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ABSTRACT Our previous studies showed that 10% dimethyl sulfoxide (DMSO) induces the
formation of actin microfilament bundles in the cell nucleus together with the dislocation of
cortical microfilaments from the plasma membrane . The present study investigated the effects
of DMSO on diverse activities mediated by cellular microfilaments as the second step toward
assessing potential differences between nuclear and cytoplasmic actins of Dictyostelium
mucoroides. DMSO was found to reversibly inhibit cell-to-glass as well as cell-to-cell adhesion,
cell locomotion, and cell multiplication, whereas cytoplasmic streaming and phagocytosis were
not obviously inhibited .
Also, 5% DMSO inhibited cytokinesis but did not totally inhibit cell growth thus leading to

the development of giant cells more than 10 times larger than normal cells. Transmission
electron microscopy using serial thin sections showed the occurrence of multinucleation in the
DMSO-induced giant cells. After the removal of DMSO, the giant multinuclear cells underwent
multiple cytoplasmic cleavage producing normal-sized mononuclear cells.
The nuclear division in the DMSO-induced giant cells was unique in that no spindle

microtubules were formed, and vesicles appeared inside the nucleus forming a transverse
partition of the nuclear envelope . The presence of actin filaments in those nuclei was
demonstrated by a binding study with skeletal muscle myosin subfragment-1, and their possible
involvement in this mode of nuclear division is discussed .

Since Ryser (30) first found microfilaments in the nuclei of
Physarum polycephalum, considerable evidence showing the
localization of actin in the cell nucleus has accumulated. Ultra-
structural studies have proven the existence of actin filaments
in mitotic cell nuclei of crane fly (3) and locust (17) testes.
Actin has also been identified in nuclear as well as chromosome
nonhistone proteins in rat liver (8), P. polycephalum (19), and
Dictyostelium discoideum (22) . We found that dimethyl sulf-
oxide (DMSO) induces the formation of huge microfilament
bundles of actin in the Dictyostelium nucleus (13) . We have
shown that this formation of nuclear bundles could also be
induced in interphase nuclei of Amoeba proteus, HeLa cells
(14), and Tetrahymena pyriformis and Friend's leukemic cells
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of mouse (Katsumaru and Fukui, manuscript in preparation) .
Forer and Jackson (12) and Forer (11) found actin filaments

in Haemanthus endosperm, and proposed that the microfila-
ments play a role in chromosome separation during mitosis
together with microtubules. Sanger and Sanger (31) and Cande
et al . (6) also presented data showing the involvement of actin
filaments in mitotic spindle bodies of rat kangaroo cells by
fluorescein isothiocyanate-heavy meromyosin binding and in-
direct immunofluorescence technique, respectively . The orga-
nization and content ofnuclear actin were discussed in relation
to the growth state, as well as the malignant transformation of
cells of mouse embryonic fibroblast (4) and Chinese hamster
ovary cells (24) . Rubin et al . (29) demonstrated that nuclear



actin is more highly polymerized than cytoplasmic actin in A .
proteus, and that the nuclear actin might function in chromatin
condensation.
The ultimate goal of our studies is to clarify the function of

nuclear actin by verifying the mechanisms of microfilament
organization in vivo and the potential differences between
nuclear and cytoplasmic actins . To reach this goal, we have
examined the dynamic formation and reversion of nuclear
actin microfilaments and factors affecting their bundling (15).
The present study is the next step : namely to examine how the
properties of nuclear actin differ from those of cytoplasmic
actin . In this respect, DMSO is a powerful tool for the study of
microfilament organization, because a high concentration ofit
induces the formation of bundles of nuclear actin microfila-
ments (13, 14), and its effect on the cytoplasmic microfilaments
is different thereby causing a dislocation of the filaments from
the plasma membrane (15) .
This study examined the effects of low concentrations of

DMSO on diverse motile activities of cells in terms of adhe-
siveness, phagocytosis, cytoplasmic streaming, locomotion, and
multiplication. DMSO reversibly inhibited some ofthese activ-
ities in Dictyostelium mucoroides cells . In addition, DMSO
affected the growing cells by inhibiting cytokinesis . In such
giant cells, a novel nuclear division occurred resulting in the
formation of highly multinucleated cells. Furthermore, a bind-
ing study with rabbit skeletal muscle myosin subfragment-1 (S-
1) verified the existence ofactin microfilaments in those nuclei,
which may be responsible for this mode of nuclear division .

MATERIALS AND METHODS

Cell Cultures
D. mucoroides, strain Dm-7, was cultured on nutrient agar plates with Esche-

richia coti (B/r) at 22'C (5) . At the confluent stage, the cells were washed with
Bonnet's salt solution (10mM NaCl, 10 mM KCI, 3 mM CaCl2) by centrifugation
(150 g, 2 min). For a liquid-shake culture, the method of Fukui and Takeuchi
(16) was used: The cells were suspended in 1/60 M Na/K-Sörensens phosphate
buffer (pH 6.5) containing the bacteria and then incubated on a reciprocating
shaker (110 rpm) or an 8-shaped shaker (50 rpm) at 22°C .

DMSO Treatment
The cells were washed with Bonner's salt solution and then resuspended in

the salt solution containing various concentrations ofDMSO .

Cell Adhesion Test
The cell-to-glass adhesion test was performed using the method of Yabuno

(38) . The cells at the early aggregation stage were washed three times with cold
distilled water.The final pellet was suspended in Bonner's salt solution containing
various concentrations of DMSO . A portion of the suspension was placed on an
acid-washed glass coverslip and allowed to stand for 20 min. The coverslip was
gently rinsed in the salt solution, and the number ofthe cells (n� ) fixed in a 0.04-
mm' area was counted using an eyepiece grid micrometer (Sylvox Scientific Co.,
Morris Plains, N. J .) under a phase-contrast microscope . Next, the coverslip was
washed with thesalt solution (flow rate : 50 ml/30 s), andthe number of remaining
cells (n) was counted in the same field. The degree of adhesiveness was repre-
sented by the percentage of cells remaining (n/n �x 100) .

The cell-to-cell adhesion test involved the suspension of cells in the salt
solution containing0(control), 5, or 10% DMSO at a density of 10' cells/mt. The
l0-ml suspension was placed in a 125-ml Erlenmeyer flask and incubated on a
reciprocating shaker (110 rpm) at 22°C, The inhibition ofadhesion by DMSO
was estimated by counting the total number of particles (cells and aggregates)
after 5, 15, 30, and 60 min ofincubation.

Cell Locomotion Test
Cells at the early aggregation stage werewashed threetimeswith cold Bonner's

salt solution, and the salt solution was added to the final pellet to make a
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suspension of 10" cells/ml . The cells were suspended in various concentrations of
DMSO diluted with the salt solution to make a suspension of 10' cells/ml . After
15 min, a portion of the sample was placed on a slide glass covered with a thin
layer of agar . The excess suspension was removed after IS min and the sample
was then covered with a thin glass slip. At least 40 cells in three different fields
were observed under a phase-contrast microscope to trace their movement for 20
min. The trails of the cells were plotted on a section paper by using the eyepiece
grid micrometer, and their locomotion distance was estimated using a map
measure. The degree of cell locomotion was represented by the average velocity
of the cells (micrometers per hour).

Measurement of Packed Cell Volume
Cells were separated from the remaining bacterial food supply by three

successive low-speed centrifugations (150 g, 2 min) . Afterwards the cells were
sedimented in McNaught and Mackey-Shevsky-Stafford sedimentation tubes
(Owens-Illinois Inc., Vineland, N. J .) by centrifugation (275 g, 3 min), and the
packed cell volume was read directly from the scale of the tube.

Nuclear Number
A portion of the cell suspension was placed between a glass slide and a thin

glass coverslip . Excess salt solution was removed with a piece of filter paper.
After a while, the cells were squashed naturally by the surface-tension pressure,
resulting in the extrusion of the nuclei . The nuclei could be identified by their
size, dark nucleoli, and moderate light density of their matrix under a dark-
contrast phase-contrast microscope. The extruded nuclei were counted while
under the microscope .

S-1 Binding Study
Rabbit skeletal muscle myosin was purified according to the method of Perry

(23). S- I was separated from freshly prepared myosin according to the method of
Weeds and Taylor (34). A single peak of the S- l sample was used after the
Sephadex G-200 column chromatography instead of DEAF chromatography.
The binding study of S-1 was performed according to the method originally

developed by Ishikawa et al . (l8) and was recently modified by Begg et al . (2).
Cells were glycerinated through 5, 10, 25, and 50% glycerol in G-solution (50
mM KCI, 5 mM Na-EGTA, 2 mM dithiothreitol, 5 mM MgCh, 10 mM Tris-
HCI, pH 7.2) for 20 min each at 0°C, After the preparations had been kept at
4°C for 15 h, glycerol was removed at 0°C through 50, 25, 10, and 5% glycerol
in H-solution (50 mM KCI, 5 mM Na-EGTA, 10 mM Tris-HCI, pH 7.2) . The
glycerinated preparations were treated with S-1 in H-solution (2 mg/ml) for 12
h at 0°C and then washed with H-solution for I h at 0°C.

Electron Microscopy
Cells were sedimented by centrifugation (150 g, 2 min), and the pellet was

embedded in 2% agar. Small pieces of agar (- l-2 mm'') containing the cells were
processed for electron microscopy using the method of Fukui (13) . They were
fixedwith a mixture of 1% paraformaldehyde and 1.25% glutaraldehyde,postfixed
with I% OSO,, and embedded in Spurr's resin . Just before the fixation of S-1-
treated cells, the fixative was mixed with tannic acid to make a 0.5% solution in
accordance with the method of Begg et al. (2) . Thin sections (-1,500 t1 thick)
were prepared in an Ultrotome III (LKB Instruments, Inc., Rockville, Md .) with
a diamond knife (DuPont Instruments, Wilmington, Del.). The sections were
stained with 25% uranyl acetate in methanol and Reynolds' lead citrate, and were
observed under a JEM 100-C electron microscope,

Chemicals Used
DMSO (Sigma Chemical Co., St. Louis, Mo . ; Merck Chemical Div., Merck

& Co ., Inc., Rahway, N. J.), glutaraldehyde, paraformaldehyde, and Spurr's low
viscosity embedding medium (Polysciences, Inc., Warrington, Pa .), osmium te-
troxide (Merck Chemical Div.), and Sephadex G-200 (Pharmacia Fine Chemi-
cals, Div. of Pharmacia Inc., Piscataway, N, J.) were used.

RESULTS

Effects of DMSO on Cell Adhesion
Adhesion of the cells to glass was inhibited by the treatment

with DMSO (Fig. 1) . The adhesiveness diminished in the
inverted sigmoidal way as the concentration of DMSO in-
creased from 1 to 10% . This inhibition of the adhesion disap-



FIGURE 1

	

Reduction in cell-to-glass adhesiveness of D. mucoroides
cells by DMSO . The adhesion rate is represented by the percent of
cells remaining on the glass surface after washing with the flow of
salt solution .

peared within 60 min after washing the cells with salt solution.
Cell-to-cell adhesion was also susceptible to DMSO. After a

15-min incubation, the total particle number of the cells in 0,
5, or 10% solution was 10, 3l, or 42% of the initial cell number,
respectively. This inhibition of the cell-to-cell adhesion re-
mained almost constant during the following 30 min, and
disappeared within 30 min after the washing.

Effects of DMSO on Cell Locomotion
The average locomotion velocity ofthe cells diminished with

increasing concentrations of DMSO, and 10% DMSO totally
inhibited the locomotion (Fig . 2) . It was also apparent that the
treatment with DMSO caused distinct changes in cell shape . In
0 or 2.5% DMSO, the cells formed many long filopodia on
membrane ruffles at their anterior ends . In 5% DMSO, filo-
podium formation was totally inhibited, and under a phase-
contrast microscope, only a single broad pseudopodium (lo-
bopodium) at the anterior end was observed . In 10% DMSO,
the cells were rounded-up and displayed no locomotion.

Effects of DMSO on Cell Growth
At 0-2.5%, DMSO had virtually no effect on cell multipli-

cation . However, in 5% DMSO, the growth of the cells, esti-
mated by cell number per milliliter, was inhibited . The dou-
bling time ofthe cells incubated in 5% DMSO was 7.5 h on the
average, whereas it was 3.0 h in 0, 1, or 2.5% DMSO. When
the cultures were started at the cell density of 1 x 105 cells/ml,
the final yield of the cells after a 48-h incubation was -5 x 10'
cells/ml in 0-2.5% DMSO, whereas it was 5 x 106 cells/ml in
5% DMSO.
A dramatic difference was that the diameter of the cells

incubated in 5% DMSO increased up to 11-12 1,m (Fig. 3),
whereas the diameter of the control cells was on the average 7-
7 .5 [.m after a 48-h incubation . The packed volume of the cells
incubated in 5% DMSO was 0.14 ml/ 108 cells, whereas it was
0.05 ml/108 cells for the control cells . This increase in cell size
in 5% DMSO therefore must involve growth .

Effects of DMSO on Other Motile Activities
Active non-Brownian movement of granules was evident in

the cytoplasm ofcells treated with DMSO at concentrations as
high as 10% . Series of serial thin sections of whole cells also

FIGURE 2

	

Inhibition of cell locomotion by DMSO in D. mucoroides
cells. The locomotion rate is represented by the average velocity of
the cells (micrometers per hour) .

demonstrated that many bacteria were engulfed by cells cul-
tured in 5% DMSO through apparently normal phagocytosis.
These results showed that cytoplasmic streaming and phago-
cytosis obviously were not inhibited by DMSO at concentra-
tions that resulted in the rounding-up of cells as well as the
inhibition of locomotion .

Multinucleation Induced by DMSO
Cells that had been cultivated in 5% DMSO had single large

nuclei at their late growth stage when viewed with a phase-
contrast microscope, whereas cells at their confluent stage had
multiple normal-sized nuclei. The number of nuclei in those
multinuclear cells was estimated using a phase-contrast micro-
scope (Fig. 3 b); 92% was multinucleate and 9% (8 of the 92%)
contained more than 10 nuclei, whereas in control cultures,
only 1% was binucleate and 99% was mononucleate (Fig. 4) .
The multinuclear cells resulting from 5% DMSO treatment

underwent multiple cytoplasmiccleavage producing active nor-
mal cells after washing with the salt solution (Fig . 3 c) . These
washed cells were able to form normal fruiting bodies when
they were incubated on agar plates . Interestingly, the diameter
of the spores (5 .5 ± 1 .8 Ftm) was larger than that of the control
spores (4.9 t 0.8 Lm); some of the spores were banana-shaped,
making them unique to polyploid cells (16) .
The ultrastructure of the giant cells that developed in 5%

DMSO was investigated by transmission electron microscopy.
Cells at the late growth stage contained single large nuclei that
were -10 Ittm in diameter (Fig . 5 a) . Such large nuclei were
round and contained peripheral nucleoli of high electron den-
sity . Interestingly, a portion of the nuclear envelope had a
unique outpocketing structure, and this projection was associ-
ated with a possible microtubule-organizing center called a
spindle pole body (20) or nuclear-associated body (NAB) (27,
28) (Figs . 5 a and 7 a) . The high-magnification micrograph of
this structure clearly showed that many microtubules originated
from the electron-dense disk-shaped structure, confirming that
this structure was identical to NAB (Fig. 5 b) .

Cells at the confluent stage also contained multiple normal-
sized nuclei that were -3 pin in diameter. The multinuclear
state ofthe cells was clearly demonstrated by serial thin sections
of several cells: one of them is illustrated in a reconstituted
mode from 72 serial thin sections (Fig . 6) . These serial thin
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FIGURE 3

	

Phase-contrast microscopy of DMSO-induced giant multinuclear cells. (a) Cells grown in 5% DMSO for 48 h, showing
the rounding-up of the shape and the variation in the size of the cells. X 1,150. (b) Squashed cells showing the extrusion of many
nuclei . Nuclei could be identified according to their size, dark nucleoli, and moderate light density under a dark-contrast phase-
contrast microscope . Two larger cells were squashed, but one smaller cell remained intact . Two typical nuclei are indicated by
arrows . X 1,500. (c) A giant multinuclear cell performing cytoplasmic cleavage I h after the removal of DMSO . Cleavages are
occurring at the points indicated by arrows . X 1,000. Bar, 10 Am .

FIGURE 4

	

A histogram showing the frequency distribution of nuclei
in cells incubated in 5% DMSO . An aliquot of cell suspension
incubated for 48 h was put on a glass slide, and the nuclei were
counted directly by the method descrbied in the text . In controls,
only i% was binucleate, and the remaining 99% was mononucleate .
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sections also showed that each nucleus was associated with a
single NAB.

Novel Nuclear Division in DMSO-induced
Giant Cells
During the late growth stage of cells, dumbbell-shaped nuclei

were observed side by side with the large round nuclei. Serial
thin sections showed that each portion of a dumbbell-shaped
nucleus was associated with a single NAB. Inside these large
or dumbbell-shaped nuclei, membranous structures forming
clusters of vesicles were evident (Fig . 7 a) . The high-magnift-
cation micrograph of such nuclear vesicles showed that some
portions of the vesicles were open to the nuclear matrix,
suggesting that they may have been in the process of synthesis
or membrane fusion (Fig. 7 b) .

In sections cut just beneath the nuclear envelope at the
constricted region of the dumbbell-shaped nucleus, the nuclear
vesicles were arranged like a transverse partition cutting the
nucleus in two (Fig . 7 c) . It is noteworthy that the filamentous
structure were observed running along the plane of constriction
as if it was responsible for constricting the nucleus (Fig. 8 c) .
The overall morphology of these filaments was ring-shaped,
similar to the "contractile ring" of Schroeder (32) . In sections
of the central part of such dumbbell-shaped large nuclei or of
normal-sized nuclei in multinuclear cells, a filamentous zone,
-..160-180 nm thick, was evident along and beneath the inner



FIGURE 5

	

Transmission electron micrographs showing the fine structure of cells incubated in 5% DMSO. (a) A large round nucleus
of a cell at the late growth stage that is associated with a NAB (arrow) . An outpocketing of the nuclear envelope at the site of the
NAB and cytoplasmic microtubules originating from the body are evident . The NAB looks like a doublet, suggesting that it has
already finished the duplication which must precede nuclear division . X 32,000. Bar, 1 ftm . (b) A high-magnification micrograph of
a typical NAB showing the disk-shaped central body, vesicles in the surrounding matrix, and cytoplasmic microtubules originating
from the complex . X 112,000. Bar, 0.2 gm .

membrane of the nuclear envelope (Fig . 8 a and b) . The
diameter ofeach filament was 6.8 nm on the average according
to examination of 25 cross sections of the filaments (Fig. 8 b) .

Once the DMSO-induced giant cells were glycerinated, the
filamentous zone beneath the nuclear membrane could not be
seen . However, a few microfilaments decorated with myosin
S-1 were identified inside the nucleus of such giant cells .
Interestingly, some of these actin filaments were present in the
vicinity of the nuclear vesicles (Fig . 8 d).

DISCUSSION

Effects of DMSO on Cell Adhesion
and Locomotion
The present study shows that cell adhesion and locomotion

of D . mucoroides cells are inhibited by DMSO. These inhibi-
tions undoubtedly account for the effect of DMSO on aggre-
gation during the development of the organism described in a
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FIGURE 6

	

Athree-dimensional drawing of a giant multinuclear cell
reconstructed from 72 serial thin sections of a cell grown in 5%
DMSO . This cell was at its confluent stage of the culture and
contained 11 nuclei . Each nucleus was round and was associated
with a single NAB. It is noteworthy that the formation of small
spikes on the surface and the ability to engulf bacteria were not
totally inhibited, although the overall morphology of the cell was
round. Bar, 10,um.

previous study (15) . It is interesting that 5% DMSO also inhibits
the formation of filopodia, which agrees with our previous
finding that DMSO causes a dislocation of cortical microfila-
ments from the plasma membrane (15) .

In other words, this dislocation may be the reason for the
inhibition of filopodium formation, resulting in a reduction of
the rate of locomotion . However, the cytoplasmic streaming,
indicated by the active movement ofgranules, was not inhibited
by DMSO, suggesting that DMSO might not act directly on
the microfilament elements of the cellular contractile machin-
ery, but rather may affect the interaction of the microfilaments
with the plasma membrane .

Mechanism of Multinucleation and Its
Physiological Meaning
Cytochalasin B inhibits cytokinesis resulting in the formation

of multinuclear Earle's L cells (7) and human cultured lym-
phocytes (25) . Cytochalasin B-induced multinuclear cells un-
derwent "multiple cytoplasmic cleavage" after removal of the
drug (7) . Also, the mode of the increase in nuclear number is
by "progressive addition" (25) . These facts suggest that there
are some similarities between the DMSO- and Cytochalasin B-
induced multinucleation. As I have indicated in the foregoing
section, the inhibition of cytokinesis by DMSO might be
through its action on the plasma membrane . This idea is
attractive because it has also been suggested that Cytochalasin
B may also act on the plasma membrane by inhibiting "mem-
brane fusion" during cytokinesis in Novikoff hepatoma cells
(9) .
Normal cells are less sensitive than virus-transformed cells

in Cytochalasin B-induced multinucleation, and only a small
portion of the normal cells become multinucleate (l, 37). The
DMSO-induced multinucleation in D. mucoroides resembled
the case of transformed cells treated with Cytochalasin B in that
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the frequency of the multinuclear cells was as high as 92% (Fig .
4) .
The present study suggests that the inhibition of cytokinesis

by DMSO initially caused the increase in nuclear and cellular
volume (Figs. 5 a and 7 a) . The large nucleus subsequently
underwent a series of nuclear divisions producing multiple
normal-sized nuclei in the cell. ADMSO-induced multinuclear
cell, 13 times larger in volume than a normal cell, contained at
least l 1 nuclei . Obviously, a regulatory mechanism operated to
keep the cytoplasm/nucleus ratio constant . This regulatory
mechanism might be equivalent to that found during naturally
occurring amitosis (26, 33, 36); it is probably a "means of
increasing the nuclear surface and DNA content" (33) .

Mechanism of the Unique Nuclear Division
After DMSO was removed, the large multinuclear cells

underwent multiple cytoplasmic cleavage producing normal-
sized mononuclear cells . However, large, banana-shaped spores
were produced by some of these cells . This must indicate an
increase in DNA content or polyploidization which occurred
during the culture in 5% DMSO.
The novel nuclear division described in the present study is

an alternative of normal mitosis . It is unique in that neither
metaphase chromosomes nor spindle microtubules were ob-
served, that no dispersion of nucleoli occurred, and that the
nucleus was divided by a transverse partition of a newly
organized nuclear envelope . This structure might be compa-
rable to the "nuclear plate" namedby Wilson (35) for the light-
microscopic structure observed in animal cells performing
amitosis . Each nucleus involved in the multinuclear cell was
associated with a single NAB, and the nuclear envelope formed
a prominent outpocketing in the vicinity of NAB (Figs. 5 a and
7 a) . In interphase nuclei, NABS were linked to the nuclear
envelope, and this connection remained intact after the nuclei
were isolated by the method of Pederson (22) (our unpublished
data). Furthermore, cytoplasmic microtubules originating from
the NAB formed a radial cytoskeleton network as ifthey might
anchor the nucleus. These observations suggest that the NAB
complex, composed of nuclear envelope outpocketing, NAB,
and microtubules, may determine the position of the nucleus
and provide anchorage for the nucleus.
The change in the nuclear form to that of a dumbbell shape

is probably related to the 160-180-nm-thick filamentous zone
beneath the nuclear envelope, which is composed of 6.8-nm-
thick filaments. This structure is apparently different from the
nuclear lamina (reference 10, Fig. 20), or zonula nucleum
limitans (21) in its morphology and dimensions (30 or 50 nm
thick, respectively), but is rather similar to randomly oriented
cytoplasmic microfilaments . Interestingly, the thickness of the
filamentous zone matches that of the contractile rings in a
variety of organisms (100-200 nm) (reference 32, p. 432), which
have been established as being composed of actin . The present
study demonstrates, by the binding study with myosin S-1, that
actin filaments actually exist in dividing nuclei . Interestingly,
some of these actin filaments could be identified in the vicinity
of the nuclear vesicles, suggesting that they may function in
organizing the nuclear vesicles to form the "nuclear plate," and
at the same time, providing the force to constrict the nucleus to
produce a dumbbell shape.

I express my sincere gratitude to Dr. John T. Bonner for his constructive
criticisms during the course of this study and in the review of the
manuscript . 1 am grateful for a grant from the Yamada Science



FIGURE 7

	

Transmission electron micrographs of cells incubated in 5% DMSO showing vesicular structure in the nuclei . (a) A large
nucleus associated with an NAB (arrow) that was originating cytoplasmic microtubules . An outpocketing of the nuclear envelope
at the point of the NAB and a vesicular structure inside the nucleus are apparent . This vesicular structure is probably a precursor
of the nuclear envelope that will partition the nucleus in the nuclear division that follows . The electron-dense materials attached
to the inner membrane are nucleoli . X 8,000 . (b) A high-magnification electron micrograph of the nuclear vesicles . It should be
noted that the vesicles are surrounded by electron-dense material, and that some portions of the vesicles are open to the nuclear
matrix (arrows) . X 80,000 . (c) A dumbbell-shaped nucleus that is probably undergoing nuclear division . This section was cut just
beneath the nuclear envelope at the constricted region of the nucleus, showing that the nuclear vesicles are arranged to form a
transverse partition (nuclear plate, indicated by arrows) . Oblique section of nuclear pore complexes are also apparent . X 17,000 .
(d) A high-magnification electron micrograph of the nuclear plate of (c) . Some vesicles appear to be fusing to form a newly
organized nuclear envelope (small arrow) . X 48,000. (a and c) Bar, 2 pm . (b and d) Bar, 0 .2 pm .

Foundation and for the hospitality of the Department of Biology,
Princeton University for making it possible for me to perform the
present study . I am indebted to Dr . James C . W . Chen for the
discussion of amitosis, to Dr. George B . Witman for reviewing the
manuscript, and to Joel Swanson for drawing a three-dimensional
illustration of the multinuclear cell from the serial thin sections . My

thanks are also given to Dr . Akio Inoue and Takayuki Miyanishi of
the Department of Biology, Osaka University for the isolation of
myosin S-I, and to Mrs. Hannah Suthers and Ms. Dorothy Spero for
their help during the course of this study .
A part of this study was presented at the Cold Spring Harbor

Meeting on Cell Motility, New York, 18 May 1979 .
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FIGURE 8

	

Transmission electron micrographs showing the nuclear microfilaments of cells cultured in 5% DMSO . (a) A longitudinal
section of a large dumbbell-shaped nucleus . This section was cut at the center of the nucleus. A filamentous zone, --160 nm thick,

is evident beneath the nuclear envelope (arrows) . x 26,000. (b) A relatively thick (-180 nm) thin section of a normal-sized nucleus

in a multinuclear cell, showing the 180-nm-thick filamentous zone that is present beneath the nuclear envelope (large arrows) .

The diameter of the filaments estimated from 25 cross sections (small arrows) is 6.8 nm on the average. x 26,000. (c) A longitudinal

section of a dumbbell-shaped nucleus, which was cut just beneath the nuclear envelope at the constricted region, demonstrating

that thin filaments are oriented to form a ring structure surrounding the constricted region . x 43,000 . (d) A high-magnification

electron micrograph of a nuclear microfilament decorated with myosin S-1, confirming that this microfilament is actin. Note that

the polarity of this filament is pointing to the nuclear vesicles, and that it finishes in the vicinity of the vesicles . x 88,000 . (a and

b) Bar, 1 g.m . (c and d) Bar, 0.5 Im .
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