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ABSTRACT We review results obtained after fluorescent actin and myosin II probes were
microinjected into interphase and prophase PtK2 and LLC-PK tissue culture cells to follow the
changing distribution of these cytoskeletal proteins in the live cells during division. The fluorescent
probes first begin to assemble into the future furrow region during mid-anaphase before any sign
of initial contractions. The total concentrations of F-actin and myosin in the cleavage furrow begin
to decrease a few minutes after the onset of furrow contraction. The cell’s shape and the position of
its mitotic spindle affect the deposition of cytoskeletal proteins in the forming cleavage furrow. In
cells with two spindles, contractile proteins were recruited not only to the cortex bordering the
former metaphase plates but also to the cortex midway between each pair of adjacent non-daughter
poles or centrosomes. The furrowing between adjacent poles seen in these cultured cells are similar
to the furrows observed by Rappaport [(1961) J Exp Zool 148:81–89] when echinoderm eggs were
manipulated into a torus shape so that the poles of two mitotic spindles were adjacent to one
another. These observations on injected tissue culture cells suggest that vertebrate cells share
common mechanisms for the establishment of the cleavage furrow with echinoderm cells. Microsc.
Res. Tech. 49:190–201, 2000. © 2000 Wiley-Liss, Inc.

INTRODUCTION
A number of steps have to be coordinated for the

process of cytokinesis to be effective: site determination
of the cleavage furrow; recruitment of furrow proteins
to the appropriate site; attachment of the actin fila-
ments to the furrow cortex; contraction of the actin-
myosin filaments, disassembly of the proteins in the
furrow during contraction; midbody formation, sealing,
and, finally, severing to produce two independent
daughter cells (Dan, 1943; Mabuchi, 1986; Rappaport,
1996; Rappaport 1996; 1997; Sanger, 1975; Sanger et
al., 1985; 1989; Schroeder, 1975). Evidence has been
obtained by several laboratories that supports the idea
that microtubules may influence the flow of surface
receptors towards the forming furrow, the recruitment
of actin and molecules to the furrow region, and the
formation and sealing of the mid-body (Berlin et al.,
1978; DeBiasio et al., 1996; Rogalski and Singer, 1985;
Waterman-Storer et al., 1993; Wheatley and Wang,
1996; Wheatley et al., 1997; Yonemura et al., 1993; see
reviews by Field et al., 1999; Glotzer, 1997; Hales et al.,
1999).

Cytokinesis requires the transitory assembly of an
F-actin/myosin contractile system, the cleavage furrow,
that shares some of the properties of stress fibers in
non-muscle cells and of myofibrils in muscle cells
(Sanger and Sanger, 1980; Sanger et al., 1994, 1998).
Each of the three contractile systems is dynamic and
capable of reversible assembly and disassembly in re-
sponse to a variety of signals (Dabiri et al., 1997, 1999;
Kreis et al., 1982; Mittal et al., 1987a). Our work has
supported the hypothesis that there is a similar sarco-
meric structure between these three contractile sys-
tems (Schroeder, 1975; Sanger and Sanger, 1980;

Sanger et al., 1994). Two of the molecules involved in
attaching the interphase stress fibers to the cell surface
(Burridge and Chrzanowska-Wodnicka, 1996; Simon et
al., 1991) are also found in cleavage furrows, i.e., alpha-
actinin and talin (Dabiri et al., 1999; Sanger et al.,
1987, 1994).

One of the goals of current research in the field of
cytokinesis is to understand the factors that are re-
sponsible for the site-specific assembly of the cleavage
furrow. Tissue culture cells, especially epithelial cells,
present two great advantages for this type of study.
First, in contrast to fibroblasts (and the blastomeres of
echinoderms), epithelial cells remain flat during cyto-
kinesis (Sanger et al., 1984) and provide a small optical
pathway for the study of fluorescent molecules that can
be injected into the cells (Sanger et al., 1980). Second,
the epithelial cells often assume a wide variety of
shapes. This has permitted us to study the effects of
cell shapes and the unusual positions of the mitotic
spindles in these cells on the initial deposits of cy-
toskeletal proteins during cleavage formation (Mittal
et al., 1987a; Sanger et al., 1989, 1995, 1998). The site
of cleavage furrow assembly is always in the region of
the cell cortex that borders the equatorial plane (the
former metaphase plate) of the mitotic spindle. It is at
mid-anaphase that actin and myosin can first be de-
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tected in this site (Mittal et al., 1987a; Sanger et al.,
1989).

In this article we discuss the effect of cell shape,
spindle position, and multiple mitotic poles on the as-
sembly of fluorescently labeled actin and myosin
probes into the cleavage furrows of tissue culture cell
lines. The furrowing results in these vertebrate-de-
rived tissue culture cells are similar to those obtained
for the experimentally manipulated echinoderm blas-
tomere cells (Rappaport, 1996). All of these results
support the conclusion that there is a common mecha-
nism for the assembly of the furrow in at least echino-
derm and vertebrate tissue culture cells where the
centrosomes and their linearly connected microtubules
may play an important role for the assembly of the
cleavage furrow.

MATERIALS AND METHODS
Tissue Culture Cells and Fluorescent Probes
PtK2 and LLC-PK cells, both derived from renal

epithelial tissue, remain relatively flat during cell di-
vision. They were grown on glass bottom culture dishes
and microinjected with fluorescent probes using condi-
tions previously reported (Mittal et al., 1987b; Sanger
et al., 1998). Lissamine rhodamine labeled actin was
prepared as described (Sanger et al. 1989). This same
labeling method was used to tag bovine serum albumin
(Sigma, St. Louis, MO). Rhodamine-labeled phalloidin
was purchased as a powder from Molecular Probes Inc.
(Eugene, OR) and dissolved in methanol at 3.3 mmol.
After evaporation of most of the methanol, distilled
water was added to yield a final concentration of 5 to 60
mmol (Sanger et al., 1994). Fluorescently labeled myo-
sin light chains were prepared according to the proce-
dures described by Mittal et al. (1987a). The labeled
monomer actin, bovine serum albumin, and myosin
light chains were microinjected at a needle concentra-
tion of 1 mg/ml during either interphase (monomer
actin, bovine serum albumin, myosin light chains, or
phalloidin) or in prophase (fluorescently labeled phal-
loidin) using a specially designed pressure injection
device coupled to a Leitz micromanipulator (Pochapin
et al. 1983; Sanger et al., 1985).

Imaging of the Dividing Cells
The microscope stage was kept at a temperature of

37°C. and 5% CO2 was perfused over the culture dish
during observations and image recording. A Dage-MTI-
SIT camera (Dage-MTI Inc., Michigan City, IN) with
gain and black level set to manual and a 633 Zeiss
phase-contrast plan apochromat objective (N. A. 1.3)
were used to record the low light images. The images
were processed with an Image-I processing system
(Universal Imaging Inc., West Chester, PA). Fifteen to
thirty frames were summed to obtain a recorded image
for a single time point. A background image was sub-
tracted before intensity measurements were made.
Some of the images were filtered to enhance the fibers
in the cells. To obtain relative measurements of the
amount of F-actin and myosin II at different timepoints
during cell division we used the following procedures.
The images were recorded at the same position and
focus throughout the experiments and a background
image of an adjacent field lacking fluorescence was
subtracted from each timepoint. The Area Measure-

ment function was used to record the fluorescence in-
tensity within boxes of equal size placed over regions of
the injected cells (cleavage furrows, mitotic poles, in-
terphase cortices) and over adjacent uninjected cells.
Intensity was plotted against time during cell division
to determine the changing amounts of F-actin or myo-
sin II in a particular region of the cell. Images were
recorded from the monitor by photographing the screen
of the monitor (Waterman-Storer et al. 1993) or by
assembling digitized images using Photoshop (Adobe
Systems, Mountain View, CA; Turnacioglu et al.,
1998).

RESULTS and DISCUSSION
Recruitment of Actin and Myosin II Into the

Cleavage Furrow in Cultured Cells
Cultured epithelial cells like PtK2 and LLC-PK,

which remain relatively flat during mitosis, can pro-
vide a window for monitoring the dynamic distribution
of some of the proteins involved in cell division. Trace
amounts of fluorescently labeled proteins and probes,
introduced into the cells via microinjection, localize
with the endogenous proteins and mark the sites of
concentration in the live cell (Taylor and Wang, 1980).
Variation in the relative fluorescence intensity of the
protein as the cell divides, provides a picture of the
protein’s changing distribution in the dividing cell.
Rhodamine phalloidin, for example, binds only the po-
lymerized form of actin (F-actin) and its injection into
cells (Wehland and Weber, 1981) allows the recruit-
ment of F-actin to be followed, beginning in prophase,
to the future furrow region (Fig. 1). It is absent from
the spindle and central part of the cell at metaphase,
then beginning at mid-anaphase, a low level of F-actin
can be detected in the cortex over the midzone of the
spindle. In images of timepoints taken of the middle of
an injected, symmetrically dividing cell in Figure 1,
F-actin was recorded as it assembled in small, fine
fibers in the furrow region (timepoints nos. 2 and 3)
growing to a band that maintained a width of about 10
mm as contraction proceeded and the midzone de-
creased in diameter (timepoints nos. 4–16). We have
found that fluorescent probes for both actin and myosin
assemble in a band in the furrow that remains at a
constant width of about 10 mm during contraction in
large cultured cells (Mittal et al., 1987a; Sanger et al.,
1989, 1994, 1998).

An examination of the fluorescence intensity profile
of phalloidin in the furrow region of an injected
LLC-PK cell (Fig. 2) can reveal the time course of
F-actin assembly with respect to mitotic stage (Fig. 2).
As the injected LLC-PK cell progressed from meta-
phase to telophase (Fig. 2), the fluorescence intensity
was recorded from uniformly sized regions superim-
posed over the mitotic poles, furrow zone, and neigh-
boring injected and uninjected interphase cells. Setting
metaphase at time 0, the measurements showed a
steady accumulation of F-actin fluorescence in the
forming furrow region during anaphase and telophase
with the level of actin fluorescence continuing to in-
crease after the onset of furrowing. The actin concen-
trations near the two mitotic poles were unchanged
near one pole and decreased steadily near the opposite
pole, indicating that the actin recruitment to the fur-
row does not always proceed symmetrically. In other
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cases of injected LLC-PK and PtK2 cells (not shown),
while the level of F-actin fluorescence in the furrow
region always increased steadily as the furrow assem-
bled and contracted, the actin concentrations near the
poles would either decrease or remain unchanged. In
cases where there was a decrease of F-actin concentra-
tion near the poles, a plateau was reached during the
contraction of the furrows. The continual increase in
actin fluorescence as the furrow contracts corresponds
to measurements made in a small subregion of the
furrow, and may reflect increased interdigitation of
actin filaments that are arranged in sarcomere-like
arrays in the cleavage furrow (Sanger and Sanger,
1980; Sanger et al., 1994; Schroeder, 1975).

To measure the level of F-actin recruited to the en-
tire furrow zone, an area of measurement encompass-
ing the furrow region was used to record fluorescence in
the furrow region from mid-anaphase to mid-telophase
(Fig. 3a–d). F-actin accumulated in the furrow as it
formed and continued to increase for about 2 minutes
after contraction of the furrow was visible with phase-
contrast optics (Fig. 3, graph). The time course of loss of
F-actin in the furrow region coincided, in this particu-
lar cell, with the level of actin near the poles returning
to a constant value after previously decreasing during
furrow formation. Although the fluorescence in a small

subregion of the furrow continued to increase in inten-
sity through cytokinesis (Fig. 2), measurement of the
entire furrow region indicates that F-actin begins to
leave the furrow within a few minutes after the initia-
tion of furrowing.

Similar measurements of myosinII in the full furrow
region reveal a profile mimicking that of actin (Fig. 4).
Interphase cells cells injected with fluorescent myosin
light chains incorporate this probe into the myosin
filaments of both muscle and non-muscle cells (DeBia-
sio et al., 1996; Mittal et al., 1987a; Sanger et al., 1989).
When PtK2 cells, injected with fluorescent myosin light
chains, entered cell division the fluorescence was mea-
sured across the mid-zone of the cell as division pro-
gressed from metaphase to the end of cytokinesis. Fig-
ure 4 shows the changing amount of myosin from meta-
phase to the end of cytokinesis in such an injected cell.
During anaphase before signs of furrow contractions,
there was an accumulation of myosin in the future
furrow region that continued for two and a half min-
utes after the initiation of furrow contraction. DeBiasio
et al. (1996) have reported a similar accumulation of
myosin II at anaphase. While furrowing proceeded
(Fig. 4), there was a sharp drop in the amount of
myosin in the contracting furrow region. These results
indicate that both myosin and F-actin filaments assem-

Fig. 1. Time points of the middle of a PtK2 cell undergoing cyto-
kinesis (image numbers 1 to 16) following microinjection with rhoda-
mine labeled phalloidin, a compound that binds to F-actin. The focus
is on the ventral surface of the dividing cell. The F-actin can be
detected first in the future furrow region is in small patches (images

2,3). Additional F-actin is recruited to the furrow region that obscures
the original patches (image numbers 4–7). The F-actin filaments
move closer together during contraction of the furrow region (images
4–16). These sixteen images were recorded 1 minute apart starting at
mid-anaphase (image number 1). Scale 5 5 mm.
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Fig. 2. An LLC-PK cell injected with rhodamine phalloidin. a–d:
Four time points of paired fluorescent and phase-contrast images
collected from metaphase through mid-cytokinesis are shown here.
Actin fluorescence was measured in small uniformly sized areas at
each pole, within the future cleavage plane and in a phalloidin-
injected interphase cell. Note the lack of concentration of F-actin in
the metaphase mitotic spindle (a). The times listed are from the initial
metaphase recorded image in a. Scale 5 10 mm. Graph of the mea-

surements of fluorescence of rhodamine phalloidin in different areas
of the mitotic and interphase LLC-PK cells illustrated above. The
fluorescence of the F-actin probe increased within the forming furrow
before the onset of cytokinesis and continued rising during cytokine-
sis. During this time there was a small decline in the level of fluores-
cence near one pole and a nearly constant level near the other pole. As
a control, the fluorescence in a neighboring interphase cell was mea-
sured and found to be relatively constant as well.



ble in the future furrow region during early anaphase
before any visible signs of contraction, and begin to
disassemble within a few minutes after the initial fur-
row contractions. We never observed an equatorial ac-
cumulation of F-actin or myosin fluorescence in meta-
phase cells, even in cases where a cell remained in

metaphase for an hour before anaphase began. The
signal for this surface instruction for furrow formation
must be transmitted soon after the end of metaphase
since the actin and myosin molecules arrive at the
future furrow region at mid-anaphase, a time period of
2 to 4 minutes after the metaphase/anaphase transi-
tion.

F-actin and myosin normally begin to leave the
furrow region within minutes after the initiation of
contraction (Figs. 3 and 4). In cells with furrows that
do not completely encircle the cell, however, the pro-
teins remain for up to 1 hour before disassembling
from the multinucleate cell. In some injected cells
delayed in cytokinesis, we found that fibers remained
in position after the furrow relaxed and stress fibers
formed in the cytoplasm of the binucleate cell
(Sanger et al., 1998).

Figure 5 illustrates an irregularly shaped PtK2 cell
with an incomplete furrow that was previously injected
with fluorescently labeled monomeric actin during in-
terphase. It is connected to nearby uninjected cells. The
microinjection of rhodamine labeled monomeric (G) ac-
tin, in contrast to rhodamine phalloidin, allows both
polymerized and unpolymerized actin molecules to be
followed in dividing cells (Sanger et al., 1989). To the
left of the spindle, the cytoplasm extended 30 mm along
the middle of the cell. Fluorescent actin began to accu-
mulate in the future furrow region during mid-an-
aphase; however, in contrast to the circular cleavage
furrow illustrated in Figure 1, the furrow in this cell
did not extend all the way across the diameter of the
cell. The incomplete ring contracted, but did not con-
strict the cell into two daughter cells. Stress fibers
began to reassemble in the presence of the furrow and

Fig. 4. Measurements of fluorescence of rhodamine labeled myosin
light chains in a dividing PtK2 cell. Fluorescence was measured over
an area that covered the entire furrow region. During metaphase
(time 0) there was no change in fluorescence in the future furrow zone.
During anaphase, myosin fluorescence began to increase in that area
before any indication of surface contractions. Myosin fluorescence
continued to accumulate in the furrow region for 2.5 minutes after the
initial contractions were visible, and then decreased in the contract-
ing furrow as cytokinesis progressed to completion.

Fig. 3. Images of a dividing PtK2 cell microinjected with rhoda-
mine phalloidin. The level of actin recruited to the entire furrow zone
was analyzed by recording fluorescence in the furrow region. The total
furrow fluorescence of the F-actin probe was measured from mid-
anaphase to mid-telophase using an area of measurement that en-
compassed the entire furrow region. The same sized area was mea-
sured over an uninjected cell to detect any changes in the background.
The time points listed on the images (b–d) are the minutes and

seconds from the first image in a. Scale 5 10 mm. Graph of the
measurements of fluorescence of rhodamine phalloidin in the furrow
region of the PtK2 cell illustrated above. There was a gradual increase
in the amount of F-actin probe fluorescence before there was any sign
of furrow contraction. F-actin continued to accumulate in the furrow
for 2 minutes after the initial furrow contraction and decreased as
furrowing continued to completion.
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the constriction eventually relaxed. As a rule when the
band of contractile protein in injected cells reaches only
part way across dividing cells, cytokinesis fails to go to
completion and form two dauighter cells. Injected cells
like this demonstrate that a circular ring of filaments
(Schroeder, 1975) is not required to produce contrac-
tions in the furrow region, but it is required for cytoki-
nesis to proceed to completion and form two daughter
cells in these epithelial cell cultures.

Results similar to those described above with actin
probes are also obtained when myosin probes are in-
jected into PtK2 cells that undergo cell division. In cells
where the spindle is in the middle of the cell, a circular
ring of myosin is formed (Mittal et al., 1987a; Sanger et
al., 1998). However, in oddly shaped cells or those with

asymmetrically positioned mitotic spindles, atypical
cleavage furrows form. In the example in Figure 6, the
spindle was displaced to one side of the injected cell. As
in actin probe-injected cells, myosin began to accumu-
late into the future cleavage furrow during mid-an-
aphase. Initially a punctate fluorescent pattern of my-
osin could be seen in the forming furrow, but as more
myosin accumulated this substructure was not visible.
In this cell, as is true for all injected cells with asym-
metrically positioned spindles, the proteins first assem-
bled along the cell surface that was closest to the mi-
totic spindle. This area was also the first area of the
cleavage furrow to contract, and the amount of myosin
was greater on this side. Since the myosin band ex-
tended completely across the midsection of the cell, the

Fig. 5. Actin recruitment to the cleavage furrow in a PtK2 cell
with an unusual cell shape. Monomer actin labeled with lissamine
rhodamine was injected into the cell during interphase. When the
spindle formed, it was positioned adjacent to a broad area of cyto-
plasm (arrows in a and d) that extended 30 mm from the left side of the
metaphase mitotic spindle. The times listed are from the initial meta-
phase recorded image in a. a: Image taken 2 minutes before the
initiation of anaphase. The focus was on the bottom side of the cell.
The chromosomes on the metaphase plate were visible as a dark
image. Fluorescent actin was concentrated in the mitotic spindle. b:
Four minutes later the two sets of chromosomes were visible in

mid-anaphase position. c: Ten minutes later a band of actin stretched
from one edge of the cell but did not reach the edge of the extended
flap of cytoplasm. d: Ten minutes later active furrowing had oc-
curred in the furrow where the actin band was localized, but furrow-
ing did not extend to the left side of the cell. Furrowing continued on
one side of the cell for an additional (e) 8 and (f) 21 minutes after the
time point in d. The delayed time of this cytokinesis led to the forma-
tion of stress fibers in both parts of the cell while furrowing was still
active. The actin in the furrow region eventually disassembled and a
binucleated cell formed. Scale 5 10 mm.
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cleavage ring contracted down to a midbody to form two
daughter cells.

When cytokinesis goes to completion in injected cells,
two compact rings of actin and myosin can often be
seen at each end of the midbody that connects the two
daughter cells (Sanger et al., 1989). The microtubules
in the midbody are distinguished by a concentration of
gamma-tubulin (Julian et al., 1993; Shu et al., 1995),
but its role in midbody function is not known. It is not
clear how the single cleavage band of actin and myosin
is realigned into these two smaller bands. It is also
puzzling that the two stable rings form in a site where
active disassembly of actin and myosin filaments has
just finished (Sanger et al., 1989, 1994, 1998). These
bands of contractile protein may play an important role
in separating the two daughter cells by maintaining
the cell surface membranes in close proximity in the
midbody until they seal (Pochapin et al., 1983; Sanger
et al., 1985). Interference with actin polymerization
often leads to the relaxation of the furrow at the mid-
body stage (Sanger and Holtzer, 1972; Sanger et al.,
1995).

In previous experiments we tried to block cytokinesis
by the microinjection of myosin II antibodies (Zurek et
al., 1990) or thymosin beta4, a monomer actin binding
protein, (Sanger et al., 1995) into tissue culture cells.
In both cases, cytokinesis was greatly delayed and
failed to reach completion, but contraction nevertheless
occurred in the furrow for up to an hour. This is in

marked contrast to the myosin antibody injection ex-
periments of embryonic blastoderm cells in sea urchins
(Mabuchi and Ohno, 1977) where cytokinesis contrac-
tion was blocked and a binucleate cell was formed
within the normal time of the mitotic cycle of the em-
bryonic cells. In contrast to the 24-hour mitotic cycle of
the PtK2 and LLC-PK tissue culture cells, echinoderm
blastoderm cells divide every 30 minutes, and the sig-
nal to disassemble contractile proteins in the furrow
region may be more tightly controlled by time in the
embryonic cells. It is as if the signal to disassemble the
cleavage furrow in tissue culture cells can be delayed
by some factor present (or absent) if contraction is
greatly extended. Since microtubules may target con-
tractile proteins to the furrow and are required for
furrow completion (Sanger et al., 1998; Wheatley and
Wang, 1996), it will be of interest to determine if mi-
crotubules are associated with these delayed cleavage
furrows.

Recently, Matsumura et al. (1998) have reported im-
munofluorescence data that show that phosphorylated
myosin light chains are present in the forming furrow
region. Other proteins that are known to regulate the
phosphorylation of these light chains have also been
detected in the forming furrow regions as well: Rho
(Takaishi et al., 1995), Rho-kinase (Kosako et al.,
1999), and the myosin binding subunit (MBS) of myo-
sin phosphatase (Kawano et al., 1999). It is known, in
fact, that reagents that interfere with the normal func-

Fig. 6. Time points of a PtK2 cell undergoing cell division after
microinjection during interphase with fluorescently labeled myosin
light chains. a,b: Phase and fluorescent images of the metaphase cell.
Note the asymmetrical position of the mitotic spindle and the absence
of a concentration of fluorescent myosin in the mitotic spindle. The
times listed are from the initial metaphase recorded image in a and b.
c: Five minutes after the initiation of anaphase, myosin was detected
between the separating chromosomes near the side of the cell that

was closest to the edge of the mitotic spindle. d,e: One and two
minutes later (6 and 7 minutes post-anaphase) the band of myosin
extended toward the opposite side of the cell. The concentration of
myosin remained higher on the side where it first assembled, and
contraction began on that side (e). f: Five minutes later (12 minutes
post-anaphase), the band of myosin was thicker and contraction pro-
gressed from both sides of the cell. Scale 5 10 mm.
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tions of the Rho/Rho-kinase pathway inhibit cytokine-
sis (Kishi et al., 1993; Mabuchi et al., 1993; Yasui et al.,
1998). What remains to be determined is how the tim-
ing of the regulation of myosin filament assembly and
disassembly is controlled during cytokinesis (Fig. 4). In
the myosin injection experiments of Zurek et al. (1990),
the cells were able to prolong the time it took to com-
plete cytokinesis. In the next section on unusually
shaped cells and its effect on cytokinesis, we present
data that indicate some feedback system exists in these
cleaving cells to regulate how long myosin can function
in the furrow region.

Position of the Cleavage Furrow in
Cultured Cells

It is clear that in animal cells the site of cleavage
furrow assembly is linked to the position of the mitotic
spindle (reviewed in Rappaport, 1996). In dividing, cul-
tured cells, the metaphase spindle can slowly reorient
by as much as 90° before anaphase is initiated, and as
expected, the final position of the mitotic spindle at the
initiation of anaphase determines where the contrac-
tile proteins will be deposited to assemble the cleavage
furrow. The signal for site selection occurs within the
first few minutes of anaphase, judging from the time
labeled F-actin or myosin is first detected at the site
where the furrow will form (Mittal et al. 1987a; Sanger
et al., 1989, 1994, 1998).

In examples where more than one spindle is present
in the injected cells, furrows can also form in the re-
gions between adjacent mitotic poles, provided they are
not too far apart. Rappaport first reported these extra
furrows forming between adjacent mitotic poles in echi-
noderm blastomeres (Rappaport, 1961). He predicted
that the centrosomes exerted some influence on the cell
surfaces between these poles. Over the next 35 years he
has presented many different types of ingenious exper-
iments to confirm and extend these results; this work is
reviewed in his recently published book (1996).

In an elegant set of experiments combining biochem-
ical and morphological manipulation of echinoderm
blastomeres, Shuster and Burgess (1999) arrested mi-
tosis by the injection of a nondegradable cyclin B. The
mitotic spindle formed and anaphase began, but the
mitotic poles moved apart only slightly and furrowing
did not occur. When two glass needles were used to
push the two asters of the arrested spindle close to the
cell surface a furrow formed 5 minutes later. Shuster
and Burgess (1999) suggest that a cleavage stimulus is
delivered to the cell cortex via astral microtubules. In
cases where the asters in the injected cells were too far
apart, i.e., greater than 45 mm, no furrow was formed
in the manipulated cells agreeing with previous mea-
surements by Rappaport (1996) in manipulated echi-
noderm blastomeres.

Large cultured cells like PtK2 are often multinucle-
ated and can make ideal subjects for examining the
relationship between mitotic poles and cleavage furrow
assembly to determine if it mirrors the relationship
found in echinoderm blastoderms. Following live cells
microinjected with fluorescent actin or myosin probes
allows the distribution of cytoskeletal proteins in the
furrow to be correlated with the position of multiple
mitotic poles. Figure 7 shows two mitotic spindles that
were present in the same large cell that measured 100

by 50 mm, and had been microinjected with rhodamine
phalloidin during prophase. This cell also had the
added unusual feature that the two mitotic spindles
assembled closer to one side (left) of the large cell.
F-actin accumulated midway between the two sets of
separating chromosomes and also between the two sets
of mitotic poles of adjacent spindles. The two fluores-
cent bands extending across the two former metaphase
plates were connected to one another by a less concen-
trated band of actin filaments with the band closest to
cell margin contracting that side of the cell inward
while the second band extended only part way across
the cell to the right (Fig. 7). The two F-actin bands
running vertically between the two sets of adjacent
mitotic poles merged with the mid-spindle bands, and
in one case, between the lower two poles, reached the
cell edge, which was pulled inward. The actin band
that formed between the upper set of adjacent mitotic
poles did not extend to the upper edge of the cell.
Additional timepoints showed that contraction oc-
curred in the bands of F-actin fibers in these four
regions but the cell did not form four daughter cells.

In other binucleate cells that entered mitosis with
two mitotic spindles, we found that injected actin or
myosin probes also assembled between adjacent poles
of neighboring mitotic spindles as well as between the
separated chromosomes. If the two adjacent poles were
too close or if they were far apart in the cytoplasm, the
fluorescent probe did not localize between the adjacent
poles. This is similar to the relationships uncovered by
Rappaport (1961) through experimental manipulation
of echinoderm blastomeres.

The idea that the interaction of astral spindle fibers
with the cell surface was required for furrow formation
was suggested by experiments of Dan (1943) who cre-
ated perforations in different locations adjacent to the
mitotic spindle of echinoderm cells. When holes were
placed between one side of the spindle and the cell
surface furrowing was blocked between the cell surface
and the perforation, contraction occurred on the side of
the perforation close to the mitotic spindle. Cao and
Wang (1996) were able to produce similar perturba-
tions between the cell surface and the central part of
the spindle in cultured cells and in addition, they lo-
calized the microtubules in the manipulated cells.
Blocks introduced near the spindle midzone also inhib-
ited normal cytokinesis, leading to the proposal that a
signal from the microtubules in the spindle midzone
was required for furrowing, as opposed to a require-
ment for astral or polar microtubules.

Recent experiments based on the clever idea of fus-
ing cultured PtK1 cells to create multi-spindle cell di-
visions (Rieder et al., 1997; Savoian et al., 1999), also
showed that ectopic furrows formed between two adja-
cent mitotic spindles. In furrows that completed con-
traction, the midbody contained bundles of microtu-
bules, the chromosomal protein INCENP, and CHO1, a
member of the kinesin superfamily. In furrows that
regressed, microtubules were loosely organized and
INCENP and CHO1 were absent. The interpretation of
Savoian et al. (1999) that bundles of microtubules,
INCENP, and CHO1 are necessary for the formation of
the midbody is supported by experiments in Caeno-
rhabditis elegans. Mutants of C. elegans lacking
ZEN-4, a homologue of CHO1, can initiate furrowing
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but are unable to complete cytokinesis and form mid-
bodies (Raich et al., 1998). These experiments indicate
that the bundles of microtubules and microtubule as-
sociated molecules (INCENP, CHO 1, ZEN-4), al-
though required for the formation of the midbody, are
not involved in the initiation of the future furrow.

The role of microtubules in initiating site-specific
assembly of the cleavage furrow could be due to trans-
port of signal molecules along microtubules to the cell
cortex or the microtubules themselves might interact
with molecules of the actin cytoskeleton in the cortex.
Kaverina et al. (1998) have demonstrated recently that
microtubules can target to early focal adhesions. These
focal adhesions in spreading interphase cells capture
and stabilize microtubules. Perhaps there is a comple-
mentary relationship between the stable interpolar
spindle microtubules and proteins that attach the
barbed ends of the furrow actin filaments to the cell
surface. Figure 8 offers a model of such a scenario. The
concentration of interdigitating microtubules from the
two centrosomal regions could interact with the periph-
eral cell surface and nucleate an assembly of proteins
that link membrane, actin cytoskeleton, and microtu-
bules (Sanger et al., 1998).

A circumferential array of the ends of interdigitating
microtubules from opposite poles in the former meta-
phase plate region would provide a circular template
for islands of actin filaments to assemble in membrane-
associated units comparable to the Z-bands of myofi-
brils or the dense bodies of stress fibers (Dabiri et al.,
1997; Mittal et al., 1989; Rhee et al., 1994). Interaction
of myosin filaments with the actin filaments would
produce linked contractile units (Fig. 8a, insert 1 and
2). The initial deposits of myosin (Sanger et al., 1994)
and actin filaments (Fig. 1) sometime display a punc-
tate pattern, and in dividing cardiomyocytes, there is a
distinct beaded pattern of alpha-actinin in the cleavage
furrows (Dabiri et al., 1999). Sanger et al. (1995) dem-
onstrated that the injection of thymosin beta4, a mo-
nomeric actin binding protein, into early prophase to
early anaphase cells resulted in prolonged times for
cytokinesis. The rate of furrowing was at a slower rate
and there was a greatly reduced amount of fibrous
actin in the furrow region. A banded pattern of actin
was visible during the early assembly of the furrow
region in these injected cells (Sanger et al., 1995).
These punctate and banded patterns of F-actin, myo-
sin, and alpha-actinin are consistent with the sarco-

Fig. 7. Two time points of a PtK2 cell with two mitotic spindles,
previously injected with rhodamine-labeled phalloidin. The positions
of the chromosomes can be seen in the phase-contrast images (a,c)
and the position of phalloidin-labeled F-actin in the reverse contrast
images (b,d). The center of the rightmost spindle was 40 mm from the
right side of the cell while the center of the left spindle was 15.5 mm
from the left edge of the cell. The actin was recruited to the positions

of the two former metaphase plates and in the areas between the two
pairs of adjacent poles (d). Because the two spindles were positioned
asymmetrically in the cell, the cleavage furrow that extended across
the spindle equators did not reach the most distant side of the cell.
The images in a and b are separated from c and d by 7 minutes and 25
seconds. Scale 5 10 mm.
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meric models for the structure of the furrow region
diagramed in Figure 8 (a–c).

Where mitotic spindles were asymmetrically posi-
tioned in the cell and the microtubules unable to con-
tact the cell perimeter, an incomplete cleavage furrow
would assemble (Fig. 8b,c). The absence of concentra-
tions of microtubules at the edges of these cells would
result in a lack of actin filament islands at the cell
periphery and the formation of an incomplete furrow.
Disassembly of microtubules could lead to the loss of
previously formed contractile units, and may explain
why concentrations of actin and myosin become dimin-
ished in some multipolar cells (Sanger et al., 1998).
Wheatley and Wang (1996) have shown that in cells
where cleavage furrows relax, bundles of spindle mi-
crotubules are absent.

Potential candidates for molecules that could bind
the ends of microtubules and interact with actin or
actin-binding proteins in the forming furrow region
include septins (Glotzer, 1997; Kinoshita et al., 1997),
MAPS (microtubule-associated proteins; Pedrotti et al.,
1994), and/or motors that move along microtubules
(Williams et al., 1995). There may be additional mole-
cules of this category that are not involved in the spec-
ification of the furrow site but are necessary for the
formation of the midbody to form two separate daugh-
ter cells. One such example appears to be the CYK-1
protein of C. elegans (Swan et al., 1998). This protein,
a member of the formin family, associates with the
furrow near the end of telophase. Mutant cells lacking
this gene product are able to assemble actin and myo-
sin molecules to form a contractile furrow that does not

Fig. 8. A model based on the hy-
pothesis that concentrations of centro-
somal microtubules interact with the
cell surface to stabilize clusters of
transmembrane and membrane-asso-
ciated proteins that bind actin fila-
ments. In turn, the actin filaments in-
teract with myosin filaments to form
contractile units. Diagrams of cells
show the postulated relationship be-
tween microtubules, represented by
thin lines, and contractile proteins
shown as interconnected banded
units. a: In cells where the mitotic
spindle is symmetrically positioned,
the microtubule ends are predicted to
target a circular array of contractile
protein, i.e., a purse string. The area
where the microtubules meet the cell
surface is enlarged in the inset below
a to show a concentrated focus of mi-
crotubules (diagrammed as two over-
lapping ends, inset 1) stabilizing a
cluster of membrane-associated pro-
teins (gray oval) that interact with a
unit of contractile protein (inset 2.).
The square black boxes represent the
proteins that bind the barbed ends of
the actin filaments shown in a half
sarcomere interdigitating with myosin
filaments. b: In cells where the spindle
is asymmetrically positioned, the mi-
crotubules would not reach the distal
cell cortex, resulting in the assembly
of an incomplete cleavage furrow. c: In
cells containing two spindles, contrac-
tile protein would assemble in the
cortex above and below the spindle
midzones and between adjacent cen-
trosomes where the required concen-
tration of microtubular ends contacted
the cortex. This requisite concentra-
tion would not be found between cen-
trosomes that were too far apart or too
close together.
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contract completely to form a midbody, but relaxes, and
a binucleate cell results.

PERSPECTIVE
Cultured epithelial cells, especially PtK2 cells, pro-

vide an excellent system for microscopical studies of
cytokinesis in live cells We have been able to determine
that F-actin and myosin accumulate in the future fur-
rows shortly after the initiation of anaphase and before
any sign of surface furrowing. Our localization data,
derived from immunofluorescence, microinjection of
fluorescently labeled proteins, and transfections of cells
with pGFP-alpha-actinin, are consistent with a sarco-
meric arrangement of the contractile proteins in the
furrow region (Schroeder, 1975; Sanger and Sanger,
1980). Our article supports the views of Rappaport
(1996) on the importance of the asters and microtu-
bules in determining the assembly of a contractile ring
in mitotic cells.

Advances in camera technology, image processing,
and new fluorescent probes should provide additional
approaches for the study of cytokinesis in tissue cul-
ture cells. A number of proteins involved with different
aspects of cytokinesis are being identified in genetic
analyses of yeasts and C. elegans (Field et al., 1999). It
will be exciting to investigate the homologues and roles
of these proteins in tissue culture cells. Almost all
studies on the role of myosin in cytokinesis have con-
cerned myosin II. There is a growing number of uncon-
ventional myosins (Mermall et al., 1998). Myosin I has
been localized to midbody region (Breckler and Burn-
side, 1994). Future work will determine if these other
types of myosins are present in the forming furrow
region and what roles they have.
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