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Summary

Despite considerable evidence that cytoplasmic
microtubules play some role in guiding or control-
ling the locomotion of tissue cells, the nature of this
control is not understood. In particular, little is
known about the role of microtubules in the exer-
tion of propulsive 'traction' forces, or about micro-
tubule effects on the organization of the cytoplas-
mic actin stress fibers. In this study, the silicone
rubber substratum technique was used in combi-
nation with fluorescence microscopy in order to
observe the effects of microtubule-depolymerizing
drugs on the contractile strength and organization
of cytoplasmic actin networks.

Perfusion •with a variety of microtubule poisons
(either colcemid, nocodazole or vinblastine) was
found to cause a rapid and substantial strengthen-
ing of fibroblast contractility. This was demon-
strated in two established fibroblast cell lines, as
well as in primary cultures of rat gingival fibro-
blasts and embryonic chick heart fibroblasts. Treat-
ment with the drug taxol, which promotes micro-

tubule assembly, 'was found to prevent the strength-
ening effects of the microtubule inhibitors. It was
also found that the disruption of actin stress fibers
by the phorbol ester tumor promoter, TPA, is
reversed by microtubule poisons: stress fibers re-
form within 30min of the addition of the micro-
tubule drugs, despite the continued presence and
activity of the TPA.

Several possible mechanisms are considered, in-
cluding the idea that microtubule assembly nor-
mally exerts a pushing force, which counterbal-
ances part of the contractile force exerted by the
actin stress fibers. However, the mechanism that
seems best to account for the observations is that
microtubules modulate, in an inhibitory fashion,
the contractility and the state of organization of
cytoplasmic actin.
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organization, phorbol ester tumor promoters, silicone rubber
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Introduction

The crawling locomotion of fibroblasts and other tissue
cells results from their exertion of contractile 'traction'
forces on objects and materials to which they adhere
(Harris etal. 1980; Harris, 1986). Considerable evidence
also exists to show that these traction forces also serve
other important morphogenetic functions, in particular
the reorganization and alignment of collagen to form
relatively large-scale anatomical structures (Harris et al.
1981; Stopak & Harris, 1982). These cellular traction
forces are known to be generated by networks of cytoplas-
mic actin and myosin (Pollard et al. 1976; Trinkaus,
1984; Bershadsky & Vasiliev, 1988), but much remains to
be learned about the mechanisms that control the organ-
ization and contractile state of these acto-myosin
networks.

Several lines of evidence have implicated microtubules
as playing some controlling role in the motility of tissue
cells: microtubule-depolymerizing drugs have been
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shown to cause a loss in directionality or polarity of
locomoting cells (Vasiliev et al. 1970; Gail & Boone,
1971), to cause the retraction of growing nerve growth
cones (Solomon & Magendantz, 1981; Joshi et al. 1985),
to cause shortening of embryonic chick cells suspended in
collagen gels (Tomasek & Hay, 1984), to promote lectin-
induced capping in lymphocytes and 3T3 cells (Edelman
et al. 1973; Poste et al. 1975) and to reduce the inhibition
of this capping by actin-poisoning drugs (Poste et al.
1975). More recently, Dugina et al. (1987) have observed
that colcemid produces a reversal of the morphological
changes induced by tumor promoters.

This last finding is especially interesting, since the
tumor-promoting phorbol esters are known to have a
dramatic effect on the organization of cytoplasmic actin
(Rifkin et al. 1979; Schliwa et al. 1984) and cell contrac-
tility (Danowski & Harris, 1988; Lyass et al. 1988).
Therefore, the present study was undertaken in order to
determine what role microtubules play in the exertion of
traction forces. The silicone rubber substratum tech-
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nique (Harris et al. 1980) was used in conjunction with
time-lapse cinemicrography and fluorescence mi-
croscopy, in order to 9tudy the responses of tissue culture
fibroblasts to treatment with several different micro-
tubule inhibitors. Changes in cell contractility were also
assessed in the combined presence of microtubule poi-
sons and agents known to disrupt actin stress fibers,
including the phorbol ester tumor promoter, TPA (12-0-
tetradecanoylphorbol-13-acetate), forskolin and isobutyl-
methylxanthine (Rifkin et al. 1979; Schliwa et al. 1984;
Lamb et al. 1988). The results have been surprising and
seem to indicate that one of the normal functions of
microtubules is the exertion of some form of inhibitory
control on the cells' contractile strength and the state of
organization of cytoplasmic actin microfilaments.

Materials and methods

Cell culture

C3H/10T1/2 mouse embryo fibroblasts (kindly provided by
Dr K. Jacobson (University of North Carolina, Chapel Hill,
NC) were cultured in Eagle's MEM with Hanks' salts, sup-
plemented with 10 % fetal calf serum, 100 units ml" ' penicillin,
100ligml"1 streptomycin, and 7-5mM-Hepes. Cells were
removed from tissue culture flasks by a brief treatment with
trypsin-EDTA solution (Gibco, Grand Island, NY), and
plated onto either glass coverslips or silicone rubber substrata.
Cells were used for experimentation 1-5 days after plating.

Silicone rubber substrata

Silicone rubber substrata were made as described by Harris et
al. (1980). Briefly, thin layers of 30000 centipoise (1 poise-
= 10"' Pas) silicone fluid were spread onto glass coverslips,
flamed for approximately 1 s, and then placed in sterile 35 mm
Petri dishes. Cells were plated directly onto the rubber sub-
strata in a volume of 0 5 ml. After the cells had attached, an
additional 3-0ml of medium was carefully added to the dishes.

Drug treatment
Nocodazole (methyl(5-[2-thienylcarbonyl]-lH-benzimidazol-
2-YL) carbamate), vinblastine sulfate, colcemid (Demecol-
cine), and dibutyryl adenosine 3'-5'-cyclic monophosphoric
acid (dbcAMP) were purchased from Sigma, St Louis, MO,
and TPA was obtained from LC Corp., Woburn, MA. Stock
solutions of these drugs were dissolved in dimethylsulfoxide
(DMSO) (TPA, lOOmgmr1; nocodazole, Smgml"1; vin-
blastine, lOmgml"1, dbcAMP, 1M) or distilled water (colce-
mid, 1 mgml~ ), aliquoted, and stored frozen until use. These
drugs were added to cell cultures to give final concentrations of
lOOngmF1 TPA, 5^gml~' nocodazole, lO^gml"1 vinblast-
ine, 1/igml"1 colcemid, and 1 mM-dbcAMP, except where
otherwise noted. In every case, the concentration of DMSO in
cell cultures never exceeded 0-1 %.

Taxol was kindly provided by N. K. Pryer, University of
North Carolina, Chapel Hill (10 mM stock solution in DMSO,
stored at 0°C). Cells were treated with 10/iM-taxol for 12—16h
before use. Forskolin and 3-isobutyl-l-methylxanthine (IBMX)
were provided by Dr Wendell Combest, University of North
Carolina, Chapel Hill. Forskolin (20 mM stock solution in
DMSO, stored at 0°C) was used at concentrations ranging from
10/iM to 60fiM; IBMX (1 M stock solution in DMSO) was used
at a concentration of 1 mM.

Time-lapse filming
Cell behavior on the silicone rubber substrata prior to and

following the addition of the various drugs was recorded on
Kodak Plus-X Reversal film, using a Sage time-lapse apparatus
attached to an Olympus inverted microscope. Frames were
taken at 1-min intervals. Temperature was maintained at 37°C
by a Sage air-curtain incubator.

Immunofluorescence
Single-labeling of f-actin: cells grown on glass coverslips were
fixed in 3-7% formaldehyde in phosphate-buffered saline
(PBS) for lOmin at room temperature, washed, and then
incubated at 37°C for 45 min with rhodamine-conjugated phal-
loidin, a mushroom toxin that binds specifically to f-actin
(Molecular Probes, Eugene, OR).

Double-labelling of actin and tubulin: cells grown on glass
coverslips were fixed at room temperature for 10 min in a
mixture of 2% formaldehyde and 0 1 % glutaraldehyde in
PHEM buffer (60mM-Pipes, 25mM-Hepes, 5-10mM-EGTA
and lmM-MgSO4-7H2O), and extracted in 0-5 % Triton X-100
in PHEM buffer for 2 min. Coverslips were incubated for 1 h at
37 °C with a monoclonal antibody that recognized beta-tubulin
(generously provided by Dr E. D. Salmon, University of North
Carolina, Chapel Hill, NC). This was followed by a 1-h
incubation with a mixture of a rhodamine-conjugated sheep
anti-mouse antibody (Cappel, West Chester, PA) plus nitroben-
zooxadiazole-conjugated phallacidin (NBD-phallacidin).

The coverslips were mounted onto microscope slides in either
gelvatol or MOWIOL (Calbiochem, La Jolla, CA), and exam-
ined using a Zeiss 63 X, 1-4 n.a. Planapo objective on a Zeiss
IM-35 inverted microscope equipped for epifluorescence.

Results

Changes in cell contractility produced by colcemid,
vinblastine and nocodazole

Using silicone rubber culture substrata, fibroblast con-
tractility was monitored by time-lapse photograpy follow-
ing the addition of microtubule-poisoning drugs to the
culture medium. Colcemid, nocodazole and vinblastine
were each added to cultures at a range of different
concentrations. The resulting time-lapse films show that
all three of these drugs cause fibroblasts to increase the
strength of the contractile forces that they exert on the
rubber substrata; this strengthening of cell contractility is
visible as a marked increase in the size and number of
wrinkles in the rubber sheet (Fig. 1). These increases
became visible within 3-5 min after introduction of the
drugs. It is important to note that these increases in
substratum wrinkling represent an increase in the net
contractile forces acting on the cell—substratum ad-
hesions. But as will be discussed later, this increase in the
net force exerted could result either from an actual
strengthening of the contractility of the actin, or from a
weakening of whatever internal pushing forces act to
counterbalance the contractility of cytoplasmic actin.

This stimulation of increased contractile strength by
microtubule-depolymerizing drugs was observed in all of
the types of fibroblasts studied. These included primary
cultures of chick heart and rat gingiva, and cells of the
established lines IMR-33 (gerbil fibroma) and C3H/
10T1/2 (mouse embryo fibroblasts). Although the re-
sponses of all of these fibroblasts were substantially the
same, the following descriptions refer specifically to the
cell line C3H/10T1/2, unless otherwise noted.
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As a means of quantifying the relative increase in
contractility caused by microtubule poisons, measure-
ments were made ("from time-laDse films') of the total

summed lengths of the wrinkles produced in the silicone
rubber substrata at successive stages of drug treatment.
The lareer number and leneth of substratum wrinkles are

i

i i r

Fig. 1. Rapid increase in the contractile strength of C3H/10T1/2 cells following exposure to 5;igml nocodazole. A, B, C.
Individual cells; D, E, F, confluent cell sheets. A, D. 1 min before drug treatment; B, E, after lOmin in nocodazole (noc); C,
F, after 20 min in nocodazole. Bar, 50 [im.
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Fig. 3. Demonstration that substantial numbers of
microtubules remain in fibroblasts treated with concentrations
of microtubule poisons sufficient to induce increased
contractility. C3H/10T1/2 cells were treated with varying
concentrations of nocodazole for 30min, and then fixed and
fluorescently stained with a monoclonal antibody to tubulin.
A. Control cells; B, 0-005/^gmP1 nocodazole; C,
0-05 ng ml"1 nocodazole; D, 5 fig ml"1 nocodazole. Bar,
30 urn.

Fig. 4. Removal of taxol-containing medium, and
replacement with medium containing nocodazole results in an
increase in cell contractility. A. C3H/10T1/2 cells in taxol-
containing medium for 15 h; B, these same cells 70min after
the simultaneous removal of taxol and addition of 5/*gml~
nocodazole. Bar, 50 Jim.

wrinkling; and in four cases, an increase in wrinkling
occurred, in three of which the increase involved a
retraction of the cells, followed by a gradual respreading.
This respreading was often accompanied by a re-wrink-
ling of the rubber sheet.

The ability of taxol to interfere with the effects of the
microtubule poisons was also investigated. Cells were
first incubated in taxol for extended periods (6-15 h) and
then perfused with 1 fig ml~ colcemid or, in other
experiments, with 5/Ugml~ nocodazole (in the con-
tinued presence of taxol). These cells underwent no
apparent change in contractility in response to the
colcemid or the nocodazole. But, when the medium
containing the taxol plus nocodazole was washed out and
replaced by medium containing nocodazole alone, a
marked increase in cell contractility was seen within
30min (Fig. 4). Thus, the microtubule-stabilizing drug
taxol, by itself, causes neither a decrease nor an increase
in cell contractility, but does block the increase in cell
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Fig. 5. Effects of taxol and nocodazole on cytoplasmic distributions of f-actin (left column) and tubulin (right column). Notice
that stabilization of microtubules with taxol causes these microtubules to be concentrated around the nucleus and absent from
the peripheral cytoplasm, into which the actin filaments still extend (5B, F). This is significant in relation to the increased
traction exerted by these cells when the taxol is removed and nocodazole added (5D, H), because the short, centrally located
microtubules could not have been exerting a pushing force on the periphery. A, E, untreated; B, F, cells incubated in taxol for
16h; C, G, taxol-treated cells incubated in 5 figm\~ nocodazole for 60min; D, H, cells in nocodazole for 60min after the
removal of the taxol-containing medium. Bar, 20jtm.
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contractility that is otherwise caused by microtubule-
inhibiting drugs.

Cells were also treated with 10^M taxol for 14-16h,
and then fixed and stained with fluorescent probes for
tubulin and f-actin. Such cells contained numerous
closely packed microtubules concentrated in the centers
of the cells (Fig. 5B,F). These microtubules appeared to
be excluded from the thin, peripheral areas of the
cytoplasm; this was in contrast to the actin-containing
stress fibers, which often spanned the entire length of the
cell. When taxol-treated cells were also treated with
microtubule poisons prior to fixation, there was no
apparent alteration in the appearance or distribution of
microtubules (Fig. 5C,G).

Microtubule poisons counteract the disruption of stress
fibers caused by TPA
We examined the question of whether the increase in cell
contractility resulting from treatment with microtubule
poisons could be altered by TPA. Two parallel sets of
experiments were carried out: cells were exposed to TPA
for 30-90 min, and then additionally treated with a
microtubule poison (in the continued presence of TPA)
or, conversely, cells were treated first with a microtubule
poison for 30-90 min, and then exposed to TPA (in the
continued presence of the microtubule poison). Time-
lapse films recorded any resulting changes in cell contrac-
tility (Fig. 6), while immunofluorescence microscopy of
fixed cells provided information on changes in cytoskel-
etal organization (Fig. 7).

TPA first, microtubule poison second. Cell cultures
treated with TPA alone lost all substratum wrinkles
within 8—15 min (Fig. 6A,B). However, when these
TPA-treated cells were subsequently exposed to
5/igml~ nocodazole, contractility was rapidly restored
(Fig. 6C). Substratum wrinkles reappeared within
10 min of the addition of nocodazole, despite the con-
tinued presence of the TPA. This effect was reversible:
the removal of the TPA- and nocodazole-containing
medium and replacement by ordinary tissue culture
medium resulted in the loss of substratum wrinkles
within 30 min, and the restoration of a cell morphology
characteristic of TPA-treated cells (Fig. 6D). This latter
result corresponds to the long-lasting effects of TPA,
which usually persist for 6-8 h after the removal of the
substance from the medium.

The restoration of cell contractility in TPA-treated
cells caused by microtubule poisons was accompanied by
changes in cytoskeletal organization, as seen by immuno-
fluorescence microscopy. It has been shown (Schliwa et
al. 1984; Danowski & Harris, 1988) that TPA treatment
greatly reduces the number of actin-containing stress
fibers (Fig. 7D). However, exposure of TPA-treated cells
to depolymerizing doses of microtubule poisons for
30-60 min prior to fixation results in the reformation of
stress fibers (Fig. 7F ,HJ) . Removal of the medium
containing TPA and microtubule poison by extensive
washing, and replacement with fresh medium, results
once again in the disruption of these stress fibers
(Fig. 7L).

Nocodazole first, TPA second. As described above,

Fig. 6. Nocodazole reverses the effects of TPA on cell
contractility and morphology. Successive frames taken from a
time-lapse film. A. Untreated C3H/10T1/2 cells; B, 30 min
in TPA; C, 30 min after the addition of nocodazole (in the
continued presence of TPA); D, 30min after removal of the
drug-containing medium, and replacement with drug-free
medium; E, 30 min after nocodazole added to the drug-free
medium. Bar, 60 ftm.
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treatment with nocodazole caused a rapid increase in
contractility. When nocodazole-treated cells were then
exposed to TPA, the response to TPA was greatly
diminished, compared with cells treated with TPA alone.
Some weakening of cell contractility did occur in some
cells, but only rarely did all substratum wrinkles disap-
pear. Furthermore, those cells that showed a loss in

Tubulin

contractility usually regained some of their contractile
strength within 30min. When cells were simultaneously
exposed to both nocodazole and TPA, similar results
were obtained. Immunofluorescence microscopy showed
that prior treatment with either vinblastine or nocodazole
prevented the actin rearrangements normally caused by
TPA treatment. Whereas TPA-treated cells are lacking in

Actin

Fig. 7. Microtubule poisons reverse the disruptive effect of TPA on actin-containing stress fibers. Double-labeled
immunofluorescence micrograph showing tubulin.(left column) and actin (right column) distribution in C3H/10T1/2 cells.
A, B. Untreated cells; C, D, cells treated with TPA for 150min; E, F, cells incubated in TPA-containing medium for 90min,
and then additionally treated with 1 ^igml~ colcemid for 60 min before fixation.
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stress fibers, nocodazole-treated cells that had been
exposed to TPA for 60min prior to fixation contain
numerous stress fibers.

A similar set of experiments was performed, except
that forskolin or combinations of dbcAMP and isobutyl-
methylxanthine (IBMX) were used to disrupt the actin-
containing stress fibers. These agents are known to
elevate intracellular cyclic AMP levels, and stimulate the
cyclic AMP-dependent protein kinase (Seamon et al.

Tubulin

1981). Treatment with either 20-60mM-forskolin or
1 mM-dbcAMP plus 1 mM-IBMX resulted in both a rapid
loss in cell contractility, and a disruption of many stress
fiber bundles; subsequent addition of nocodazole (in the
continued presence of the cyclic AMP-stimulating drugs)
resulted in a strengthening of cell contractility, as well as
the reappearance of organized stress fibers (data not
shown). Thus, it appears that the weakening of cell
contractility and the disruption of stress fibers either by

Actin

G, H. Cells treated with TPA for 30min, followed by lO^gml vinblastine for 60min; I, J, cells treated with TPA for 30min,
followed by 5/igml~ nocodazole for 60min; K, L, 60min after the removal of the TPA- and nocodazole-containing medium,
and replacement with normal, drug-free medium. Bar, 30 fan.
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the hyperactivation of protein kinase C (caused by TPA)
or by the elevation of intracellular cyclic AMP levels (by
either forskolin or by dbcAMP plus IBMX) can be
reversed by microtubule poisons.

Discussion

The results reported here are surprising in several
respects. Previous observations of morphological changes
caused by microtubule poisons (Vasiliev et al. 1970; Gail
& Boone, 1971) might have led one to expect some
gradual reduction in the directionality of fibroblast con-
tractility, but not the rapid increases in contractile
strength that actually occur. And despite recent obser-
vations that microtubule poisons block the morphological
effects of the tumor promoter, TPA (Dugina et al. 1987),
it was quite unexpected to find that these microtubule
inhibitors also cause a rapid restoration of actin-contain-
ing stress fibers, even after these had been disrupted by
TPA or by other agents.

Several types of possible explanations for these results
have been considered. The first is that the increased
contractility could represent some kind of side effect of
the microtubule-poisoning drugs, rather than a result of
their effects on microtubules. However, the following
facts seem to contradict this possibility: (1) the same
increases in cell contractility are produced by all three of
the microtubule inhibitors investigated (even though
vinblastine acts on a different site on the tubulin molecule
from nocodazole or colcemid; Dustin, 1984); (2) all three
of the drugs produce increased contractility at very low
concentrations; and (3) prior stabilization of the micro-
tubules by taxol was found to prevent the microtubule
inhibitors from inducing increased contractility.

A second possible explanation for the observed in-
crease in contractility is that it might result from a
collapse of the normal cytoplasmic arrays of intermediate
filaments, since these filaments have been shown to
collapse in fibroblasts whose microtubules have been
disrupted by microtubule inhibitors (Starger et al. 1978).
However, this redistribution of intermediate filaments
occurs 5 h or more after exposure to microtubule-poison-
ing drugs (De Brabander et al. 1975), whereas the
increased contractility observed here occurred within
5 min of treatment with these drugs. So this possible
explanation seems inconsistent with the rapid time course
of the effect.

A third possible explanation, shown diagrammatically
in Fig. 8A, is that cytoplasmic microtubules normally
exert a large pushing force, and that this push partially
counterbalances the pull of the actin stress fibers. Thus,
when the microtubules are disrupted by anti-microtubule
drugs, a greater proportion of contractile forces of the
stress fibers would be exerted on the substratum, thereby
producing the increased distortion. In this type of model,
there need not be any actual increase in the contractile
forces generated by the cells' actin and myosin. Rather,
the predominant effect is a redistribution of the cellular
forces. This hypothesis is closely analogous to the 'ten-
segrity' or 'force counterbalance' models of Heidemann

A, Explanation by Tensegrity

B. Explanation by MT-lnhibltion or Actin Function

ctin Pulls Harder

One Possible Mechanism for MT-lnhibition
or Actin

t V M A P i

MAP* Orginlza Actin

Fig. 8. Some possible explanations for the observed increase
in contractility and actin organization as a result of treatment
with microtubule-depolymerizing drugs. A. The rearward
traction forces exerted by the cells' actomyosin networks are
counterbalanced by the tendency of the microtubules to
elongate. Reduction in the number of microtubules would
therefore result in a net increase in the traction forces.
B. Upper panel: microtubules exert an inhibitory control on
the organization and/or strength of cells' actomyosin, but
only during microtubule elongation. Non-elongating (i.e.
stable or shrinking) microtubules would not be inhibitory.
Therefore, microtubule poisons would promote actin
microfilament organization and contractility; Lower panel: a
change in microtubule dynamics alters the ability of MAPs to
remain bound to the microtubules. Release of MAPs
stimulates cell contractility and/or promotes the formation of
stress fibers.

and others (Fulton & Isaacs, 1986; Ingber & Jamieson,
1985; Buxbaum & Heidemann, 1988), and it is supported
by the results of Solomon & Magendantz (1981) and Joshi
et al. (1985), who observed that the retraction of nerve
fibers is promoted by microtubule poisons; it is also
supported by the observations of Letourneau et al.
(1987), who demonstrated that a combination of taxol
and cytochalasin B will cause neurites to extend forward.
Recently, measurements of these pushing or compression
forces have been made (Dennerll et al. 1988), and
thermodynamic models developed to show how micro-
tubule assembly might be regulated by changes in these
compressive forces (Hill & Kirschner, 1982; Buxbaum &
Heidemann, 1988).

Although this is an attractive hypothesis, there are
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certain aspects of the observations reported here that
seem surprising or difficult to explain by a weakening of
microtubule pushing forces. For example, in the taxol-
treated cells, the microtubules were short and were
clustered together near the center of the cell, and
therefore did not span between the sites where contractile
forces were being exerted on the substratum. Yet, as was
described, the destruction of these short, central micro-
tubules (by the removal of the taxol and addition of
nocodazole) did result in the same increase in net
contractile forces (Fig. 4). Thus, whatever pushing
forces the microtubules had been exerting could not have
been applied directly to the cell-substratum adhesions.

But this result is not inconsistent with some interpret-
ations of tensegrity; for example, the model proposed by
Heidemann, Buxbaum and colleagues to explain neurite
shape and growth (Buxbaum & Heidemann, 1988; Joshi
et al. 1985; Dennerll et al. 1988). In their 'force
counterbalance' model, the actin and the microtubules
are linked laterally all along their length, wherever they
overlap. Thus, even when the overlaps were confined to
the central parts of the cell, the microtubules could still
be counterbalancing a substantial part of the actin
microfilaments' contractility.

There is another aspect of these observations that
seems inconsistent with the counterbalance or tensegrity
type of explanation. This is the observation that micro-
tubule poisons promote the reorganization of actin stress
fibers in cells that have had their stress fibers disrupted
either by a tumor promoter or by drugs that elevate
cytoplasmic cyclic AMP levels. However, the possibility
should be considered that this reorganization of stress
fibers is actually the effect, rather than the cause, of the
increased tensile stress within the cell. In that case, the
removal of microtubule struts could increase tension, and
cause the actin to become bundled into stress fibers.

If tensegrity is responsible for these phenomena, then
these results indicate that the compressive loads borne by
the microtubules must be very large. For example, if a
fibroblast were to double its contractility in response to
microtubule-inhibiting drugs, its microtubules would
have had to have been pushing with a force equal in
strength to the net pulling forces that the cell had been
exerting on the substratum prior to treatment with the
drug.

A fourth class of possible explanations, that micro-
tubules somehow modulate and exert an inhibitory con-
trol over actin organization, seems most consistent with
our observations. The basic idea is that microtubules
would somehow inhibit or weaken the organization and
contractility of the actin, not just counterbalance its
contraction, so that disruption of the microtubules would
release the actin from this inhibition. This would allow
the cells to contract more strongly and would even
compensate for the disruption of stress fibers by agents
such as tumor promoters and cyclic AMP stimulators.

Although such an inhibitory or modulating effect of
microtubules on cytoplasmic actin does not seem to have
been suggested previously, some of the recent discoveries
about microtubule dynamics do suggest possible molecu-
lar mechanisms for the effects described here. In particu-

lar, the in vitm observations of Mitchison & Kirschner
(1984) have revealed a 'dynamic instability' in which
microtubules can elongate at relatively steady rates, but
then depolymerize abruptly and rapidly. Dynamic insta-
bility of individual microtubules has also been observed
to occur in living cells (Sammak & Borisy, 1988; Schultze
& Kirschner, 1988; Cassimeris et al. 1988). If we suggest
that contractility is controlled not so much by the simple
presence of the microtubules, but rather by their dy-
namic state, then this would help to explain why such low
concentrations of the drugs are able to stimulate fibro-
blast contraction. In this type of model, shown diagram-
matically in Fig. 8B, contractility would be inhibited
when microtubules are elongating, but not when they are
either shrinking or stable. In addition, local dynamic
depolymerization of microtubules in a particular part of
the cell could serve as a means for stimulating increased
nearby actin organization and contractility. This could
explain how microtubules influence the spatial distri-
butions of actin organization and function in cells (Vasi-
liev et al. 1970), and the role of dynamic instability in
accomplishing this function.

How might microtubule instability serve to stimulate
actin organization and contractility? The answer may
involve specific microtubule-associated proteins (MAPs),
as shown in the lower half of Fig. 8B. In vitro studies
have shown that some MAPs can promote microtubule
polymerization (Murphy & Borisy, 1975), bind to inter-
mediate filaments (Bloom & Vallee, 1983), and cross-link
actin filaments (Sattilaro et al. 1981; Griffith & Pollard,
1982; Selden & Pollard, 1983). Some in vivo evidence
also suggests that certain MAPs interact with actin
filaments (Hill et al. 1981; Vallee et al. 1984; Asai et al.
1985). If the release of MAPs from the microtubules were
promoted by the microtubule poisons (even at low
concentrations), and if these released MAPs were then to
stimulate the contractility of actin and its organization
into stress fibers, then the observed phenomena would
result. During the revision of this manuscript, Okuhara
et al. (1989) published the observation that the MAP
kinesin does, in fact, associate with actin stress fibers
following experimental disruption of microtubules.
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