OR).

RESULTS

Characterization of Mitotic Cell Rounding in
PtK2 Cells

Mitotic cell rounding in PtK2 cells starts during
prophase as defined by the morphology of chromo-
somes in live cells (Figure 1). Early in prophase, before
the onset of cell rounding, the cell margin is a narrow
lamellipodium (Figure 1A, between the arrowheads),
typical of interphase PtK2 cells. Sandwiched between

Figure 1 (on facing page). Retraction of the cell margin during mitotic cell rounding. Time-lapse video microscopy of a mitotic PtK2 cell
before (A and B) and during cell rounding (C-E). (A) 0 s. The cell is in early prophase with condensing chromosomes (long arrow) and has
a lamella (short arrow) and a lamellipodium (between the arrowheads). (B) 1869 s (13.2 min). Filopodia (long and short arrow) and
lamellipodia (compare fixed horizontal lines in A and B) protrude. (C) 3234 s (53.9 min), early stage of rounding. The lamella (points of the
double arrowhead) retracts exposing retraction fibers (e.g., arrowhead). Filopodia either remain attached to the substrate (long arrow) or have
retracted (short arrow in C indicates the position of the filopodium in B). (D) 4284 s (71.4 min), middle stage of rounding. The cell margin
is the edge of the bulk cell body and it retracts to the arrow from its position in C (backs of the double arrowhead) with further exposure
of retraction fibers (between the single arrowheads). The phase-bright rings in D and E (D, arrow) are due to the roundness of the cell. (E)
5334 s (88.9 min), continuing middle and late stage of rounding. The cell margin retracts until the end of rounding. (F) Total distance that
a representative cell margin (M) retracts from the beginning of cell rounding (set at 0 s, which was 3200 s (53.3 min) from the beginning of
filming). The stages of rounding are early (lag phase); middle (linear portion of the curve); late (shoulder of the curve); and end (plateau at
the top of the curve). The control margin (<) is a lamellipodium of an interphase PtK2 cell. (G) The average rate of retraction is 0.63 * 0.05
um/min (early and in some cells beginning of middle stage), 2.26 * 0.21 pm/min (middle stage), 0.67 + 0.08 um/min (late stage), and overall
is 1.30 = 0.11 pm/min, n = 140 edges (19 cells). * and the error bars are SEMs. Bar, 10 pm.
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the lamellipodium and the bulk cell body is a wider
band of distinct morphology called the lamella (Figure
1A, short arrow). Before the cell rounds, we observe
an increase in the frequency at which lamellipodia
(Figure 1B, horizontal lines) and filopodia (Figure 1B,
long and short arrows) protrude and retract. Once the
lamellipodium has retracted for the last time, the la-
mella becomes the cell margin. We define the begin-
ning of cell rounding when lamella retraction starts
(Figure 1C, points of the double arrowhead). Continu-
ing lamella retraction constitutes the early stage of
rounding. As the lamella retracts retraction fibers are
exposed (Figure 1C, single arrowhead). Filopodia that
protrude before cell rounding either retract (Figure 1,
compare B and C, short arrow), or stably attach to the
substrate and become indistinguishable from retrac-
tion fibers in morphology and dynamic behavior (Fig-
ure 1, compare B and C, long arrow). The number of
filopodia observed to protrude and stably attach to
substrate before rounding is small compared with the
number of retraction fibers exposed during rounding.
Once the lamella has completely retracted, the edge of
the bulk cell body becomes the cell margin. This re-
tracts significantly (Figure 1D, arrow, middle stage of
rounding) with a concomitant increase in the length of
retraction fibers (Figure 1D, between the single arrow-
heads). Retraction of the cell margin continues until
the cell is completely rounded (Figure 1E, late stage of
rounding). Retraction of the cell margin during unper-
turbed mitotic cell rounding is a continuous process
(Figure 1F), but the rate varies at different stages of cell
rounding (Figure 1G). The overall time it takes indi-
vidual cells to completely round from the beginning of
lamella retraction varies between 25 and 70 min
(1500-4200 s) averaging about 40 min at 34-36°C.
Time spent in mid-rounding is roughly 15-30 min.
The total distance the cell margin retracts ranges from
20 to 55 pum. For a description of the subsequent
respreading process after mitosis, see Cramer and
Mitchison (1993, 1995).

As retraction of the cell margin exposes retraction
fibers during early, mid, and late rounding, we ob-
serve nodules flowing rearward on them. Nodule flow
also continues after there is no more retraction of the
cell margin (Mitchison, 1992). An example of a nodule
on a retraction fiber is shown in Figure 2A. Here, we
show that the rate of nodule flow increases with each
stage of cell rounding (Figure 2B).

Cytochalasin D Disrupts and Inhibits Retraction of
the Cell Margin during Mitotic Cell Rounding

We next investigated potential mechanisms for retrac-
tion of the cell margin and rearward nodule flow
during mitotic cell rounding. Other types of cell mo-
tility directed toward the cell center in other systems
are known to be dependent on actin filaments (Sheetz
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Figure 2. Rearward nodule flow during mitotic cell rounding. (A)
An enlarged phase-contrast view of a portion of a cell margin in a
mitotic PtK2 cell (long arrow). Nodules appear as small phase-dense
particles (e.g., arrowhead) on retraction fibers (e.g., short arrow). (B)
The average rate of rearward nodule flow is 2.40 = 0.09 wm/min
(early stage of rounding), 4.80 * 0.33 um/min (middle stage of
rounding), 5.64 * 0.16 um/min (late stage of rounding), and overall
is 4.43 = 0.13 um/min, n = 271 (18 cells). Bar, 10 wm.

et al, 1989; Forscher and Smith, 1990). Also, we knew
from a previous study (which we confirm below) that
rearward nodule flow in mitotic PtK2 cells is inhibited
by cytochalasin D (Mitchison, 1992). A role for actin
filaments in retraction of the cell margin during mi-
totic cell rounding has not previously been reported.

The effect of cytochalasin D treatment on retraction
of the cell margin during early or mid-rounding is
dramatic. It shears the cell into distinct dorsal (upper)
and ventral (lower) regions, each with its own distinct
margin. Within 30-60 s of treatment it causes rapid
retraction of the dorsal region that includes most of
the cell cytoplasm (Figure 3B, arrowhead). This is
complete in 5-10 min and on average is about seven
times faster than the overall average rate of unper-

Molecular Biology of the Cell



turbed cell retraction, but in individual cells can be up
to 40 times faster. In time-lapse the dorsal surface
appears to snap rearward as if part of a taut elastic
band was cut. Retraction of the dorsal cell margin is
inhibited with continued cytochalasin D treatment
(Figure 3, compare B and C, arrowhead). The ventral
region remains spread during dorsal retraction in cy-
tochalasin D (Figure 3B, between the arrow and ar-
rowhead). Cytochalasin D simply inhibits retraction of
the ventral cell margin after 1-6 min of total treatment
(Figure 3, compare B and C, between the arrow and
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Figure 3. Cytochalasin D disrupts and inhibits retraction of the
cell margin during mitotic cell rounding. Long arrows in (A-D)
mark a fixed position in A, and arrowheads in B and C mark a fixed
position in B. (A) 126 s (2.1 min). A mitotic cell at the end of the
early stage of cell rounding (most of the lamella has retracted) just
as cytochalasin D is added to the media. At this stage in this cell,
the exposed retraction fibers are short (and in this image barely
discernible). (B) 483 s (8.1 min). During the first 357 s (6.0 min) of
cytochalasin D treatment, the dorsal (upper) region of the cell
rapidly retracts from the arrow to the arrowhead, but the ventral
(lower) cell region remains spread (between the arrow and arrow-
head). (C) 1827 s (30.5 min). Cytochalasin D treatment inhibits
retraction of both cell margins of the dorsal (arrowhead) and ven-
tral (arrow) cell regions. (D) 2919 s (48.7 min). Retraction resumes
in washout (washout was at 1848 s [30.8 min]), e.g., for the ventral
margin of the cell from the long arrow to the short arrow. Resump-
tion of retraction of the dorsal margin of the cell is not conveyed by
still images. (E) Total retraction of the dorsal () and ventral ()
margins of the cell in A-D. Cytochalasin D was added at 126 s (2.1
min, downward arrow) and washed out at 1848 s (30.8 min, up-
ward arrow). Lines before the downward arrow represent the
intact cell edge. The letters (a—d) refer to the appearance of the cell
in A-D. Bar, 10 um.

arrowhead). Inhibition of retraction is easily seen in
the distance versus time plot (Figure 3E) as compared
with unperturbed cells (Figure 1F). Retraction of both
margins resumes after 1-2 min of washout at expected
unperturbed rates to form a normal rounded cell (Fig-
ure 3D). Often at the onset of washout the ventral cell
margin appears to break up into nodules, and rear-
ward flow of these nodules rather than retraction of an
intact margin contributes to forming the normal
rounded cell. Sometimes no further retraction of the
dorsal cell region was observed in washout if the
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initial rapid retraction in cytochalasin D was fast
enough to prematurely completely round this region
of the cell body. Retraction fibers do not contain mi-
crotubules, and nocodozole neither affects retraction
(Sanger et al., 1984) nor nodule flow (our unpublished
observations) during mitotic cell rounding.

Retraction of the Cell Margin and Rearward
Nodule Flow Is Insensitive to BDM during Mitotic
Cell Rounding

Actin filaments are required for retraction of the cell
margin and rearward nodule flow during mitotic cell
rounding, but what is the likely source of force gen-
eration? Some types of motility directed toward the
cell center have been shown to be driven by myosin II
(Pasternak et al, 1989; Fukui et al., 1990). Others have
been argued to be powered by different myosins (Gre-
becki, 1994; Mitchison and Cramer, 1996). We tested
these ideas for retraction of the cell margin and rear-
ward nodule flow in our system by treating mitotic
PtK2 cells with a myosin inhibitor, BDM. We have
previously extensively characterized and described
the use of this drug. It specifically inhibits the ATPase
activity of at least three different myosins, including
myosin II from four different species in vitro, and
disrupts myosin-based motility in two other species in
vivo (see MATERIALS AND METHODS). Both retrac-
tion of the cell margin and rearward nodule flow are
unaffected by this drug (shown for a representative
cell margin and nodules in Figure 4). Under the same
BDM conditions, respreading after mitosis in PtK2
cells is completely blocked (Cramer and Mitchison,
1995). Quantitation of the average rates of retraction
and rearward nodule flow in cytochalasin D and
BDM, respectively, are shown in Table 1.

Actin Filaments Are Stationary in Retraction Fibers
during Mitotic Cell Rounding

It has also been suggested for some types of rearward
motility associated with the dorsal cell surface that the
motility is driven by coupling to the rearward move-
ment of underlying (i.e., more ventral) actin filaments
(Sheetz et al., 1989; Lin and Forscher, 1995). In mitotic
cells, nodules and the bulk of the cell itself are typi-
cally more dorsal than retraction fibers which being
the cells attachment point to substrate are more ven-
tral. Since retraction fibers contain actin filaments
(Mitchison, 1992; Cramer and Mitchison 1993, 1995), it
is formally possible that these filaments move rear-
ward and that nodules flow rearward on retraction
fibers because they are passively attached to this mov-
ing underlying actin. The same is also possible for the
cell margin itself. This is because in time lapse the cell
margin appears to move over retraction fibers, i.e., as
the margin retracts, more and more of the final length
of a retraction fiber is revealed (Figure 1). We therefore
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wished to determine whether actin filaments in retrac-
tion fibers were moving rearward in mitotic cells. We
have previously determined that actin filaments in
retraction fibers are stationary during postmitotic cell
spreading (Cramer and Mitchison, 1993). Here, we test
the behavior of these filaments in mitotic cells by
photoactivation of fluorescence. Retraction fibers were
marked either during retraction of the cell margin
when rearward nodule flow is also occurring (7 cells)
or after retraction of the cell margin when nodules are
still flowing (19 cells). In these 26 mitotic cells, 98%
(42/43) of marked and observed retraction fibers con-
tain stationary actin filaments with respect to the sub-
strate. The other 1 of 43 moves forward. Stationary
actin filaments in retraction fibers are shown for a
representative mitotic cell (Figure 5, C-H) with a re-
tracting cell margin (Figure 5, A and B) and a rear-
ward flowing nodule (Figure 5, E-G).

Nodules and retracting margins themselves also
contain actin filaments (Mitchison, 1992), therefore, we
expected to be able to also mark actin in nodules and
retracting margins and that this actin would move
during the course of our photoactivation experiments.
With respect to nodules, we observed 22 actin marks
moving rearward; 21 of these marks were clearly nod-
ules. The other mark was a more inhomogenous phase
density which we believe was an out-of-focus nodule.
When 7 of these nodules and the phase-dense inho-
mogeneity were marked (8/22 = 36%), we also de-
tected fluorescent actin filaments in the retraction fiber
containing the nodule/inhomogeneity. As expected,
the actin in the nodule/inhomogeneity moves rear-
ward and the actin in the retraction fiber remains
stationary, resulting in a separation in the original
mark (Figure 5I). We were unable to mark many re-
tracting cell margins. This is because it is not easy to
predict after microinjecting prophase cells with caged
fluorescent actin when the cell will start to round
(unlike cell spreading after mitosis, for example,
which always starts at the end of cytokinesis). Also,
the most active stage of cell retraction (mid-rounding)
only lasts for 15 to 30 min. The retracting cell margins
that we did mark (in three mitotic cells) behave like
nodules in that there is a separation in the original
mark as the margin retracts; actin in the cell margin
moves rearward with the margin and underlying
actin in the newly revealed retraction fibers remains
stationary.

DISCUSSION

Rearward Nodule Flow Reflects a Common
Motile Mechanism

Rearward nodule flow is always coincident with re-
traction of the cell margin, occurring continuously
through each stage of cell rounding (Figure 2). We

Molecular Biology of the Cell
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Figure 4. BDM does not inhibit retraction of the cell margin and rearward nodule flow during mitotic cell rounding. Representative retraction
of a cell margin starting at the middle stage of rounding (A) and for representative nodules flowing rearward on different retraction fibers of the
same cell (B and C). (A) Retraction continues normally after BDM is added at 396 s (6.6 min, downward arrow). BDM was washed out at 1375 s
(22.9 min) toward the end of cell rounding (upward arrow) and the distance the margin then retracts plateaus as expected. (B and C) Rearward
nodule flow was measured before (B) and during a minimum BDM treatment of 786 s (13.1 min). Each curve represents a different nodule.
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Table 1. Quantitation of cytochalasin D and BDM data for retraction of the cell margin and rearward nodule flow during mitotic

cell rounding

Retraction of Cell Margin

Rearward Nodule Flow

Rate (um/min)

Rate (um/min)

Treatment + SEM n + SEM n
Cytochalasin D
Before 0.94 + 0.22 15 3.30 = 0.23 40
During (shearing) 7.65 £ 0.65 35 not applicable
During (inhibition) 0.01 * 0.00 32 0 41
Washout 1.83 +0.18 34 444 +0.19 67
BDM
Before 0.96 + 0.08 59 497 £ 0.25 50
During (no effect) 1.12 = 0.09 62 540 + 0.24 55
Washout 0.70 * 0.08 28 5.15+0.28 49

Average rates of motility are shown for 10 to 17 cells. We typically added drugs to cells during early or mid-rounding. Rates of retraction
of the cell margin and rearward nodule flow in untreated cells depend on the stage of rounding (Figures 1G and 2B); therefore, we expected
the observed small differences in average motile rates of the cell population before drug treatment versus washout.

think this reflects a motile mechanism that is common
to both nodules and the cell margin. Other motile
mechanisms are also thought to be shared among
various types of cell motility (Sanger and Sanger, 1992;
Theriot and Mitchison, 1992a; Cramer et al., 1994). In
mitotic rounding cells a shared mechanism is spatially
possible because nodules and the cell margin are in
close proximity to each other. More compelling is the
observation that retraction of the margin of the ventral
cell region, inhibited in cytochalasin D, often occurs by
apparent breaking up of the margin into rearward
flowing nodules during washout (see the legend to
Figure 3). Nodule flow might be more generally indic-
ative of a specific retractile or rearward movement.
For example, we have seen what appear to be nodules
on retraction fibers at the rear end of migrating cells
(e.g., Figure 2 in Chen, 1981; Figure 49 in Ramsey,
1972) and have observed that they flow rearward (to-
ward the cell center; Cramer and Mitchison, unpub-
lished data).

A Mechanism for Rearward Nodule Flow during
Mitotic Cell Rounding

In mitotic cells nodule flow on retraction fibers re-
quires intact actin filaments (Mitchison, 1992; Table 1).
Proposed motile mechanisms for actin-dependent mo-
tility are based on passive attachment of the moving
structure to moving actin or on myosin forces (Sheetz,
1993; Grebecki, 1994; Mitchison and Cramer, 1996).
Our data exclude the possibility that nodules are mov-
ing by passive attachment to underlying moving actin
filaments in retraction fibers, because actin filaments
in retraction fibers do not move when nodule flow is
occurring on them (Figure 5, E-I). Although nodules
themselves also contain actin which moves with the
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nodule (Figure 5I), the same question remains, how
does the nodule/actin in the nodule move on retrac-
tion fibers which are comprised of stationary actin
filaments? Is rearward nodule flow driven by myosin
activity? Rearward nodule flow during mitotic cell
rounding is insensitive to the myosin inhibitor BDM
(Figure 4, B and C, and Table 1). Since BDM inhibits a
number of myosins and myosin-based motility in dif-
ferent species, it is likely to be a general myosin in-
hibitor (for details, see MATERIALS AND METH-
ODS). In particular, BDM disrupts the organization of
myosin II in PtK2 cells, the same cells studied here.
These data make it very unlikely that myosin II- and
V-based forces drive rearward nodule flow and do not
favor those based on myosin I. That myosin II-based
mechanisms are unlikely is consistent with the current
thinking that myosin II may be inhibited in mitosis
(Satterwhite et al., 1992; Yamakita et al., 1994). To-
gether these data lead us to conclude that rearward
nodule flow is a novel type of actin-based motility.
How might it be driven? The pointed ends of retrac-
tion fiber actin filaments mostly face the direction of
rearward nodule flow (Cramer and Mitchison, 1995).
In light of this data, one simple explanation for a force
that drives rearward nodule flow during mitotic cell
rounding is activity of a novel pointed end-directed
actin-based motor (Figure 6). No such motors have
been identified biochemically, but it is not clear that
they have been actively sought.

How Does the Cell Margin Retract during Mitotic
Cell Rounding?

We think that more than one process contributes to
retraction of the cell margin during mitotic cell round-
ing because of the complexity of the cytochalasin D

Molecular Biology of the Cell
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Figure 5. Actin filament dynamics in retraction fibers (A-I) and nodules (I) marked by photoactivation of fluorescence during mitotic cell
rounding. Paired (A-D) or superimposed (E-G) phase-contrast and epifluorescence images are shown. Long arrows in A-D and E-G point
to fixed positions in A and E, respectively. (A and B) The cell margin retracts from the short arrow in A to the short arrow in B at an average
of 0.85 um/min over 1140 s (19.0 min). (C-G) The actin filaments in the marked retraction fiber are stationary (long arrow) at 2 s after
photoactivation (C) and 1140 s (19.0 min) later (D), as the cell margin retracts, and during the 124 s (2.1 min) that an observed nodule (E-G,
short arrow) flows rearward at 3.65 um/min. (H) Fluorescence intensity profiles of the marked retraction fiber shown in C and D at 2 s after
photoactivation (dashed line) and 1142 s (19.2 min) later (solid line). (I) Marked retraction fiber and nodule actin (dashed line, 0 s) separates
325 s (5.4 min) later (solid line) as the nodule flows rearward on the retraction fiber. The average half-life of actin filaments in retraction fibers

is 800 s (13.3 min * 1.7 min), n = 7 cells. Bar, 10 um.

effects (Figure 3). At least one contributing process is
actin-based, because retraction of the ventral region of
the cell is inhibited in the presence of this drug. How
might this actin-based process be driven? As argued
above for nodules, our data on retraction do not sup-
port mechanisms based on underlying moving actin
filaments in retraction fibers nor on myosin activity
(Figures 4A and 5, A-D; Table 1). Similarly, this leads
us to the conclusion that retraction of the cell margin
during mitotic cell rounding includes a novel type of
actin-based force. We suspect that retraction of the cell
margin and rearward nodule flow share a common
motile mechanism, leading us to propose one source
of force generation for retraction of the cell margin
and rearward nodule flow during mitotic cell round-
ing (Figure 6). For retraction this model requires that
retraction fiber actin in mitotic rounding PtK2 cells
should not be restricted to the length of the retraction
fiber, but continue as a bundle of actin within the cell
margin (as drawn in Figure 6). We have observed this
in the same cells during postmitotic cell spreading
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(Cramer and Mitchison, 1993, 1995) and have con-
firmed it for mitotic PtK2 cells (Cramer and Mitchison,
unpublished data).

Is retraction of the cell margin during mitotic cell
rounding entirely an actin-dependent process? Sud-
den rapid retraction of the dorsal region of the mitotic
cell in cytochalasin D during early or mid-rounding is
difficult to interpret (Figure 3). In interphase in other
types of motile cells, e.g., motile fibroblasts and glial
cells, cytochalasin also causes relatively rapid retrac-
tion (Spooner et al., 1971; Croop and Holtzer, 1975).
Sudden retraction is the expected phenotype of an
adherent object under tension that rapidly loses adhe-
sion. This explanation is consistent with the observa-
tion that sudden retraction is minimal later in mitotic
rounding when cells are already largely retracted (i.e.,
less adherent) and thus expected to be under less
tension. Actin filaments are an important part of ad-
hesion complexes (Yamada and Miyamoto, 1995). The
rapid effect of cytochalasin D on rounding cells may
be due to rapid loss of actin-dependent adhesion. We
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Figure 6. Potential source of force generation for retraction of the
cell margin and rearward nodule flow during mitotic cell rounding.
Our data do not support moving actin filaments in retraction fibers
and a number of myosins as candidates for driving actin-based
retraction of the cell margin and rearward nodule flow. We know
that the pointed ends of actin filaments in retraction fibers face the
direction of retraction of the cell margin and rearward nodule flow.
We suggest that a putative pointed end-directed actin-based motor
drives nodules rearward. Such a motor may also contribute to
retraction of the cell margin.

do not know whether more controlled loss of actin-
dependent adhesion plays an active role in driving
normal mitotic cell retraction. Mitotic retraction is gen-
erally slower than nodule motility (compare Figures
1G and 2B), perhaps because retractile force normally
has to work against an opposing adhesive force.

Relevance of Retraction of the Cell Margin and
Rearward Nodule Flow for other Types of Cell
Motility Directed Toward the Cell Center

Although the source of force generation is known for
a few types of motility directed toward the cell center
(Pasternak et al., 1989; Fukui et al., 1990), others are
either poorly understood, e.g., rounding of cells dur-
ing apoptosis and oncogenic transformation, or con-
troversial, e.g.., rearward flow in lamellipodia. In gen-
eral, models for retraction of the cell margin in other
rounding cell types have focused on the role of adhe-
sion and myosin II-driven motility in permeabilized
cells (Sims et al., 1992; Crowley and Horwitz, 1995).
Interpreting results of experiments to distinguish be-
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tween these two processes using an Sl-myosin hep-
tapeptide inhibitor of the actomyosin interaction is
problematic (Suzuki et al., 1987; Eto et al., 1991). Our
BDM data argue against a role for myosin II in gen-
erating force for retraction of the cell margin during
rounding of cells at mitosis. Morphologically, mitotic
rounding cells are similar to cells undergoing apopto-
sis or oncogenic transformation; therefore, it is possi-
ble that myosin II similarly does not play a role in
force generation during rounding of these cell types.

In lamellipodia, actin-based rearward flow of recep-
tors, surface-attached beads, and cytoplasmic struc-
tures have been studied for decades. No one mecha-
nism for rearward flow in lamellipodia can account for
all of the experimental data. There is strong evidence,
mostly from Aplysia growth cones, that this flow is
driven by moving actin filaments (Forscher and Smith,
1990; Lin and Forscher, 1995) and, from BDM inhibi-
tion, that the actin filament movement depends on
myosin activity (Lin et al., 1996). However, rearward
flow of cell structures in keratocyte and tissue culture
fibroblast lamellipodia appears to be more complex
(from data presented in Kucik et al., 1990, 1991; Theriot
and Mitchison, 1991, 1992b). This suggests the exis-
tence of a second force for rearward flow in lamelli-
podia outside the Aplysia system. Some flowing struc-
tures resemble nodules. We propose that a second
force for rearward flow in lamellipodia is generated by
a pointed end-directed actin-based motor. Clearly, any
acceptance of this idea will hinge on identifying such
a motor, an experimental direction we plan to take in
the future.
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