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ABSTRACT

The role of microfilaments in generating cell locomotion has been investigated in glial
cells migrating in vitro. Such cells are found to contain two types of microfilament systems:
First, a sheath of 50-70-A in diameter filaments is present in the cytoplasm at the base of
the cells, just inside the plasma membrane, and in cell processes. Second, a network of
50-A in diameter filaments is found just beneath the plasma membrane at the leading
edge (undulating membrane locomotory organelle) and along the sides of the cell. The
drug, cytochalasin B, causes a rapid cessation of migration and a disruption of the micro-
filament network. Other organelles, including the microfilament sheath and microtubules,
are unaltered by the drug, and protein synthesis is not inhibited. Removal of cytochalasin
results in complete recovery of migratory capabilities, even in the absence of virtually all
protein synthesis. Colchicine, at levels sufficient to disrupt all microtubules, has no effect
on undulating membrane activity, on net cell movement, or on microfilament integrity. The

microfilament network is, therefore, indispensable for locomotion.

INTRODUCTION

The means by which vertebrate cells migrate over
a substratum has received a great deal of experi-
mental and speculative attention. Abercrombie
and his coworkers have shown that an ‘“‘un-
dulating” or “fluttering” membrane always forms
at the leading edge of cells actively migrating in
culture, and that the first effect of contact inhibi-
tion of migration is immobilization of this “flutter-
ing membrane” locomotory organelle (see Aber-
crombie, 1961 for review). The means by which the
fluttering membrane operates is unknown. Even
theories proposing sol-gel transformations as the
basis of locomotion include a process of contraction
in the locomotor activity (Marsland, 1964). Since
the contraction of muscle cells is invariably asso-
ciated with filament systems, the hypothesized
contractions in migratory cells may also be of a
filamentous nature.

Electron microscope analyses have revealed the
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presence of microfilaments 40-50 A in diameter in
the cytoplasm: of cultured cells (Goldman and
Follett, 1969), and it has been speculated that such
filaments are responsible for locomotion by their
contractile activity (Ambrose, 1961 ; Goldman and
Follett, 1969; Ingram, 1969). However, there has
been no direct demonstration of a relationship
between locomotory behavior and cytoplasmic
filaments, nor between filaments and contractile
activity.

The drug cytochalasin B inhibits cytokinesis
(Schroeder, 1969), salivary gland morphogenesis
(Spooner and Wessells, 1970), estrogen-induced
oviduct gland formation (Wrenn and Wessells,
1970), and “growth cone” function in nerve cell
axon elongation (Yamada et al., 1970), apparently
by altering 50 A microfilament systems in the cyto-
plasm. The drug has also been shown to stop cell
movement in vitro (Carter, 1967). The present
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study demonstrates a correlation between the
effects of cytochalasin B on movement of glial cells
in culture and the cytoplasmic filament systems of
those cells.

MATERIALS AND METHODS
Cell Culture

Glial cell cultures were established from embryonic
dorsal root ganglia. Lumbrosacral dorsal root
ganglia were excised from 8-day White Leghorn
chick embryos and dissociated into single-cell sus-
pensions with 0.25%, trypsin in calcium-magnesium~
free salt solution by previously described procedures
(Yamada et al., 1970). Cells were plated out into
35 mm in diameter plastic Petri-style tissue culture
dishes (Falcon Plastics, Division of B-D Laboratories,
Inc.,, Los Angeles, Calif.) at a concentration of
approximately 2 X 10% cells per dish in 2 ml of
culture medium.

The medium employed was that described for
culturing nerve cells from the same ganglia (Yamada
et al., 1970, 1971). Although some experiments were
performed with nerve growth factor present, the
results presented here were all done or duplicated in
its absence.

Cultures were incubated at 37°C, high humidity,
under an atmosphere of 5%, COy in air. For cultures
requiring long periods of continuous microscopic ob-
servation, the bicarbonate buffer was eliminated
from the medium and replaced with 10 mu HEPES
(¥-2-hydroxyethylpiperazine-N’-ethanesulfonic acid,
Calbiochem, Los Angeles, Calif., modified from Fisk
and Pathak, 1969). This substitution had no de-
tectable effect on the results. All media were sterilized
by pressure filtration through a type GS Millipore
filter (Millipore Corp., Bedford, Mass.).

8 day embryonic chick heart was dissociated by
the same procedures, and cultured under the same
conditions without nerve growth factor and with
HEPES. 7-day primary monolayers were dissociated
with 0.25%, trypsin solution and subcultured under
the same conditions. All experiments were carried
out with these first passage cells.

Drugs

Cytochalasin B was added to cultures at concen-
trations of 7 ug or 10 ug per ml of culture medium.
The procedures for drug treatment, dimethyl
sulfoxide (DMSQO) controls, and “recovery” from
cytochalasin effects were as described by Yamada
et al. 1971. Cycloheximide (20 ug/ml; 7 X 1075 m;
Actidione, Upjohn Co., Kalamazoo, Mich.) was
used for inhibiting protein synthesis during recovery.

Colchicine (Calbiochem) was added to both glial
cell and fibroblast cultures at a concentration of 1.0
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ug/ml (2.5 X 1078 M). Stock solutions of colchicine
were prepared in Hanks’ balanced salt solution.

Isotope Incorporation and Radioautography

Cells were labeled with leucine-3H and processed
for radioautography as described by Yamada et al.
(1971). Grain counts were made over single, mono-
nucleated glial cells.

Microscopy

Living cultures were observed through phase-
contrast optics on an inverted microscope in a 37°C
constant temperature room. Cell movement was
followed by making periodic sketches as individual
cells migrated across a fixed microscopic field.
Such sketches were made to scale by using a cali-
brated grid in the ocular.

Cells were fixed and embedded for electron mi-
croscopy in the culture dish as described by Yamada
et al. (1971). Thin sections were taken parallel to the
surface of the dish, beginning with the substratum
side of the cell, using a Sorvall MT-2 ultramicro-
tome (Ivan Sorvall Inc., Norwalk, Conn.). Sections
were stained with uranyl acetate and lead citrate
(Venable and Coggeshall, 1965), and examined
with a Hitachi HU-11E electron microscope.

RESULTS
Normal Glial Cells In Vitro

Glial cells appear as highly spread cells on a
culture dish substratum. Individual cells have
irregular shapes characterized by one or occa-
sionally several undulating membrane regions
(Fig. 1). Migratory behavior traced with phase-
contrast optics shows that control, DMSO-treated,
and colchicine-treated (see below) cells move in
the same manner: normally the long axis of the cell
is parallel to the axis of movement, and one or a
few regions of undulating membrane are seen at
the forward tip of the cell; at unpredictable times,
movement in one direction may halt, and undulat-
ing membranes may form at any other point on the
cell surface and lead the cell off in a new direction.
The over-all elongate shape of the cell is often
adjusted to such a change in migratory direction
rather slowly, the result being that a highly elon-
gate cell can sometimes appear to move “side-
ways” until the shape is readjuated.

When viewed ultrastructurally, glial cells are
found to possess a variety of filament systems (Figs.
2-6). Thin sections through the base of the cells,
including tangentially cut portions of plasma
membrane and the region just inside, reveal a
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“sheath” of filaments 50-70 A in diameter ar-
ranged in a densely packed array (Figs. 5 and 6,
like those in rat embryo cells [Buckley and Porter,
1967]). In places this thin sheath is thickened into
bundles (see below). Individual filaments of the
sheath are predominantly oriented parallel to the
long axis of the cell; i.e., to the axis of cell move-
ment. Short cross-filaments may sometimes be seen
to connect long filaments of the sheath, much as
sidearms connect neurofilaments in an axon
(Yamada et al., 1971). In other instances, periodic
densities (ranging from 6000 to 12,000 A apart) are
scattered along the sheath (Fig. 6); in distribution
and morphology such patches are strikingly similar
to the “densities” seen in smooth muscle cell fila-
ment bundles, where they are thought to be the
equivalent of the Z bands of striated muscle cells
(Panner and Honig, 1970).

The thickened, bundlelike regions of the sheath
are composed of 50-70-A in diameter filaments
similar to those in the sheath proper. The bundles
may be seen near the lateral edges of the cells (Fig.
3), or more centrally. They have been termed
““stress fibers” by Buckley and Porter (1967). The
bundles are recognized as thickened portions of the
sheath because they can be followed in serial sec-
tions taken through the cells, beginning at the
basal or substratum side, and proceeding up
through the cell. These bundles can also be traced
into cell processes (Fig. 2), where they are the
main organelle filling the core of each process.

Another class of microfilaments is found imme-
diately beneath the plasma membrane of the
undulating membrane region and along the sides
of the cells. In these areas, microfilaments of about
50 A diameter are arranged as a network (Figs.
4 a, 4 b, 5). This filamentous network or lattice is
composed of interconnected short segments, and
thereby differs from the sheath, where long straight
filaments are predominant. The network appears
to be arranged as irregularly shaped polygons,
similar to those described for the peripheral cyto-
plasm of axonal growth cones (Yamada et al.,
1970, 1971). Elements of the network appear to
insert upon the inner surface of the plasma mem-
brane, and in rare cases seem to be in intimate
association with the edges of the filamentous sheath
or its bundles (see also Buckley and Porter, 1967).

Favorable sections taken through the lower
(substratum) side of the leading edge provide
remarkable views of membranous structures (Figs.
7, 8). These sacs are often in the form of elongated,
interconnecting channels (Fig. 7), associated in
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places with vesicles. Frequently, both vesicles and
elongated portions of the membranous array can
be traced into continuity with the plasma mem-
brane at the leading edge of the cell. Since the set
of membranous sacs is found very near the lowest
surface of the cells, it has been impossible to deter-
mine beyond doubt whether they represent folds in
lower plasma membrane or cytoplasmic mem-
branes such as smooth endoplasmic reticulum.
These membranous organelles have only been ob-
served near the leading edge of cells.

Sections taken farther up in glial cells (with
respect to the ventral surface) reveal other typical
organelles; mitochondria and extensive rough
endoplasmic reticulum, as well as free polyribo-
somal clusters, are present (Figs. 2 and 3). Micro-
tubules located between the nucleus and the un-
dulating membrane curve in a variety of directions
(Fig. 2); other microtubules run parallel to the
sides of the long trailing process of some cells.
Finally, 100-120-A in diameter tonofilaments
curve through the central cytoplasm of the cells
(Figs. 2 and 3).

Effects of Cytochkalasin B

The application of cytochalasin B (7-10 ug/ml)
results in the complete cessation of all cell migra-
tion within 5 min, while control cells, cultured
with or without 1.09;, DMSO, continue normal
migratory activity. In fact, more sensitive measure-
ments with time lapse cinematography by Carter
(1967) showed that inhibition of migration is “im-
mediate.” Although cell movement does not occur
after 5 min, the cells remain spread and flattened
on the substratum (see also Carter, 1967). After
5-15 min in cytochalasin, local cytoplasmic re-
tractions occur at the cell periphery, resulting in a
serrated appearance of the still thin and spread cell
margin (see also Fig. 3 in Carter, 1967). Later (6-
12 hr), extensive cytoplasmic retraction occurs and

- results in a ball-like shape of the central cell body

from which prominent cytoplasmic processes pro-
ject (Fig. 1). These processes remain in all immo-
bilized glial cells as seemingly rigid structures for as
long as 18 hr in the continuous presence of cyto-
chalasin. During this period, migratory behavior
has never been detected. In summary, the rapid
inhibition of cell movement by cytochalasin, in
contrast to the delayed effects on gross cell shape,
shows a clear temporal separation of these two
effects and establishes that cessation of locomotion
is not an indirect effect of the ‘“rounding-up”
phenomenon. '
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Electron microscope observations of cytochala-
sin-treated cells reveal further differences between
the two classes of fine filaments in glial cells. The
“sheath” of filaments at the base of the cells is
morphologically unaffected by the drug (Fig. 9).
Similarly, the large bundles of filaments, thought
to be thickened parts of the sheath, extend from
the center of the cells outward into the elongate
cell processes (Figs. 10 and 12). Even elevation of
the drug dosage to 50 ug/ml and treatment for 12
hr does not result in disruption of these filament
systems (Fig. 12). Perhaps these filament bundles
are involved in maintaining the rigidity of these
cell processes. If cytochalasin-treated cells possess-
ing long processes (for example, Figs. 1 ¢, 14d) are
treated with colchicine (2.5 X 107% M; see below
for ultrastructural effects of such dosage) for 24 hr
no alteration in the shape of the processes takes
place. Coupled with the observation that micro-
filament bundles are the major organelle of such
processes, this result suggests that these cytochala-
sin-insensitive structures are capable of playing a
skeletal role.

The filamentous network just beneath the
plasma membrane, at both the leading edge and
on the lateral sides of the cells, is altered by cyto-
chalasin B. At places where the network is found in
control cells, masses of densely packed material are
present (compare Figs. 10-14 with Figs. 4 a and
4 b). Such masses are seen as early as 8 min after
the drug is applied, and so their presence correlates
with the rapid inhibition of movement caused by
cytochalasin. The dense masses appear to be com-
posed of closely packed short segments of filaments
or of granular material (Figs. 13, 14). Even at high
magnifications it is difficult to resolve individual
elements in the dense masses. It is impossible to say,

therefore, whether or not the dense masses merely
represent a highly condensed or contracted form of
the original filamentous network, or whether they
are accumulations of disaggregated network ma-
terial.

All organelles other than the network (Figs.
10-12) appear normal in the presence of cyto-
chalasin (even at 50 ug /ml). In particular, there is
no significant or constant alteration or dislocation
of microtubules or of 100-120-A tonofilaments.

A striking feature of cytochalasin-treated cells
containing the dense masses is the frequent ap-
proach of ribosomes or other cellular organelles
close to the lateral plasma membrane of cells (Figs.
10, 11 4, 11 &, 13). Such a condition is not seen in
control cells, perhaps because such organelles are
precluded from entering the peripheral region of
the cells by the filamentous network that is nor-
mally there. The cytochalasin masses themselves
seem to exclude ribosomes and other organelles
(see Figs. 10, 13), just as the network did before its
demise. Another noteworthy aspect of the cyto-
chalasin-induced masses is their large size and
distribution upward from the lower surface of the
cell and inward from the periphery. Serial sections
far above the lower surface reveal such masses,
suggesting that large absolute quantities of ma-
terial are placed in the “dense mass” form by cyto-
chalasin.

To summarize to this point, cultured glial cells
are actively migratory and contain several types of
cytoplasmic microfilaments. The application of
cytochalasin B results in a rapid cessation of cell
migration, an alteration of the filamentous network
immediately under the plasma membrane of the
cells, and in later times a “retraction” from the

Figure 1 Control, cytochalasin-treated, and “recovered” glial cells in culture. (a) A highly elongate,
migrating glial cell. Note the large undulating membrane at the right that characterizes the leading
edge, and the long, straight extension trailing behind. Filamentous mitochondria ean be seen in the thin,
leading edge of the cell. (b) Another migratory glial cell showing the undulating membrane with filamen-
tous mitochondria. Note the size difference between this cell and the one shown in (a). (c-k) Glial cells
after 18 hr in 7 ug/ml of cytochalasin B. The centralportions of the cells are*‘rounded,” and long, often thick,
processes persist. Such cells exhibit no migratory activity. () Glial cells 8 hr after removal of cytochalasin
from the medium. The cells have again flattened on the substratum. (j) Another cell after 3 hr of re-
covery from cytochalasin. This cell exhibits a prominent undulating membrane and filamentous mito-
chondria. Such cells are actively migratory. (k) A migrating glial cell after 22 hr of recovery from cyto-
chalasin. (I-n) Migrating glial cells after 24 hr of recovery from cytochalasin in the continuous presence
of 7 X 107% M cycloheximide. This level of cycloheximide eliminates virtually all protein synthesis (see

Table II). Living, phase-contrast microscopy. X 450.
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highly spread condition to a more “rounded” one
with long cell processes.

Effects of Cytochalasin on Protein Synthests

The electron microscope results suggest that
cytochalasin selectively affects microfilament sys-
terns since no other organelle, including the rough
_endoplasmic reticulum, is visibly altered. The
possibility that the drug acts by interfering with
protein synthesis was previously examined in cul-
tures of intact dorsal root ganglia by measuring the
incorporation of radioactive amino acids into hot
acid-insoluble material (Yamada et al.,, 1970).
That analysis indicated that cytochalasin causes a
slight depression in protein synthesis from that seen
in DMSO-treated controls. Since intact ganglia
contain both nerve and glial cells in complex three-
dimensional relationships, we have reinvestigated
protein synthesis using cell cultures and radioauto-
graphic procedures. These techniques have
allowed the analysis to be made on glial cells alone,
and on nerve cells alone.

The results of the glial cell assay are shown in
Table I. The average number of grains per cell is
the same in control and cytochalasin-treated cul-
tures, indicating that the drug has no effect on
incorporation of leucine-*H by the cells. Since such
incorporation can be blocked by inhibitors of pro-
tein synthesis (see below), leucine binding is an
index of protein synthesis in these cells.

Recovery of Locomotion and Protein Synthesis

The inhibitory effect of cytochalasin on cell
locomotion is fully reversible. Thus, when the drug
is withdrawn and the cultures are reincubated in
cytochalasin-free medium, all cells again flatten on
the substratum, initiate undulating membranes
and begin migrating (Fig. 1). Measurable migra-
tion is detectable within 1 hr of drug removal.
Furthermore, the recovery from cytochalasin
appears not to require protein synthesis. That is,

normal recovery of locomotion occurs in the pres-

ence of levels of cycloheximide (7 X 1072 M) that
eliminate 97 % of protein synthesis as measured by
radioautography (Table IT). Such recovered cells
continue to migrate actively even when cyclo-
heximide is continuously present for 18 hr (Fig. 1).
These results show that cytochalasin does not cause
irreversible alterations in cellular migratory capa-
bilities. Furthermore, the results demonstrate that
continuing protein synthesis is not required for
recovery from the drug nor for locomotion itself.

Effects of Colchicine

The possibility that microtubules play a role in
cell locomotion was investigated by treating migra-
ting cells with colchicine, since that drug is known
to dissociate microtubules (Tilney and Gibbins,
1969; Robbins and Gonatas, 1964). Glial cells
cultured in the presence of colchicine (1 pg/ml;
2.5 X 107% M) for 24 hr are capable of continued
movement. That is, undulating membrane be-
havior continues and migration is still observed
(Fig. 15). The drug does alter cell shape in these
cultures, with the major change involving loss of
long, thick processes that sometimes are seen on the
cells.

Electron microscopy of colchicine-treated cells
reveals that both the microfilament network (as in
Figs. 4 a and 4 b) of the undulating membrane, and
the sheath of microfilaments (as in Figs. 5, 6) are
structurally unaltered. Of further interest is the
finding that the leading edge of the cells possesses
the same pattern of membranous sacs and vesicles
as is found in control cells (see Fig. 7).

It is evident that the colchicine is active in these
cultures because: (a) the nerve cells scattered
throughout the cultures exhibit typical axonal
retraction in response to the drug (see Yamada
etal., 1970); (b) cellsin a state of mitotic arrest are
found with some frequency by electron micros-
copy; and (c) neither cytoplasmic nor spindle
microtubules were observed in any of the glial cells
examined (Fig. 16). Interestingly, many 100-A
filaments are present in areas where microtubules

Figure 2 The anterior edge of a migratory glial cell. The area (FN) occupied by the filamentous net-
work appears dense at this magnification, so that individual microfilaments are difficult to resolve. Some
of the 50-A in diameter filaments of the sheath (FS) run beneath the anterior edge of the cell, and into
the microspike extensions. Microtubules (M T) curve in a variety of directions. Elements of the smooth
endoplasmic reticulum (8) approach close to the edge of the cell. Coated vesicle, C; 100-A tonofilament,

T. X 26,000
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would be expected (Fig. 16), possibly representing
dissociated microtubule subunit aggregates (Ishi-
kawa et al., 1968; also as in colchicine-treated
nerve cells [Yamada et al.,, 1971]). Clearly then,
the drug affects glial cell microtubules, although
net movement is not impaired.

The failure of colchicine to inhibit glial cell
movement is an observation of such consequence
that it is pertinent to ask if movement of other cell
types is also immune to that drug. When the drug
is applied to cultures of migrating chick heart
fibroblasts, a cell type commonly employed in
studies of cell locomotion (Abercrombie, 1961), the
results are identical with those obtained with glial
cells. That is, fibroblasts cultured in the continuous
presence of colchicine for 24-36 hr possess undulat-
ing membranes and exhibit active locomotion (Fig.
17). A change in cell shape does occur in response
to colchicine and involves a loss of the extremely
long processes that characterize untreated cells.
Shorter cell processes are maintained. Since these
results indicate that both glial cells and fibroblasts
continue to migrate in the presence of colchicine, it
can be concluded that intact microtubules are not
essential for cell locomotion.

DISCUSSION

It is becoming increasingly evident that one essen-
tial component of single-cell migration is the action
of intracellular microfilaments. Such filaments,
averaging 30-60 A in diameter, have been de-
scribed in cells migrating in vitro and it has been
suggested that they could function in locomotion
by contractile activity (Ambrose, 1961; Ingram,
1969; Goldman and Follett, 1969). Although
microfilaments are known to be present in the
undulating membrane and processes of migrating
cells, there has previously been no direct correla-

tion between microfilament network integrity and
migratory capabilities.

The current study provides such a correlation.
If the filamentous network found normally beneath
the plasma membrane of a migratory glial cell is
altered by cytochalasin treatment, cell movement
ceases. The same result applies to cytochalasin-
treated nerve cells (Yamada et al., 1970, 1971) in
which cessation of growth cone and microspike
activity at the tip of an elongating axon correlates
with a halt in axon elongation, as well as with an
alteration in -the morphology of the filamentous
network of the growth cone and microspikes. The
growth cone-microspike region can be thought of
as the undulating membrane of an elongating
nerve axon, so the parallel results are not surpris-
ing.

Colchicine disruption of cytoplasmic micro-
tubules fails to halt undulating membrane activity
of glial cells and heart fibroblasts, or growth cone
activity of axon tips (except, in the latter case,
when axon collapse finally pulls the nerve tip free
of the substratum). Such findings are in con-
gruence with the finding that epibolic cell move-
ments in Fundulus continue in the presence of col-
chicine (Kessel, 1960). In these various cases,
microtubules apparently do not play a critical role
in the function of the locomotory organelle of the
cells, nor in net movement over a substratum.
However, since long cell processes are diminished
in number following colchicine application (see
Goldman and Follett, 1969, as well as our results),
cytoplasmic microtubules probably do serve a
skeletal function in migrating cells.

These experiments reemphasize the role of
microfilaments in cell locomotion. Since involve-
ment of those filaments is established using cyto-
chalasin, it is crucial to understand how that drug

Figure 8 The trailing end of a migratory glial cell, as seen at the left in Fig. 1 a. 100-A in diameter
tonofilaments (T) are found most centrally in the cellular process; 50-A in diameter sheath filaments
(F8) occur more peripherally and always parallel the long axis of such a cellular extension; and the site
of the filamentous network (FN) is indicated just internal to the lateral plasma membranes. Micro-

tubule, MT. X 31,500.

Figures 4 a and 4 b Views of the filamentous network of the undulating membrane at the anterior
(Fig. 4 a) and anterolateral (Fig. 4 b) edge of a glial cell. A portion of the filamentous sheath (F8) is
seen on the left in Fig. 4 b). Note the polygonal nature of the network and its frequent approach and
apparent insertion on the inner surface of the plasma membrane. As seen in Fig. 4 b, network and sheath
filaments seem to meld together; the precise relationship between the two is not clear. Fig. 4 a, X 88,000;

Fig. 4 b, X 84,000.
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Fraure 5 A section through the lower, anterior surface of a glial cell. Most filaments in the sheath
(FS) tend to run parallel to the long axis of the cell (from left to right). At the top and right, the sheath
grades off into the filamentous network (FN) that underlies the plasma membrane. X 39,500.

Ficure 6 A portion of the sheath showing periodic densities (D)) reminiscent of Z bands in striated
muscle cells (the dense region marked X is a sectioning artifact). Similar “densities’’ have been observed
along the sheath of heart fibroblasts. X 85,000.
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F1GurE 7 A peculiar arrangement of membrane profiles often seen near the anterior edge of a migratory
glial cell (seen also in heart fibroblasts). Elongated, branching sacs (S) with electron-opaque material
and vesicles (V) are the predominant structures. The site of the filamentous network (FN) is seen pe-
ripheral to the membranous profiles, whereas a portion of the filamentous sheath (FS) is present in the
lower part of this photograph.

Ficure 8 A view of apparent fusion of parts of the membraneous organelle with the anterior plasma
membrane. The fact that the fusion vesicles (V) are not spherical suggests that these structures are not
“coated vesicles” and therefore that pinocytotic activity is not the source of this phenomenon. Instead,
such regions, as well as some of those in Fig. 7, may be points where new membrane is added to the
anterior cell surface. S, smooth endoplasmic reticulum; FS, filamentous sheath; M7, microtubules.
X 58,000



Figure 9 A view of the sheath (FS) as it approaches the anterior-most edge of a cytochalasin-treated
glial cell. Hints of interconnections between individual filaments are seen (arrows), and no obvious alter-
ations resulting from drug treatment are evident. X 80,000.

acts. Cytochalasin alters both linearly arranged
sets of microfilaments (bundles) found in epithelial
cells (oviduct, Wrenn and Wessells, 1970; sali-
vary gland, Spooner and Wessells, 1970) and
networks of filaments in migratory cells (nerve,
glia, salivary mesoderm, heart fibroblast; sum-
marized in Wessells et al., 1971). In both situations
pools or masses of granular and short filamentous
material are seen in cytochalasin-treated cells. No
other organelles are visibly altered: neither the
morphology nor the distribution of microtubules,
nor of 100-A in diameter filaments, is changed.
Furthermore, not all fine (about 50-A in diameter)
filaments are altered, since both the microfilamen-

tous sheath of migratory cells, and the core fila-
ments of microvilli (in oviduct, Wessells et al.,
1971) appear intact after prolonged treatment with
high doses of cytochalasin. The continuance of
protein synthesis and of normal nuclear division
cycles (Carter, 1967; Ridler and Smith, 1968;
Schroeder, 1969) implies that cytochalasin is not a
general metabolic poison. The means by which it
can act so specifically on certain classes of micro-
filament systems is not yet understood. Possibilities
include direct action on the microfilaments, dis-
ruption of normal insertion points of microfila-
ments on membrane (as in junctional complexes of
epithelial cells), or inhibition of processes essential
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Ficure 10 A mass of fine filamentous material (F) in a cytochalasin-treated glial cell. Part of the “in-
sensitive” sheath (FS) is seen, as are dense regions similar to those observed in nerve growth cones (De)
(Yamada et al., 1971). Masses like this one are indistinguishable from those found in cytochalasin-treated
salivary and oviduct epithelial cells. Note that the ribosomes (R) approach very close to the plasma mem-

brane, a condition not usually seen in control cells, presumably because of the presence of the filamentous
network. C, coated vesicle. X 48,000,

for function of microfilament systems (e.g., calcium not cause irreversible loss of microfilament func-
availability for a contractile apparatus; Wessells tion, since all systems recover from drug treat-
et al.,, 1971). ment. This can take place in the presence of

Whatever action is primary, cytochalasin does cycloheximide under conditions in which nearly all
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Figures 11 @ and 11 b Portions of cytochalasin-treated glial cells. Microtubules (M T), 100-A in diam-
eter tonofilaments (7), rough (R) and smooth (S) endoplasmic reticulum, a coated vesicle (C), and
other normal-looking organelles are present in the same cytoplasm with the cytochalasin-induced masses
of filamentous material (F). Note here and in Fig. 10 that ribosomes and other organelles appear to be
excluded from the masses formed in response to cytochalasin. Fig. 11 a, X 42,000. Fig. 11 b, X 39,000.

Ficure 12 A cellular process on a glial cell treated with 50 ug/ml of cytochalasin. The sheath filaments
(F8) are apparently unaffected by the drug. S, smooth endoplasmie reticulum; 7, tonofilament. X
42,000.



Ficure 18 A cytochalasin-induced mass (F) near the surface of a glial cell after only 8 min of exposure
to the drug. In comparison with Figs. 4 a and 4 b, individual elements of the network are exceedingly

difficult to resolve. X 68,000.

Ficure 14 A higher power view of a dense mass (F) within a cytochalasin-treated cell. It is not clear
whether such electron-opaque materials represent collapsed (hypercontracted) or dissociated network
components. X 103,000.



TaBLE I

Radioautegraphic Comparison of Leucine*H
Incorporation into Control and
Cytochalasin-Treated Glial Cells

Treatment Grains per cell o= sp
Control 76.9 x 21.7
Cytochalasin 74.5 & 22.4

Cells were cultured for 18 hr. At that time, half of
the cultures received medium containing 7 ug/ml
of cytochalasin B and half were left untouched.
After 18 hr in cytochalasin, cultures received
1 uCi/ml of leucine-®H in cytochalasin medium for
2 hr. Control cultures were labelled in parallel.
Cultures were then fixed, processed for radio-
autography, and exposed for 8 days before being
developed. Grain counts were made over 100 con-
trol and 100 cytochalasin-treated glial cells.

TasLe II

Effect of Cycloheximide on Leucine-3H Incorporation
in Glial cells during Recovery from Cytochalasin

Treatment
Treatment Grains per cell 4+ so
Control 75.0 = 22.1
Cycloheximide 2.5+ 1.9

Cells were cultured 18 hr, treated with 7 ug/ml of
cytochalasin B for an additional 18 hr, and recov-
ered for 4 hr. Controls were rinsed and incubated
in drug-free medium; expérimentals were rinsed
and incubated in medium containing 20 ug/ml! of
cycloheximide. Both media contained 1 pCi/ml of
leucine-*H. Following fixation, processing for
radioautography, and exposure for 4 days, silver
grain counts were made over 100 control-recovery
and 200 cycloheximide-recovery glial cells.

Figure 15 Migratory path of a colchicine-treated
glial cell. These tracings were made over the last 2 hr
of a continuous 48 hr incubation with 2.5 X 1078
M colchicine. The horizontal lines represent a fixed
reference mark in the microscopic field, and the trac-
ings were made at 15-min intervals. The number near
the leading edge of the cell at each time interval relates
that cell to the proper reference line having the match-
ing number. Arrows show the distance this cell has
moved relative to the reference line. The distance be-
tween horizontal lines repersents 79 u in real distance.
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Figure 16 Cytoplasm in a glial cell treated with colchicine for 18 hr. The cytoplasmic microtubules are
no longer present, whereas massive whorls of filamentous material (F) extend through the cytoplasm.
Note that these filaments are quite different in morphology from the cytochalasin-induced masses of
fine filamentous material. At the periphery of cells such as this one are found normal sheath filaments and
a normal filamentous network. X 17,000.

Figure 17 Migratory path of a colchicine-treated
chick heart fibroblast. Colchicine (2.5 X 107¢ M) was
continuously present for 36 hr. The tracings were
made at 30-min intervals. The distance between
horizontal lines represents 79 u.

protein synthesis is inhibited (Yamada et al., 1971:
Spooner and Wessells, 1970). Interestingly, reap-
pearance of filaments can occur in oviducal epi-
thelial cells in the absence of estradiol in the
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medium (the latter compound causes initial ap-
pearance of oviduct microfilaments; Wrenn and
Wessells, 1970). It is likely, therefore, that recovery
from cytochalasin involves reassembly of functional
microfilament systems from pre-existing precur-
sors.

An interpretation of the role played by cyto-
chalasin-sensitive microfilaments, or certain other
organelles, in movement can best be discussed
within the framework of current models for cell
locomotion.

Ingram (1969) has proposed that the leading
edge of a migrating cell extends and adheres to the
substratum. Then, a contraction takes place in the
region between that anterior point of adhesion
and some more posterior point of adhesion of the
cell to its substratum. The latter point of adhesion,
being ‘“weaker,” breaks free from the substratum
because of the contractile force, and the posterior
part of the cell is pulled forward. By repeating this
sequence, the cell would move forward, much as an
earthworm does. Our observations are compatible
with Ingram’s model. Significant points are (a) the
microfilament network and the plasma membrane
are the only organelles found in the cortex of the
undulating membrane; () the network appears to
insert on the plasma membrane; (¢) cytochalasin
treatment alters the network and halts net cell
movement; (d) cytochalasin inhibits contractions
such as occur in smooth and cardiac muscle cells,
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in metamorphosing ascidian tadpole tail cells, and
in blood platelets (Wessells et al., 1971); (¢) the
microfilament network is a three-dimensional lat-
tice which, if capable of contracting in any plane,
could generate extension, retraction, or ‘“flut-
tering” of the cell periphery; (f) finally, the pres-
ence of the network just beneath the entire plasma
membrane of the cell correlates with the fact that
an undulating membrane can form at any point on
the cell periphery. Although in sum these argu-
ments imply that the structural basis for contrac-
tion in Ingram’s model is the microfilament net-
work, a direct demonstration of contractility has
not yet been achieved.

The role of cytochalasin-insensitive filamentous
organelles in movement is not clear. On the one
hand, the filamentous sheath of migratory cells
could be contractile. If so, such contraction alone
is not sufficient to generate cell movement, since
cytochalasin-treated cells with intact sheaths do
not move. On the other hand, the sheath might
serve as a skeletal systern. In this case, the fila-
ments would stabilize changes in cell shape, a role
consistent with the careful observations on “stress
fibers” in rat cells (Buckley and Porter, 1967).
The presence of the sheath filaments, but not
microtubules, as the major organelles within the
long processes of cytochalasin-treated cells may be
indirect evidence for such a skeletal function.

The remaining feature of locomotion, critical to
the model, concerns the structural basis for the
differentially strong adhesions that the leading
edge of the cell must make with its substratum.
If the series of membranous structures found in
sections through the lower surface of the undulat-
ing membrane (see Figs. 7, 8) represent convolu-
tions in the plasma membrane, that structure
could function as an “adhesive organelle.” Al-
ternatively, the peculiar organelle may be a focal
point for addition of new membrane at the leading
edge of the cell. That such a process is a normal
component of cell movement is suggested by two
experiments. Bray (1970) provides evidence that
new surface materials of elongating axons are
added at the advancing tip. Ingram (1969) re-
ports that carbon particles initially adhering to the
anterior-most part of the plasma membrane of
fibroblasts pass backward as a cell advances, and
accumulate in a region over the nucleus. The ob-
servations on both cell types can be explained if
new membrane is deposited at the leading edge of
the cells. Furthermore, for fibroblasts, membrane
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must be resorbed at some more posterior position,
to compensate for that addced at the front (see
Abercrombie and Ambrose, 1962).
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Note Added in Proof: M. Abercrombie, J. E. M.
Heaysman, and S. M. Pegrum (1970. Exp. Cell Res.
62:389.) have also concluded that new “surface’ is
added at the front of migratory heart cells. J. M.
Vasiliev, I. M. Gelfand, L. V. Domnina, O. Y.
Ivanova, S. G. Komm, and L. V. Qlshevskaja (1970.
J. Embryol. Exp. Morphol. 24:625.) show that “direc-
tional translocation’ of fibroblasts does not take place
in cells lacking microtubules. Those data, in com-
bination with that reported above, suggest that the
locomotory system of the cell functions in the absence
of microtubules, but that the ability to orient with
respect to certain asymmetries in the environment is
dependent upon those organelles.

REFERENCES

ABERCROMBIE, M. 1961. The bases of the locomotory
behavior of fibroblasts. Exp. Cell Res. Suppl. 8:188.

ABERcrROMBIE, M., and E. J. Aumerose. 1962. The
surface properties of cancer cells: a review. Cancer
Res. 22:525.

Amprosg, E. J. 1961. The movements of fibrocytes.
Exp. Cell Res. Suppl. 8:54.

Bray, D. 1970. Surface movements during the growth
of a single explanted neuron. Proc. Nat. Acad. Sci.
U.8.4. 65:905.

Buckiey, I. K., and K. R. Porter. 1967. Cyto-
plasmic fibrils in living cultured cells. A light and
electron microscope study. Protoplasma. 64:349.

CARTER, S. B. 1967. Effects of cytochalasins on mam-
malian cells. Nature (London). 213:261.

Fisk, A., and S. Patmax. 1969. HEPES-buffered
medium for Nature (London).
224:1030.

Gorpman, R. D., and E. A. C. Forrerr. 1969. The
structure of the major cell processes of isolated
BHK-21 fibroblasts. Exp. Cell Res. 57:263.

Goroman, R. D., and E. A. C. ForteTT. 1970. Bire-

fringent filamentous organelle in BHK-21 cells

organ culture,

Tue JourNaL oF CeLL BrorLoey - VoLUME 49, 1971



and its possible role in cell spreading and motility.
Science (Washington). 169:286.

IngraM, V. M. 1969. A side view of moving fibro-
blasts. Nature (London). 222:641.

Ismikawa, H., R. BsHorr. and H. HoLtzer. 1968.
Mitosis and intermediate-sized filaments in de-
veloping skeletal muscle. J. Cell Biol. 38:538.

Kesser, R. G. 1960. The role of cell division in
gastrulation of Fundulus heteroclitus. Exp. Cell Res.
20:277.

Marsranp, D. 1964. Pressure-temperature studies
on ameboid movement and related phenomena:
An analysis of the effects of heavy water (D»O)
on the form, movement and gel structure of Amoeba
proteus. In Primitive Motile Systems in Cell Biology.
R. D. Allen and N. Kamiya, editors. Academic
Press Inc., New York. 173.

Panner, B. J., and C. R. Honm. 1970. Locus and
state of aggregation of myosin in tissue sections of
vertebrate smooth muscle. J. Cell Biol. 44:52.

RipLer, M. A. C., and G. F. Smita. 1968. The re-
sponse of human cultured lymphocytes to cyto-
chalasin B. J. Cell Sci. 3:595.

Roeems, E., and N. K. GonaTas. 1964. Histochem-
ical and ultrastructural studies on HeLa cell
cultures exposed to spindle inhibitors with special
reference to the interphase cell. J. Histochem. Cyto-
chem. 12:704.

ScuHroEDER, T. E. 1969. The role of “contractile

SPoONER, YaMAaDA, AND WESSELLS

ring” filaments in dividing Arbacia egg. Biol. Bull’
137:413.

Spooner, B. S., and N. K. WesserLs. 1970. Effects
of cytochalasin B upon microfilaments involved
in morphogenesis of salivary epithelium. Proc.
Nat. Acad. Sci. U.S.A. 66:360.

TiwNey, L. G, and J. R. GieBins. 1969. Microtubules
in the formation and development of the primary
mesenchyme in Arbacia punctulata. II. An experi-
mental analysis of their role in development and
maintenance of cell shape. J. Cell Biol. 41:227.

VENasBLE, J. H., and R. CogeesHALL. 1965. A sim-
plified lead citrate stain for use in electron mi-
croscopy. J. Cell Biol. 25:407.

WEsseLLs, N. K., B. S. SPoONER, J. F. Asu, M. O.
Brabrey, M. A. Lupuena, E. Tavior, J. T.
WRENN, and K. M. Yamapa. 1970. Microfila-
ments in cellular and developmental processes.
Science (Washington). 171:135.

WReNN, J. T., and N. K. Wesserts. 1970. Cyto-
chalasin B: Effects upon microfilaments involved
in morphogenesis of estrogen-induced glands of
oviduct. Proc. Nat. Acad. Sci. U.S.A. 66:904.

Yamapa, K. M., B. S. SpooNER, and N. K. WEsseL1S.
1970. Axon growth: Roles of microfilaments and
microtubules. Proc. Nat. Acad. Sci. U.S.A. 66:1206.

YaMmapa, K. M., B. S. SpooNER, and N. K. WESsELLs.
1971. Ultrastructure and function of growth cones
and axons of cultured nerve cells. J. Cell Biol.
49:000.

Mierofilaments and Cell Locomotion 613



