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A Permeabilized Cell Model for Studying

Cell Division:

A Comparison of Anaphase Chromosome Movement and

Cleavage Furrow Constriction in Lysed PtK, Cells

W. ZACHEUS CANDE, KENT MCDONALD, and RONALD L. MEEUSEN
Department of Botany, University of California, Berkeley, California 94720. Dr. Meeusen’s present

address is Rohm and Haas, Springhouse, Pennsylvania 19477.

ABSTRACT  After lysis in a Brij 58-polyethyiene glycol medium, PtK, cells are permeable to small
molecules, such as erythrosin B, and to proteins, such as rhodamine-labeled FAB, myosin
subfragment-1, and tubulin. Holes are present in the plasma membrane, and the mitochondria
are swollen and distorted, but other membrane-bounded organelles of the lysed cell model are
not noticeably altered. After lysis, the mitotic apparatus is functional, chromosomes move
poleward and the spindle elongates. Cells lysed while in cytokinesis will continue to divide for
several minutes. Addition of crude tubulin extracts, MAP-free tubulin, or taxol to the lysis
medium retards anaphase chromosome movements but does not affect cleavage. On the other
hand, N-ethylmaleimide-modified myosin subfragment-1, phalloidin, and cytochalasin B in-
hibit cleavage but have no effect on anaphase chromosome movements under identical lysis
conditions. These results suggest that actomyosin plays no functional role in anaphase chro-
mosome movement in mammalian tissue culture cells and that microtubule depolymerization

is a rate-limiting step for chromosome-to-pole movements.

In animal cells, two special organelles are formed at the time
of division to effect the mechanical separation of cellular and
nuclear components. During prophase, the mitotic apparatus
forms and subsequently generates the forces that separate
chromosomes. During telophase, a contractile ring of microfil-
aments is organized in the peripheral cytoplasm and it produces
the cleavage furrow that divides the cytoplasm in two. Al-
though the organization of the cleavage furrow is not well
understood, the mechanochemistry of this process is thought
to be similar to muscle contraction and involves the interaction
of actin microfilaments and myosin in the contractile ring to
constrict the cortex of the dividing cell (4, 38).

The mechanism of anaphase chromosome movement is not
well understood (11, 29-31). It has long been recognized that
anaphase consists of two distinct motile events; movement of
chromosomes to the spindle poles and pole-from-pole separa-
tion. These stages of anaphase may represent two physiological
events. Structural studies of the rearrangement and redistri-
bution of microtubules at anaphase suggest that each motile
event may be associated with a particular class of microtubules
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(11, 20, 29, 30). Chromosome movement to the poles is asso-
ciated with kinetochore microtubules and requires kinetochore
microtubule depolymerization. Spindle elongation is associated
with a redistribution and change in length of nonkinetochore
microtubules. At present, the literature favors three classes of
theoretical models to explain how chromosomes move. In one
class of models, forces necessary to move chromosomes are
generated by changing the lengths of the spindle microtubules
(9, 20, 29, 30). Alternatively, forces are generated by dynein
like cross-bridges and sliding microtubules (7, 21, 24, 25, 29,
30, 32) or by an actomyosin system interacting with a micro-
tubule scaffold (5, 10, 12, 34).

To understand and dissect the mechanism of anaphase chro-
mosome movement, we have developed a method of cell
permeabilization that is compatible with the maintenance of
chromosome movement after lysis (2-7). Controlled mild lysis
of dividing PtK, cells is obtained by manipulating the levels of
nonijonic detergent and polyethylene glycol in the lysis medium
(2). In the Appendix, we describe the ultrastructure and perme-
ability properties of the lysed cell models. We have used lysed
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cells models to demonstrate an ATP requirement for anaphase
chromosome movement and a vanadate inhibition for -this
process (3, 7). Recently, we have shown that permeabilized
dividing cells will also undergo cleavage (4), and in this paper
we compare the sensitivity of cleavage and anaphase chromo-
some movement with various classes of inhibitors.

Using the permeabilized cell models we address two funda-
mental problems of spindle mechanochemistry; what are the
relative roles of microtubule polymerization-depolymerization
and of actomyosin during anaphase? The permeabilization
procedure allows us to introduce into cells proteins, such as
tubulin and NEM-S; (N-ethylmaleimide-modified myosin
subfragment-1), and drugs, such as taxol and phalloidin, that
normally enter the cell slowly or not at all. Because the lysis
procedure is compatible with both cleavage and anaphase
chromosome movement, we are able to compare directly the
effects of these treatments on a process of known mechano-
chemistry, i.e., cleavage, with that of unknown mechanochem-
istry, i.e., chromosome movement.

MATERIALS AND METHODS
Materials

Vanadate-free ATP prepared from yeast was obtained from Boehringer-
Mannheim Biochemicals, Indianapolis, Ind. Carbowax 20 M (polyethylene gly-
col, 20,000 mol wt), cytochalasin B, and Brij 58 were obtained from Sigma
Chemical Co., St. Louis, Mo. and erythrosin B (5, 7 tetraiodofluoroscein, 890
mol wt) was obtained from Eastman Organic Chemicals, Rochester, N. Y.
Phalloidin was a gift from T. Wieland (Max Planck Institute fiir Chemie,
Heidelberg) and taxol was a gift from John Douros (National Cancer Institute,
Bethesda, Md.). Stock solutions of taxol and cytochalasin B were made up in
dimethyl sulfoxide (DMSO) and these drugs were added such that the final
concentration of DMSO in the lysis medium was 1%.

Myosin subfragment-1 (S;) was prepared from rabbit skeletal myosin by the
method of Weeds and Taylor (42). NEM-S,; and NEM-modified bovine serum
albumin (NEM-BSA) were prepared as described previously (4, 26).

A new procedure was used to prepare fluorescein-labeled S; that will be
described in more detail later (Cande, manuscript in preparation). 10 mg/ml S,
was incubated with 1 mM fluorescein-5-maileimide (Molecular Probes, Roseville,
Minn.) for 30 min at room temperature in 10 mM imidazole-Cl, pH 7.0, 0.2 mM
dithiothreitol. The reaction was stopped by the addition of 10 mM dithiothreitol.
The S; was precipitated by the addition of saturated NH,SO, to 60%. It was
pelleted by centrifugation. The pellet was resuspended in incubation buffer and
run over a Biogel P-2 column (Bio-Rad Laboratories, Richmond, Calif.) and the
void volume was collected. This procedure was repeated and the sample was then
dialyzed several days against the same buffer. After centrifugation to clarify the
solution, the yield of fluorescein-labeled protein was 10-15% of the starting
material. As determined spectrophotometrically by measuring absorbance at 495
nm, there was 0.8~1.0 fluorescein/S; molecule. The ATPase activity of this
preparation was measured as previously described (26) and was similar to the
unlabeled S,. This preparation stained the I bands of glycerinated myofibrils.

Beef neurotubulin was prepared by two cycles of polymerization and depo-
lymerization and was stored frozen until the day of use (39). The protein was
resuspended in 100 mM PIPES, pH 6.9, | mM MgSO,, { mM EGTA, and 1 mM
GTP, and then added at the appropriate dilution to the lysis medium. MAP-free
tubulin was prepared by phosphoceliulose chromatography as previously de-
scribed (44), with the modification that 100 mM Pipes, 1| mM MgSO,, 1 mM
EGTA was used as the buffer solution. SDS polyacrylamide gel electrophoresis
was run as previously described (39).

Precise levels of free calcium in the lysis medium were maintained with a Ca/
EGTA buffering system, designed to compensate for the presence of 1-mM excess
Mg** and Mg ATP at a defined pH (4).

Tissue Culture Cells and Cell Lysis

PtK, cells were used in all experiments and were maintained and handled for
light microscopy as previously described (39). Cover slips were mounted on slides
with cover slip fragments as spacers. Cells engaged in cell division were lysed by
flushing solutions under the cover slip in a two-step lysis procedure. Step A
medium contained 85 mM PIPES, 0.08-0.1% Brij 58, Ca/EGTA buffers, 1.25
mM ATP, 2.25 mM MgSO,. Step B, which followed 70-90 s after step A, used
a similar medium that included in addition 2.5% polyethylene glycol (Carbowax

20 M) and 0.1-0.15% Brij 58. For studying anaphase chromosome movement,
cells were lysed into solutions containing 1 mM EGTA or 0.1 pM free calcium.
In some cleavage experiments, cleavage was delayed 70-90 s by increasing the
free calcium levels to 4 pM and removing Mg ATP (4). Cleavage was then
reinitiated by lowering the calcium levels to 0.1 M and adding Mg ATP to step
B (4).

In the dye penetration studies, cells were flushed with tissue culture medium
or lysis medium containing 0.5% erythrosin B. In some experiments, dye was not
added until 1 min before the rinse step. At the end of the experiment, cells were
rinsed with several changes of solution B without dye, and the cells were then
photographed with bright field optics and a green wide band pass 540 nm
interference filter (Orion Research, Inc., Boston, Mass.).

For studying fluorescent-S; and rhodamine-labeled FAB uptake (papain
digested goat anti-rabbit immunoglobulin fraction, 50,000 mol wt, three rhoda-
mines/FAB, a gift from Leon Wolfsy), 0.5-3 mg/ml of protein was included in
the lysis medium. At the end of the incubation period, cells were flushed for 1
min with step B medium without the protein, and then fixed in 3.7% formaldehyde
in 100 mM PIPES, pH 6.9, 5 mM MgSO,, 5 mM EGTA. The cells were mounted
in 20% glycerol, 50 mM EPPS (4-[2-hydroxethyl]-1-piperazine propane sulfonic
acid), pH 8.0, 5 mM MgSO,, and examined with a Zeiss epifluorescence micro-
scope equipped with phase optics as previously described (5).

The chambers held ~40 ul of lysis medium. At each step, 200 pul (five X
volume) of medium were flushed through the chamber during a 20-s exchange
period using bibulous paper to facilitate flow. All experiments were run at 35 +
2°C.

Light Microscopy

Films of dividing cells were made with Zeiss Nomarski or phase optics and an
Opti Quip (Opti Quip Inc., Highland Mills, N. Y.) 16-mm cine time-lapse
apparatus. Exposures of 1.0-s duration were made at a rate of 10 frames/min.
Rates of movement were estimated by measuring the slopes of the graphs drawn
of chromosome-chromosome and pole-pole distances from the moment of addi-
tion of the second step medium to the position of maximum displacement of
chromosomes or poles. The rate of chromosome-to-pole movement was calculated
as one-half the difference between the rates of chromosome separation and
spindle elongation. Measurements of spindle birefringence were made with a
Zeiss polarization microscope equipped with a Brace-Kohler A/30 compensator
39).

Electron Microscopy

Cells up to 8 min after lysis were monitored by light microscopy to assure that
chromosome movement continued, and were then fixed by flushing 1% glutar-
aldehyde in 0.1 M PIPES at pH 6.94, 2.5 mM Mg** at 37°C under the cover slip.
The position of the cell on the cover slip was marked with a diamond-tipped
scribe mounted on the objective lens turret. The cover slip was then transferred
to a dish of fixative for 30 min. Ceils were rinsed in the buffer + Mg** at 37°C
(three rinses of 5 min each), transferred to 0.2% tannic acid (Mallinckrodt Inc.,
St. Louis, Mo.; AR 1764) in buffer + Mg*™* for 30 min at 37°C, rinsed as above,
and then put into 1% OsO, in buffer at 4°C for 30 min. Cells were rinsed in
distilled H,;O (room temperature) and put in 1% aqueous uranyl acetate at room
temperature for 30 min. An acetone series was used for dehydration and the cells
embedded in Epon-Araldite by inverting the coverslip over a small plastic cap
(18-mm diameter) filled with resin. After polymerization of the resin, the position
of the marked cell was noted and the cover slip was removed from the resin
wafer by immersion in liquid nitrogen. The cell was cut from the resin wafer and
remounted such that sections through it would be perpendicular to the flattened
bottom surface of the cell. Silver sections were cut on a Porter-Blum MT-2B
microtome (DuPont Instruments, Wilmington, Del.), poststained with lead nitrate
and uranyl acetate, and viewed in a JEOL 100s electron microscope at 80 keV.

RESULTS
Tubulin Inhibition of Chromosome Movement

During the first 10-12 min after lysis, both chromosome-to-
pole movements and spindle elongation continue in permea-
bilized anaphase cells (Fig. 1 a-d) at rates ~50% that observed
in vivo. Although the rates observed may vary over time, the
rate and extent of movement in any one experimental series is
usually consistent and reproducible. As previously described,
chromosome movement requires Mg (3) and ATP (3, 7), and
is reversibly inhibited by vanadate in the V* oxidation state

.
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Addition of polymerizable neurotubulin to the lysis medium
retards chromosome-to-pole movements and spindle elonga-
tion (Figs. 1 and 2 and Table I). Tubulin prepared by two
cycles of polymerization and depolymerization (2X tubulin,
Fig. 1i) is ~80% tubulin- and 20% microtubule-associated
proteins (MAPs) and will self-assemble into microtubules in
the lysis medium. After lysis in 4 mg/ml 2x tubulin, anaphase
continues but the chromosomes do not reach the spindle poles
(Figs. 1e-h and 2b). In the examples selected, although the
chromosomes move several micrometers after lysis, at the end
of the experiment they are still 2-3 um from the poles. In
control experiments run at the same time, chromosomes move
farther and more closely approach the spindle poles (Figs. 1a-
d and 2 g). Rates of chromosome separation, spindle elongation,
and chromosome-to-pole movements are inhibited by at least
50% compared with cells lysed in BSA or polymerization
incompetent tubulin prepared by repeated freezing and thaw-
ing over several days (Table I).

MAP-free tubulin (Fig. 17) does not self-assemble in the lysis
medium but is capable of self assembly upon addition of
MAPs. Lysis in MAP-free tubulin also retards anaphase chro-
mosome movements, although not to the same extent as lysis
in 2X tubulin, and preferentially inhibits chromosome-to-pole
movements (Fig. 2¢ and Table I). Rates of spindle elongation
are inhibited by ~25% in 1-2 mg/ml MAP-free tubulin but
chromosome-to-pole movements are inhibited by at least 50%.

FIGURE 1 Effect of tubulin on chromosome separation in permea-
bilized PtK, cells. Cine record of cells lysed without (a-d) or with
(e-h) 4 mg/ml tubulin. a2 and e, Before lysis; b and f, 1 min after
lysis; ¢ and g, 3 min after lysis; and d and h, 8 min after addition of
lysis medium. X 1,900. (i) SDS polyacrylamide gel of MAP-free
tubulin (upper line) and crude tubulin preparation (lower line).

FIGURE 2 Effect of tubulin on chromosome separation in permea-
bilized PtK; cells. In a-c, separation of spindle poles (filled circles)
and sister chromatids (open circles) after lysis. a, Lysis medium
containing 4 mg/ml BSA; b, 4 mg/ml 2X tubulin; ¢, ~1 mg/ml MAP-
free tubulin,

620  THe JOURNAL OF CELL BIOLOGY - VOLUME 88, 1981

Hm a
18 .
.—_—__.\./
16F e ene””
.0/ 0/0
4 /
O mam O
e
12 /o/
10 o—"/o
/
o
8 /J
I
ca B
A
4}t
2t
2 4 e 8 10 2
Minutes
um b
14+
24| L .__,/'\./°—"""
-
N
IO L) L J
o —°
8 Oty e ©
P
d ")
6 / o”"’o
O
1 8
4
2
2 4 6 8 10 12
Minutes
¢
um
4}
L) L ]
ie .N.'}\ /."\ _0‘.‘0/ Ne—* *
{+]
[ /
10 ,o—o/ °
,D
O«
!0/ o
B8} /oo.o
[=]
°/
6
e
s A
2
1 1 1 | |
2 4 6 8 10
Minutes



TaBLE |

Effect of Tubulin on Chromosome Movements

Rates of movement

Chromo-
No. of Chromo- some-to-
experi- some Spindle pole
Treatment ments  separation elongation  movement
pm/min
Series A
BSA, 4 mg/ 4 094 +£0.13* 060+029 0.18+0.09
m/
Denatured 2 0.99 0.64 0.18
tubulin, 4
mg/ml
Tubulin, 4-5 6 0.44 £ 0.20 029+0.19 007 +£0.10
mg/ml
Series B
No protein 5 0.84 = 0.07 039+010 023+£004
MAP-free tu- 9 0.51 = 0.04 029004 011x0.03
bulin, 7-2
mg/ml

* Standard deviation.

Taxol Inhibition of Chromosome Movement

Taxol, an experimental antitumor agent, has been demon-
strated to promote microtubule assembly in vitro and stabilize
microtubules against depolymerization by cold and calcium in
vitro and in vivo (36). Lysis in 2 uM taxol blocks all chromo-
somal movements and spindle elongation, but at lower concen-
trations taxol preferentially retards chromosome-to-pole move-
ment (Table II). In some experiments (Fig. 3 a-d), chromo-
somes and poles move together after lysis as the spindle elon-
gates and the chromosomes do not approach the poles.

When added to the culture medium at the beginning of
anaphase, 100 uM taxol freezes the spindle and retards further
chromosome movements (Fig. 3 e-p). The spindle persists un-
naturally into telophase and continues to exclude the rod-
shaped mitochondria from around the chromosomes and in
the spindle midzone. Even though the spindle remains as a
birefringent organelle (Fig. 3 m—p), the chromosomes begin to
decondense. During cytokinesis, the spindle is then deformed
as the cleavage furrow attempts to pinch the cell in two. At this
time, a large spindle remnant is still present around the spindle
poles and the spindle midbody is extraordinarily large (Fig.
30-p). Because the spindle persists as a birefringent body,
although it is deformable by the cytokinetic furrow, the effect
of taxol to inhibit anaphase chromosome movements must not
be caused by spindle dissolution.

Inhibitors of Actomyosin-based Motility Do Not
Inhibit Anaphase

As previously described (4, 26, 27), NEM-HMM and NEM-
S, bind to actin in a rigorlike bond even in the presence of
MgATP. Preincubation with 1-2 mg/ml NEM-S, blocks gly-
cerinated myofibril contraction, the contraction of cytoplasmic
strands of Chaos cytoplasm (26), and cleavage in permeabilized
PtK,; cells (reference 4 and Table V) and microinjected am-
phibian eggs (27).

Addition of NEM-S,, NEM-BSA, or §; has no effect on
anaphase chromosome movement (Fig. 4, Table III), although
in the same series of experiments, tubulin added at similar

concentrations retards chromosome movement by 40-50%. In
contrast, the largest differences between NEM-S, and any
control is ~15%. These differences probably reflect day-to-day

TasLe NN
Effect of Taxol on Chromosome Movements

Rates of movement

Chromo-
Treatment No. of some-
(drug con-  experi- Chromosome Spindle to-pole
centration) ments  separation elongation  movement
wm/min
None, 1% 6 064 £0.12*  021+006 022006
DMSO
0.75 uM 5 0.29 £ 0.07 023015 0.03 £006
2.0 uM 4 0.10 £ 0.08 00 =004 0.04=£004

* Standard deviation.

FIGURe 3 Effect of taxol on chromosome movements and cleavage
in lysed (a-d) and unlysed (e-p) PtK; cells. a, 0.1 min before lysis;
b, 2 min after lysis in 0.75 uM taxol; ¢, 4 min after lysis, d, 9 min after
lysis. X 1,300. Chromosomes do not approach poles {arrows). In the
next series of micrographs (e-1), taxol (final concentration, 100 uM)
was added to the culture medium at the beginning of anaphase. e,
Just before addition; f, after 1 min; g, 6 min after, h, 11 min after; i,
15 min after; j, 21 min after; k, 33 min after and; [, 46 min after in
medium containing taxol. Although chromosome movements are
inhibited, cleavage continues and a large spindle remnant is present
in late telophase cell (j-k). X 900. Polarization micrographs of
unlysed cell just before taxol addition (m), after 4 min (n), after 12
min (o), and after 21 min { p) in 100 pM taxol. Note large spindle
remnant in o and p. X 900.
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variability in rates of movement. These experiments were
repeated using a severalfold higher concentration of NEM-S,
with similar results (Table III, Series B). Fortuitously, in one
experiment, a cleaving cell was located at the edge of the
microscope field (Fig. 5). Unlike the anaphase cell, which
displayed chromosome movements for 10 min after lysis, the
cleaving cell did not continue to divide. Instead, after 1-2 min
in the NEM-S; medium the furrow stopped contracting and
relaxed slightly.

Addition of high concentrations of cytochalasin B (15 pg/
ml) and phalloidin (200 pg/ml) to the lysis medium had no
effect on chromosome-to-pole movement and spindle elonga-
tion (Table IV). In the same series of experiments, under
identical lysis conditions, vanadate (7) and taxol blocked chro-
mosome movements.

TABLE 11
Effect of NEM-S, on Chromosome Movements

Rates of movement

Chromo-
No.of  Chromo- some-to-
Treatment experi- some Spindle pole
(protein) ments  separation elongation  movement
pm/min
Series A*
None 6 066 £0.14f 025+006 0.21+007
NEM-S,, 2 10 065+013 030+£0.16 017 £0.04
mg/ml
NEM-BSA, 2 4 058+£012 022+0.13 022005
mg/ml
St, 2 mg/ml 3 076 £010 0.34+£006 0.19x0.09
Tubulin, 5 6 036+010 0.14+011 0.11+0.08
mg/mli
Same day 5 073+£012 029+010 0.22+0.06
Series B
NEM-S,, 7 3 068 +0.13 035+008 0.16+004
mg/mli
NEM-BSA, 7 3 073+011 033+006 0.20+0.03
mg/mli

* The results from this series of experiments were compiled from the same 2
wk period. To give some idea of the variations in rates of movement that
occurred during one day, we have averaged together the results of one day’s
experiments regardless of treatment (NEM-S,, $1, or none).

1 Standard deviation.

-

o

¥

Inhibitors of Actomyosin-based Motility
Inhibit Cleavage

PtK, cells lysed during cytokinesis in Brij 58-Carbowax
medium continue to undergo cleavage for 5-10 min provided
two criteria are met: (@) the cell must show visible signs of
cleavage furrow formation and function, and (b) the free
calcium levels in the lysis medium must be below 1 uM (4). An
example of the extent of cleavage furrow constriction after lysis
is shown in Fig. 7g-h. By manipulating the free calcium and
MgATP concentrations in the lysis medium it is possible to
stop and restart cleavage. Cleavage can be stopped for several
min by raising the free calcium concentration to 4 uM in the
absence of MgATP and can be reinitiated by lowering the
calcium level to 0.1 pM in the presence of MgATP. We have
used this protocol to study the effects of NEM-§,, cytochalasin

H¥m

ZOT-

1 2 x N 2 2

2 4 6 8 10 12
Minutes

FIGURE 4 Effect of NEM-S; on chromosome separation in permea-
bilized PtK, cells. Separation of spindle poles (full circles) and sister
chromatids (open circles) after lysis in 7 mg/ml| NEM-S,.

FIGURE 5 Effect of NEM-S; on chromosome separation and cleavage in permeabilized PtK, cells. a, 0.1 min before lysis; b, 1 min
after lysis in 7 mg/ml NEM-S,; ¢, 4 min after lysis; d, 8 min after lysis; e, 12 min after lysis; f, adjacent cleaving cell after 12 min in
NEM-S,. In micrographs a-e, the top half of the cell undergoing cleavage can be seen in the lower portion of the frame. X 1,600.
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B, and phalloidin on cleavage. These experiments are described
in detail in another paper (4) and are summarized in Table V.
We would like to emphasize that these experiments and the
inhibitor studies on anaphase chromosome movement were
run during the same period of time and the lysis conditions,
with the exception of the free calcium levels in the medium,
were identical.

NEM-S; blocks cleavage after a 70-90 s incubation, however,
NEM-BSA and S; have no effect on cleavage. After lysis in 135
pg/ml cytochalasin B, the furrow undergoes a rapid expansion
to several times its original width. At lower concentrations of
the drug, furrow relaxation is less extensive. After lysis in 200
pg/ml phalloidin, cleavage is blocked and the furrow neither
relaxes nor changes shape (Table V).

Inhibitors of Chromosome Movement Do Not
Block Cleavage
Vanadate in the V* oxidation state is a potent inhibitor of

dynein ATPase activity, and under some circumstances, myosin
ATPase activity (7, 13). However, vanadate concentrations

TABLE IV

Effect of Phalloidin and Cytochalasin 8 on Chromosome
Movements

Rates of movement

Chromo-
No. of  Chromo- some-to-
experi- some sepa- Spindie pole
Treatment ments ration elongation  movement
. pm/min
Phalloidin, 200 5 068 £0.09* 025014 0.21+005
pg/mi
Control 4 072 +£0.18 028+019 022006
Cytochalasin B, 6 0.52 £ 0.08 018 £ 004 0.17 £ 0.04
15 ug/mi
Control, 1% 6 0.58 + 0.23 022+013 0.18+0.12
DMSO
* Standard deviation.
TaBLe V

Effect of Actin-Motility Inhibitors on Cleavage

No. of
experi-
Treatment ments  Extent of constriction*
Proteinst
NEM-S,, 2 mg/ml 5 —0.08 £ 0.15§
NEM-BSA, 2 mg/mli 6 0.30 +£0.20
St, 2 mg/ml 5 035+ 0.20
Cytochalasin B
15 pg/ml 4 —1.63 + 0.31
0.5 pug/ml 4 -0.35 £ 0.04
0.1 ug/ml 5 035014
None, 1% DMSO 6 0.49 £ 0.12
Phalloidint
200 pg/ml 4 0.08 + (.18
None 4 0.42 £ 0.15

* Measured as change in furrow diameter divided by original furrow diameter.
Negative values are a measure of furrow relaxation.

1 In the protein and phalioidin experiments, cleavage was delayed 70-90 s
after lysis by manipulating free calcium levels before it was reinitiated (4).

§ Standard deviation.

TasLE VI
Effect of Mitotic Inhibitors on Cleavage

No. of
experi- Extent of
Treatment ments constriction*
Vanadate, 7 mM 5 0.37 £ 0.15%
Control 4 0.30 £0.10
Tubulin, 5 mg/mi 3 0.29 £ 0.10
Control, resuspension buffer 3 0.32 £ 0.09
Taxol, 7 uM 3 0.51 £ 0.11
Control, 1% DMSO 3 0.46 + 0.15

* Measured as change in furrow diameter after lysis divided by the original
furrow diameter.
} Standard deviation.

100-fold higher than that required to retard anaphase chro-
mosome movement in permeabilized cells (7) have no effect on
cleavage (Table VI). Similarly, we find that lysis of cells into
concentrations of neurotubulin and taxol sufficient to inhibit
chromosome movement has no effect on extent of cleavage
(Table VI).

DISCUSSION
The Role of Actomyosin during Anaphase

Using immunocytological techniques and heavy mero-
myosin decoration, actin and myosin have been shown to be
minor spindle components localized primarily in fibers running
from chromosome to pole (5, 12, 34, 37 and for review see 1,
10, 21). It has not been established whether these components
are functional parts of the spindle that contribute to chromo-
some movement or are cytoplasmic contaminants introduced
naturally during spindle formation or by accident during sub-
sequent experimentation and fixation (for a discussion of this
controversy see references 1, 10, and 21). Preliminary physio-
logical evidence does not support a role for actomyosin during
anaphase. Myosin antibodies injected in dividing marine eggs
block cleavage but not mitosis (22, 23). Amphibian eggs mi-
croinjected with NEM-HMM or NEM-S, have large zones of
uncleaved cytoplasm that contain metaphase and anaphase
spindles (27). Sakai et al. (32) have demonstrated that chro-
mosome movement in spindle isolates is blocked by dynein
antisera but not by myosin antisera.

In this report, we demonstrate that under identical lysis
conditions inhibitors of cleavage do not inhibit anaphase chro-
mosome movement. Given our understanding of how these
inhibitors function, (cf. reference 4 for a discussion of the
interaction of these inhibitors with the cleavage furrow in lysed
cells) we can make several statements that define the extent of
actomyosin involvement during anaphase.

First, it is unlikely that myosin participates in moving chro-
mosomes. We have previously shown that vanadate, an ATPase
inhibitor, retards chromosome movements and alters spindle
function (7). Although it has been demonstrated that myosin
ATPase activity is sensitive to vanadate under some physiolog-
ical conditions (13), we find that cleavage in permeabilized
cells is insensitive to this inhibitor. In fact, vanadate at concen-
trations 100 times higher than necessary to retard chromosome
movements and 1,000 times higher than necessary to block
flagellar beat does not block cleavage (7). Thus, with regard to
vanadate sensitivity, the mitotic apparatus is more like a fla-
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gellum than a muscle or a cleavage furrow. This observation is
consistent with the observed insensitivity of anaphase chro-
mosome movement to NEM-S;.

NEM-S, binds to actin filaments at the myosin binding site
and prevents native myosins and other actin binding proteins
from interacting at the same site under physiological conditions
(4, 28, 29). Although we cannot know with certainty how much
NEM-S, enters the spindle, lysis in 7 mg/ml NEM-S; (5 X 107°
M) blocks cleavage but not anaphase in the same preparation.
These results are consistent with the suggestion that myosin is
not mechanochemically involved in chromosome movement.

Second, actin depolymerization is not required for chromo-
some-to-pole movements. Phalloidin in vitro and in microin-
jected cells blocks actin depolymerization (8, 43), and in the
permeabilized cell model its addition retards cleavage (4).
Although the histological and immunofluorescent evidence
suggests that actin is primarily associated with the chromo-
somal fibers in the spindle and the chromosomal fibers shorten
during anaphase (5, 12, 34, 37), phalloidin does not interfere
with chromosome-to-pole movements in the lysed cell model.
This suggests that the actin association with the chromosomal
fiber is not a functional one because the fiber must shorten as
chromosomes move poleward (11, 20, 29, 30). In contrast, taxol,
a drug known to block microtubule depolymerization, prefer-
entially retards chromosome-to-pole movements.

Third, actin gels are not required for chromosome move-
ments. At the high concentrations used in these studies, cyto-
chalasin B solates actin gels in vitro and promotes actin depo-
lymerization (15, 40). In vivo, cytochalasin B blocks cleavage
but not chromosome movement (35, 38, 40). After lysis, cyto-
chalasin B has an immediate and dramatic effect to relax the
cleavage furrow (4) but has no effect on anaphase chromosome
movement. Unless the actin associated with the spindle is
protected against cytochalasin B action, actin networks similar
to that found in the cytoplasm are not functional parts of the
spindle.

The argument has been raised that cytochalasin B does not
disrupt mitosis in living cells because the drug may interfere
with microfilament organization only by disrupting microfila-
ment-membrane attachment (10, 40). However, it is now rec-
ognized that there are extensive membrane systems in the
spindle associated with the kinetochore microtubules (11, 16)
so that the potential for microfilament-membrane interactions
is also present in the mitotic apparatus. Nevertheless, anaphase
chromosome movement is cytochalasin B insensitive.

Throughout these studies, we used cleavage as a control in
studying the effects of actomyosin inhibitors on chromosome
movement in lysed cells. The cleavage system is a reasonable
control in that it continues to function after lysis under the
same conditions required for maintenance of anaphase chro-
mosome movement in PtK, cells. However, cleavage is not a
perfect control. One objection is that the contractile ring is
located in the cortex of the cell and, after lysis, it should be
more accessible to proteins than the spindle, which is buried in
the cytoplasm 3-3 um from the cell surface (cf Fig. 14). In the
Appendix, we describe in detail the permeability of lysed cells
to proteins. Here we have demonstrated that the spindle is
functionally accessible to another protein, tubulin, that has a
similar molecular weight to NEM-8; (42). Another objection
is that the morphology of the contractile ring is fundamentally
quite different than that of the spindle. Many microfilaments
are present in the contractile ring but few are present in the
spindle. Although microtubules are the major fibrous compo-

624 Tt JoUrRNAL OF CELL BIOLOGY - VOLUME 88, 1981

nent of the spindle, no microtubules are present in the contrac-
tile ring. It has been demonstrated that microfilament-micro-
tubule interactions can occur in vitro mediated by microtubule-
associated proteins (14). If such actin-microtubule interactions
are essential for spindle function, we are unable to study them
during cleavage and we have no way to demonstrate that we
can inhibit this type of interaction in the permeabilized cell.
We must also recognize that the number of actomyosin inter-
actions that are potentially involved in moving chromosomes
may be far fewer than the number involved in cleavage (29,
30, 31, 38). Although these differences between the two systems
may have influenced the way inhibitors could interact with the
two organelles, we think it more likely that actomyosin is not
involved in moving chromosomes,

We suggest that actin and the other muscle-related proteins
found in the mammalian mitotic spindle are not functionally
important in chromosome movement, but are relocated in the
spindle during prophase or during subsequent experimentation.
In microinjection experiments, Wang and Taylor (41) have
demonstrated that the spindle in sea urchin eggs, because of its
unique geometry, can act as a trap or sink for fluorescently
labeled proteins in the cytoplasm. A similar process may be
going on during prophase with native actin because the cyto-
skeleton of most interphase cells is disassembled and rear-
ranged during cell division, and a large pool of unpolymerized
or poorly organized actin may be present in the cytoplasm of
the prophase cell. This actin would then be incorporated
passively into the matrix of the spindle but would play no role
in chromosome movement.

Role of Microtubule Polymerization-
Depolymerization during Anaphase

Inoué (20) has demonstrated that spindle microtubules are
in a steady state or “dynamic” equilibrium with a subunit pool
of tubulin. Under these conditions, lysis in polymerizable
neurotubulin should affect spindle structure and function. As
previously described (39), and in the Appendix, lysis in neu-
rotubulin leads to an increase in aster size and overall spindle
birefringence, but not to an increase in metaphase spindle
length. These results suggest that after permeabilization, the
neurotubulin in the medium can be incorporated directly into
the spindle, but we cannot rule out the possibility that in these
gently lysed cells exogenous neurotubulin also promotes some
incorporation of retained native (endogenous) tubulin into the
spindle of the permeabilized cell.

During anaphase, the microtubules in the spindle change
length. As chromosomes move poleward, kinetochore micro-
tubules shorten and in some cells, as the spindle elongates, the
nonkinetochore microtubules increase in length (11, 20, 29, 30).
It has been suggested that these length changes in themselves
may produce the forces that move chromosomes during ana-
phase (9, 20, 29, 30). Alternatively, microtubule length changes,
particularly microtubule depolymerization, may regulate the
rate of chromosome movement (29, 30). Consistent with the
hypothesis that kinetochore microtubule depolymerization is a
rate-limiting and/or force-generating step, we find that the rate
of chromosome-to-pole movement is reduced by the addition
of polymerizable tubulin to the lysis medium and that taxol
preferentially retards the poleward approach of chromosomes.
These results are consistent with in vivo and in vitro studies
demonstrating that experimentally induced depolymerization
of microtubules can move chromosomes poleward (20, 33).



FIGURE 6 Uptake of erythrosin B by PtK; cells. a, Unlysed cells exposed 4 min to dye; b, cells lysed 1 min before addition of dye

for 1 min; and c, cells lysed 6 min before addition of dye for 1 min. Bright field micrographs. X 650.

However, we are unable to determine from these studies
whether microtubule depolymerization is a rate-limiting step
or a force-generating requirement for chromosome-to-pole
movements.

By addition of tubulin and taxol to the lysis medium, we
also directly affect the rate and extent of microtubule growth
in the spindle. According to the theoretical models in the
literature (9, 20), this treatment should increase the rate and
extent of spindle elongation. However, our results are not
consistent with that prediction. Crude tubulin extracts and high
concentrations of taxol inhibit spindle elongation, and under
no circumstances do we actually promote spindle elongation.

We can offer no explanation consistent with any theoretical
model of force generation for these results. Inhibition of spindle
elongation may be an artifact of new and nonphysiological
microtubule growth in the spindle. Extensive aster growth to
several times normal size after lysis in tubulin may create
increased resistance to spindle movement in the cytoplasm
during anaphase. Alternatively, the new microtubules in the
spindle may compete with native microtubules for dynein or
other microtubule-microtubule interactions necessary for nor-
mal spindle elongation. MAPs present in the crude tubulin
extract could also compete with spindle “dyneins” for micro-
tubule binding sites (suggested by Joel Rosenbaum, Yale Uni-
versity). To clarify this problem, we plan to study in more
detail the effects of tubulin and taxol on spindle elongation by
lysing cells late in anaphase after completion of chromosome-
to-pole movements. The results of these experiments will be
reported at a later date.

APPENDIX

The Permeability Properties and Ultrastructure
of Lysed Cell Models

For cell models to be useful in studying cytokinesis and
mitosis, the cells after lysis must be permeable to molecules
in the bathing solution yet retain lifelike activity. A range of
permeabilization procedures has been developed utilizing
toluene, lysolecithin, dextran sulfate, etc. (for review see
references 17 and 28), however, most of these lysis protocols
require conditions that are incompatible with maintaining
the structure of the labile mitotic spindle. Glycerol lysis
procedures have been used to prepare cytoskeletons and
isolated, nonfunctional mitotic spindles, and with the ex-
ception of Hoffman-Berling (18, 19), this procedure has not
been used successfully to create cell models that undergo
chromosome movement and cleavage. The advantage of the
lysis protacol described here is that both spindle function
and cleavage furrow constriction are maintained after lysis.

FIGURE 7 Uptake of rhodamine-fabeled FAB (1 mg/mi) by lysed
PtK, cells. Micrographs of dividing cells before lysis (a, d, and g);
after lysis, rinse, and fixation (b, e, and h); and fluorescent micro-
graphs of the same cells (¢, f, and i). In a~c, the cells were lysed for
1 min before fixation and there was no protein uptake by the
anaphase cell. In d-f, the cells were lysed for 4 min. In g~i, the cells
were lysed for 8 min before fixation. Both cells continued to undergo
cleavage after lysis. All observations were made with a Zeiss X 63
Pianapo NA 1.4 lens and photographic exposure and development
times were similar in all experiments. X 800.

The lysis protocol can be utilized at 37° C and is compatible
with reactions like ATP hydrolysis by myosin and microtu-
bule polymerization (Cande, unpublished data). Unlike an-
other protocol we previously described (6), it is not necessary
to include tubulin in the lysis medium to maintain spindle
structure and function.

After lysis, Ptk, cells are permeable to small molecules like
erythrosin B (800 mol wt, Fig. 6), and to proteins like rho-
damine-labeled FAB (50,000 mo! wt), tubulin (110,000 mol
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wt), and fluorescein-labeled S, (~120,000 mol wt) (2, 3).
Erythrosin B uptake by cells occurs only after exposure to
detergent and is rapid (Fig. 6). The spindies and chromo-
somes of dividing cells and the nuclei of interphase cells are
stained by the dye even after 1-min exposure to the lysis
medium (Fig. 6b). A similar staining pattern is observed
when dye is added to the preparation after 7 min in deter-
gent (Fig. 6¢), indicating that the permeabilization of the
cells is irreversible. In general, all cells in the field are stained
by dye.

To monitor the rate and extent of protein uptake, cells
were lysed in rhodamine-labeled FAB (50,000 mol wt), then
rinsed and fixed at different times after lysis (Table VI, Fig.
7). After 1 min, only a small number of dividing celis on the
cover slips were stained (Table VI1). After 4 min, most of the
dividing cells scored were stained, however, ~14% of the

TaBLE VI
Rhodamine-labeled Protein Uptake into Permeabilized Cells

Minutes Stained*
in lysis
medium No. of
before dividing Weakly intensely
rinse cells scored Unstained stained stained
%
1 72 57 36 7
4 78 14 27 59
8 74 5 26 69

* For each time point, two cover slips were lysed in a medium containing 0.5-
1.0 mg/ml rhodamine-labeled FAB (50,000 mol wt), and after rinsing and
fixation were examined with a Zeiss epifluorescence microscope equipped
with a x40 phase Neofluar tens, NA 0.75.

FIGURE 8 PtK, cells before and after lysis with or without 4 mg/ml
tubulin, as seen with polarization optics. Metaphase cell before lysis
(a) and 8 min after lysis (c) in medium containing 1077 M Ca**.
Metaphase cell before (b) and 7 min after lysis (d) in an identical
medium containing in addition 4 mg/ml 2x tubulin. Notice the
aster growth in the cell lysed in tubulin (arrows). X 1,700.
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cells were not. Protein penetration was extensive after 8 min
because stress fibers in interphase cells (which lie parallel to
and near the substrate) were often visible as fluorescently
stained structures and 95% of the dividing cells were stained
(Table VI). In some experiments, selected cells were moni-
tored from the moment of lysis through the fixation proce-
dure (Fig. 7). After 1 min, most of the interphase cells in the
field were stained but the anaphase cell was not (Fig. 7 a-c).
After 4 min lysis in rhodamine-labeled FAB, the anaphase
cell continued to move chromosomes (Fig. 7 d~f). The spin-
dle and cytoplasm of this cell were intensely stained. After
8 min in the lysis medium, the cleaving cells in the field of
view had undergone further constriction and all of the cells,
including the dividing cells, were intensely labeled as a
result of protein uptake (Fig. 7 g—i). These results demon-
strated that permeabilized cells undergoing anaphase chro-
mosome movement or cleavage take up proteins from the
lysis medium. However, protein uptake is not as rapid or as
uniform as the uptake of smaller molecules like erythro-
sin B.

We have also documented the uptake of two physiologi-
cally important proteins, tubulin and S,, by permeabilized
cells. In this series of experiments, after lysis without tubulin,
the metaphase spindle length decreases by 20-30% imme-
diately after addition of lysis medium, and the spindle
birefringence fades slowly during the next 10-15 min (Fig.
8 a and c). After lysis in tubulin, the spindle still shrinks after
the first minute in lysis medium, but spindle birefringence

FIGURE 9 Uptake of fluorescein-labeled Sy by permeabilized PtK,
cells. Anaphase cell before (a) and 5 min after lysis (b and c) in 3
mg/ml fluorescein-labeied S$;. X 1,100. Field of lysed (d-e) and
unlysed cells (f) after 10 min exposure to T mg/ml fluorescein-S;,
rinse and fixation as described in Materials and Methods. Dividing
cell indicated by arrow. X 800.



does not fade and persists for hours after fysis (Fig. 8 b and
d and Cande, unpublished data). There is also a noticeable
increase in aster birefringence around the spindle poles
presumably caused by growth of new polar microtubules in
the permeabilized cell (Fig. 8d). No such changes are ob-
served if cells are lysed in aged tubulin incapable of in vitro
polymerization.

Fluorescein-S, stains almost all the cells on a cover slip
after a 5-min lysis period, especially the dividing cells (Fig.
9a-e); however, no staining is observed if the cells are

unlysed (Fig. 9f) and staining is decreased if 5 mM ATP is
added to the lysis medium. Two types of staining patterns
are observed; most cells including all dividing cells are
diffusely stained, but in a small number of interphase cells
(~5%), the staining is less diffuse and associated primarily
with the stress fibers (Fig. 9e). The phase appearance of
these interphase cells suggests they are more heavily ex-
tracted than the diffusely stained cells. In mitotic cells, there
is no increased staining in the spindle but the condensed
chromosomes stand out either as regions of increased (Fig.

FIGURES 10-13  Ultrastructure of anaphase PtK, cells before and after lysis. Fig. 10 shows the cine record of anaphase cell fixed
during process of moving chromosomes. a, Before lysis; b, after 2 min; c, after 4 min; and d, after 7 min. X 1,200. Fig. 11 shows a
longitudinal section of an anaphase spindle cut perpendicular to the substrate on which the cell was growing. At the time of
fixation, the cell had been in lysis medium for 8 min and the chromosomes were still moving poleward. Note that the cytoplasm
shows little apparent extraction. X 7,500. Bar, 2 pm. Fig. 12 shows the cortex of lysed and unlysed cells. (a) Surface of a cell after
8 min in lysis medium. This is the same cell shown in 10 a-d. Relatively little plasma membrane (arrow) remains. (b) Cell that has
retained its plasma membrane (arrow) after 6 min lysis. (c) Plasma membrane and cortex of an unlysed dividing cell. X 57,000. Bar,
0.2 pm. Fig. 13 shows the mitochondria of unlysed and lysed cells. (a) Mitochondria in an unlysed cell showing typical flattened
cristae and elongate shape. {(b) Mitochondria in a cell after 2 min lysis. The internal membranes appear swollen and the
mitochondrial matrix material is less dense than in untreated cells. This round profile is typical; one rarely sees elongate

mitochondrial shapes in lysed cells. Bar, 0.2 um. X 44,000.
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9c) or decreased fluorescence (Fig. 9d). In cleaving cells,
the cytoplasm is uniformly stained and there is no increase
in stain density in the cleavage furrow (Fig. 9d).

We have examined the ultrastructure of cells fixed at
various times after lysis (Figs. 10~13). In all cases, the cells
examined were known to be moving chromosomes at the
time of fixation (Fig. 10 a-d). The ultrastructure of these cells
is similar but not identical to that of unlysed cells (Fig. 11).
The most striking difference is that the plasma membrane of
many of the lysed cells was noticeably disrupted. In a few
cases, large holes were present in the plasma membrane
(Fig. 12 a), but some cells did not exhibit a visible change in
unit membrane morphology (Fig. 12 b). Lysed cells were also
characterized by blebs of membrane and other debris at-
tached to their surfaces which were not found on unlysed
cells (Fig. 11).

The cytoplasm underneath the disrupted membrane of
the lysed cells did not look noticeably different from that of
the unlysed cell (Fig. 12 a—=c). in maost cases, the density of
staining of the ground substance was similar in both unlysed
and lysed cells (cf. Fig. 13a and b), and microfilaments,
microtubules, and intermediate filaments were found in
both classes of cells. Although most cytoplasmic organelles
were not disrupted by the lysis protocol, mitochondria in
lysed cells were swollen and the cristae distorted (Fig. 13).
This change was noticeable even after 2 min in the lysis
medium. The mitochondrion shape change was also visible
in light micrographs (cf. Fig. Ta and b). The changes de-
scribed above were not progressive. That is, we could find
examples of membrane disruption, etc., in cells fixed after 1
or 8 min in the lysis medium and the extent of intracellular
disruption did not depend on when the cells were fixed.

Discussion

The mild lysis procedures utilized here produce a cell
model with a complexity approaching that of living cells.
This complexity may be essential for maintaining spindle
and cleavage furrow function and may allow us to eventually
manipulate other processes essential to cell division, such as
cleavage initiation and spindle formation.

Because the ultrastructure of the lysed cell is similar in
background density to that of unlysed cells, we feel confi-
dent that our own fixation procedures are giving us a rea-
sonable picture of lysed cell structure. If the ceils had
appeared to be highly extracted, we would not have known
whether these differences reflected the true state of affairs
before fixation or were a result of differential susceptibility
to extraction during fixation and processing for electron
microscopy.

The complexity of the cytoplasm and the presence of
membrane-bounded compartments after lysis may provide
barriers to uptake and diffusion of molecules throughout
the cell model. Although dye uptake is rapid and uniform,
fluorescently labeled protein uptake occurs more slowly,
and not all cells in a preparation are stained to the same
extent by the larger molecutes. However, even given these
problems of variability, we can demonstrate that NEM-S,
penetrates the cortex of cells and interacts with the contrac-
tile machinery of the cleavage furrow within 90 s after lysis,
and that neurotubulin is incorporated into the spindles of
permeabilized mitotic cells and interferes with spindle func-
tion within several minutes after lysis. In this regard, the unit
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membrane morphology observed in the plasma membrane
and other membrane-bounded organelles may not reflect a
functional permeability barrier to dye and protein uptake.

As would be expected, the distribution of fluorescent S,
in the Brij 58/Carbowax-treated cells was different than the
distribution of stain in glycerinated or formaldehyde fixed
cells after antiactin or fluorescently labeled heavy mero-
myosin treatment (12, 15, 21, 34, 37). The majority of inter-
phase cells and all mitotic cells were diffusely stained and
in only a few interphase cells were stress fibers predominant.
The diffuse image observed in this experiment may be
caused by the retention in the permeabilized cell of loosely
organized actin, i.e., an actin gel that is lost or rearranged in
glycerinated or fixed cells. Alternatively, some of the diffuse
staining pattern may be caused by nonspecific trapping of
Sy in the cells even after rinsing.
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