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Summary

Background: Interactions between microtubules and
actin filaments (F-actin) are critical for cellular motility
processes ranging from directed cell locomotion to cy-
tokinesis. However, the cellular bases of these interac-
tions remain poorly understood. We have analyzed the
role of microtubules in generation of a contractile array
comprised of F-actin and myosin-2 that forms around
wounds made in Xenopus oocytes.

Results: After wounding, microtubules are transported
to the wound edge in association with F-actin that is
itself recruited to wound borders via actomyosin-pow-
ered cortical flow. This transport generates sufficient
force to buckle and break microtubules at the wound
edge. Transport is complemented by local microtubule
assembly around wound borders. The region of microtu-
bule breakage and assembly coincides with a zone of
actin assembly, and perturbation of the microtubule cy-
toskeleton disrupts this zone as well as local recruitment
of the Arp2/3 complex and myosin-2.

Conclusions: The results reveal transport of microtu-
bules in association with F-actin that is pulled to wound
borders via actomyosin-based contraction. Microtu-
bules, in turn, focus zones of actin assembly and myo-
sin-2 recruitment at the wound border. Thus, wounding
triggers the formation of a spatially coordinated feed-
back loop in which transport and assembly of microtu-
bules maintains actin and myosin-2 in close proximity
to the closing contractile array. These results are sur-
prisingly reminiscent of recent findings in locomoting
cells, suggesting that similar feedback interactions may
be generally employed in a variety of fundamental cell
motility processes.

Introduction

Interactions between the microtubule and F-actin cy-
toskeletons are critical for many cellular processes, in-
cluding cell locomotion [1], cell adhesion [2], axon
branching [3], and cytokinesis [4]. However, the com-
plexity of these two cytoskeletal systems and the com-
plexity of the processes they control have long frus-
trated efforts to analyze their mutual dependence. In
particular, the abundance and dynamic nature of micro-
tubules and F-actin pose a serious challenge to efforts
to distinguish between real and fortuitous interactions
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between the two systems. Similarly, the diverse array
of cellular inputs necessary to accomplish directed cell
movement and cytokinesis greatly complicates efforts
to tease apart the individual and interdependent contri-
butions made by microtubules and F-actin during these
processes.

In spite of these challenges, recent work has identified
several potential mechanisms by which microtubules
and the actomyosin cytoskeleton may interact. The first
of these mechanisms is indirect and is thought to result
from microtubule-dependent regulation of myosin-2
contractility and actin polymerization. Specifically, mi-
crotubule depolymerization increases actomyosin-
based contractility in a variety of different systems [5-8].
Conversely, microtubule polymerization controls actin
polymerization-dependent processes such as cell pro-
trusion [9-11].

The second mechanism is via physical association
and transport. Evidence for physical association be-
tween microtubules and the F-actin cytoskeleton comes
from colocalization of microtubules and F-actin in fixed
cells [12], cell-free extracts [13], and microtubule-
dependent reorganization of F-actin and myosin-2 dur-
ing cellularization in Drosophila embryos [14]. Force/
transport interactions between the two systems have
also been suggested by actomyosin-dependent control
of microtubule movement and dynamics in living cells
[15, 16] and by studies of cellular “tensegrity” [17] and
have been directly observed in cell-free extracts [18]
and locomoting cells [19, 20].

Thus, distinct mechanisms of microtubule-F-actin in-
teraction could potentially occur during a particular cel-
lular motility process. Here we have characterized mi-
crotubule-F-actin interactions in wounded Xenopus
oocytes. Wounding triggers microtubule-modulated for-
mation and closure of an actomyosin array around
wounds [21] in a manner analogous to other actomyosin-
based contractile processes ranging from cytokinesis
to morphogenesis [22, 23]. The actomyosin array devel-
ops as the result of both myosin-powered cortical flow
of stable F-actin cables toward the wound, where they
assemble with myosin-2 into a contractile ring, and the
formation of azone of actin and myosin-2 polymerization
around the wound [24]. Using this system, we provide
direct evidence for F-actin-microtubule transport inter-
actions, as well as microtubule-dependent control of
the zone of polymerization.

Results

Microtubule Reorganization during Oocyte

Wound Healing

The Xenopus oocyte microtubule cytoskeleton is unusu-
ally stable [25, 26] and contains numerous cortical mi-
crotubules [27]. We first characterized the distributions
of microtubules, F-actin, and myosin-2 in wounded oo-
cytes by triple labeling fixed samples. Microtubules
formed a radial array around wounds, and both F-actin
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Figure 1. Microtubule Organization around Wound Borders

All times are in min:sec.

(A) Confocal image of a laser-wounded oocyte. Microtubules (red), F-actin (green), and myosin-2 (blue) show complementary distribution
around the wound.

(B) Individual channels (MT, microtubule; FA, F-actin; and M2, myosin-2). F-actin and myosin-2 concentrate inside the area of highest
microtubule density.

(C) Image from a movie of an OG-Tax-injected oocyte. Microtubules are organized into a radial array around the wound (W). See Movie 1
(Movies are available in the Supplemental Data available with this article on line).

(D) Image from a movie of a wound in an OG-Tax-injected oocyte. Microtubules are perpendicular to the wound border and translocate to
the wound. See Movie 2.

(D’) Time course of microtubule movement toward the wound (indicated by an arrow). Asterisks mark the leading ends of individual microtubules,
and arrowheads mark the trailing ends.

(E) Kymograph of OG-Tax-labeled microtubule motility toward the wound edge. Horizontal arrow is 45 s; vertical arrow is 5 um. Microtubules
accelerate as they approach the wound border (w), then slow at its immediate edge.

(F) Images from a movie of an OG-Tax-injected oocyte. An arrowhead shows a sharply bent microtubule moving toward the wound.

(G) Images from a movie of an OG-Tax-injected oocyte. Microtubules buckle (arrowhead) at the wound border. The arrow indicates direction
of flow.

and myosin-2 were concentrated just inside this array, To label cortical microtubules in living samples, we
in a region flanked by microtubule ends (Figures 1A and microinjected oocytes with 100 nM (final) Oregon Green-
1B). Quantification showed that microtubule ends were 488 taxol (OG-Tax). This probe binds to microtubules
more than four times as abundant at wound edges than specifically, but with lower affinity than unlabeled taxol
in regions greater than 10 pm distal to the wounds (4.5 = [28], and has been successfully used for following the

0.8; mean = SEM; p < 0.5). reorganization of spindle microtubules during mitosis in
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Table 1. Translocation and Polymerization Rates of Microtubules in Laser-Wounded Xenopus Oocytes

Events Individual Independent
Measurement (im/min) Rate? Range Measured Measurements Experiment
Microtubule translocation 2.68 = 0.76 1.92-4.24 45 302 9
(coinjected with G-actin)
Microtubule translocation 2.46 = 0.32 2.07-3.06 42 299 8
(coinjected with phalloidin)
F-actin (phalloidin) 2.77 = 0.60 2.15-3.91 33 337 7
Microtubule translocation 0.577 = 0.21 0.47-0.71 15 110 3
(Lat B pretreatment)
Microtubule translocation 0.322 + 0.09 0.65-0.19 18 134 4
(WGA pretreatment)
Microtubule polymerization 11.18 = 1.01° 26.94-8.40 25 226 7
Microtubule 33.12 = 4.16 41.40-15.60 13 94 6

depolymerization

2Rates are expressed as mean * S.D.
Corrected for local flow rates.

living cultured cells [29]. OG-Tax at 100 nM did not
significantly impact the oocyte microtubule cytoskele-
ton (see Supplemental Data available with this article
online).

OG-tax-injected oocytes were laser wounded and im-
aged by time-lapse, confocal microscopy as previously
described [24]. Microtubules reorganized into a radial
array after wounding, at least in part because they trans-
located to the wound border (Figures 1C, 1D, and 1D’;
Movies 1 and 2 [see Supplemental Data]). Kymograph
analysis demonstrated that microtubules accelerated as
they approached the wound border and then decreased
in speed upon reaching the wound edge (Figure 1E).
Microtubules moved at a mean rate of 2.68 um/min
(Table 1), predominantly parallel to their long axes (87 %
out of 3304 microtubules observed; see also Figures 1C
and 1E; Movies 1 and 2). However, some (13%) microtu-
bules translocated toward wounds in a bent manner
(Figure 1F), demonstrating that movement was via trans-
location rather than treadmilling (e.g., [30]). It was also
found that, upon reaching the edge of the wound, micro-
tubules buckled and kinked (Figure 1G).

Microtubules Are Transported via Association
with F-Actin Cables
To test whether microtubule translocation was actin de-
pendent, we wounded oocytes and then treated them
with latrunculin, to depolymerize actin. Latrunculin treat-
ment resulted in cessation of microtubule translocation
toward the wound (Figures 2A and 2B; Movie 3) and
microtubule buckling (not shown). Furthermore, pre-
treatment of oocytes with latrunculin prevented microtu-
bule translocation after wounding (Table 1; Movie 4; see
also Supplemental Data), as did pretreatment with wheat
germ agglutinin (Table 1), which freezes actomyosin-
based cortical flow without depolymerizing actin [7, 24].
Actin-dependent microtubule transport could result
from physical attachment of microtubules to translocat-
ing F-actin or from nonspecific transport via cortical
flow sweeping the microtubules to the wound border.
Dual-label analysis of oocytes injected with both OG-
tax and Alexa 568-phalloidin (AX-Ph), a marker for stable
F-actin [24], revealed that translocating microtubules
were associated with translocating F-actin cables (Fig-

ures 2C, 2C’, and 2D; Movies 4-6). At higher magnifica-
tion it was clear that most microtubules (79.56%; 2871
microtubules monitored) had associated F-actin (Fig-
ures 2C’', 2D, and 2E; Movies 5 and 6). Such associations
were manifest as side-to-side alignment or overlap and
end-to-end contact (Figures 2C and 2D; Movies 4-6). In
samples where the packing of actin cables and microtu-
bules was not too dense, the leading ends of microtu-
bules were seen to move in clear spatial and temporal
synchrony with associated actin filament cables (Figure
2C; Movie 6).

Several other findings confirmed that microtubules
were transported by F-actin. First, of those microtubules
displaying bends as they move, 89% bent away from
the direction of flow at points where contact with F-actin
terminated or where they made contact with a second,
adjacent actin cable (Figure 3A). Second, F-actin often
associated in an end-on manner with two or more micro-
tubules that splayed out behind as if being dragged
by the F-actin aggregate (Figure 3B; Movie 7). Third,
microtubules near the wound edge buckled and broke
when F-actin associated with their trailing ends moved
more quickly than the F-actin associated with their lead-
ing ends (Figure 3C; Movie 8). Fourth, the degree of
F-actin microtubule colocalization observed in the re-
gion of transport was significantly higher than would be
expected based on colocalization resulting from tighter
packing of the two polymers as they approached the
wound border (Figure 3D; see Experimental Procedures
for details). Finally, dual-label kymograph analysis re-
vealed a tight spatiotemporal correlation between accel-
erating F-actin and accelerating microtubules (Fig-
ure 3E).

The Zone of Actin Polymerization Is the Site

of Microtubule Buckling and Assembly

Actin accumulates around wounds as a result of both
contraction-based cortical flow and formation of a zone
of actin and myosin-2 assembly around wounds [24]. To
assess potential roles for microtubules in the assembly
zone, we injected oocytes with both OG-Tax and Alexa-
568 G-actin (AX-actin), which acts as a marker for the
dynamic F-actin. The zone of actin polymerization, char-
acterized by formation of transient, actin-rich protru-
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Figure 2. Microtubule Transport is F-Actin Dependent

(A) Plot of instantaneous rates of microtubules before and after treatment with latrunculin B (20 wM). Microtubule translocation to the wound
border was arrested after latrunculin treatment. For each point, the rates of movement of a minimum of 10 microtubules were quantified; bars
indicate standard error of the mean (SEM).

(B) Images from a movie of an OG-Tax-injected oocyte. Arrowheads show a microtubule translocating to the wound (W), until latrunclin
application (asterisk). See Movie 3.

(C) Double-labeled image from a movie of an oocyte injected with OG-Tax (green) and Alexa 568-phalloidin (red). See Movie 5.

(C’) Microtubules move to the wound (arrow) in association with F-actin and buckle upon reaching the wound edge (arrowheads). See Movie 6.
(D) Dual-label images showing end-end association between F-actin (FA, red) and microtubules (MT, green); the overlap of the two is indicated
in two frames by arrowheads. F-actin is localized to the tip of microtubules moving to the wound. The horizontal arrow is 30 s; the vertical

arrow is 15 um. See Movie 7.

(E) Dual-label image from a movie showing microtubules (green) aligned with F-actin (red; alignment indicated by arrowheads).

sions and actin comets, coincided with the region where
the ends of translocating microtubules started buckling
at the cortex (Figures 4A-4C; Movie 9).

Efforts to visualize dynamic microtubules by injection
of fluorescent tubulin were unsuccessful (see Supple-
mental Data). We therefore generated and expressed a
fusion of eGFP with a Xenopus oocyte a-tubulin isoform
[31]. This construct (eGFP-Xtub) incorporated into mei-
otic spindles (see Supplemental Data) but only poorly
incorporated into cortical microtubules, even after three
days of expression. Remarkably, however, after wounding,
eGFP-Xtub-labeled, dynamic microtubules formed in a
zone restricted to the region around the wound borders
(Figures 4D and 4E; Movies 10 and 11). These microtu-
bules displayed assembly and disassembly rates similar
to those observed in other systems (Table 1). Analysis
of microtubule orientation, based on rapid assembly
from the plus end, revealed that 20% of the dynamic
microtubules were oriented with their plus ends facing
the wound (within a 90° arc), 50% were oriented with
their minus ends facing the wound (within a 90° arc),
and the remaining 30% were oriented perpendicular to
the wound. However, these numbers necessarily un-
derreport microtubules with plus ends facing the wound
because most plus end facing microtubules close to the
wound would be pulled into the wound before assembly
could be detected.

Microtubules polymerizing away from the wound bor-
der appeared to do so more slowly than those polymeriz-

ing toward wound borders, but this variation disap-
peared upon correction for cortical flow. There was,
however, a regional effect with respect to assembly in
that polymerization rates (after correction for flow) were
inversely proportional to the distance from the wound
(Figure 4F). Furthermore, the frequency of microtubule
polymerization events and the position of the actin as-
sembly zone were also correlated (Figure 4G), as ob-
served above for microtubule buckling events, sug-
gesting that local microtubule assembly/disassembly
might contribute to local actin assembly. Local microtu-
bule assembly was not absolutely dependent on cortical
flow because eGFP-Xtub-labeled microtubules accu-
mulated around wounds in the presence of latrunculin,
although in contrast to controls, the arrays are not radial
(Figure 4H).

Microtubules Control the Zone of Actin

Assembly Around Wounds

The spatial correlation between assembling and buck-
ling microtubules and dynamic actin suggested that mi-
crotubules might regulate the zone of actin assembly.
To test this idea, we injected oocytes with Oregon
Green-actin (OG-actin), preincubated them in nocoda-
zole to disassemble microtubules, and then wounded
them. In nocodazole-treated cells, the zone of actin as-
sembly was broader and less stable than in controls
(Figure 5A; Movies 12 and 13), suggesting that microtu-
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Figure 3. Cotransport of F-Actin and Microtubules

(A) Dual-label images showing examples of bent microtubules.
Arrows indicate direction of movement. Microtubules (green) bend
away from the direction of movement where they are not associated
with F-actin (red).

(B) Images from a movie showing F-actin (red) and microtubules
(green). F-actin appears to link the ends of several microtubules
and drag them through the cortex. See Movie 8.

(C) Dual-label and split-channel images showing buckling and
breakage of a microtubule that is associated with F-actin at both
its leading and trailing edges. F-actin at the trailing edge accelerates
between the 00:45 and 01:00 time points, whereas the F-actin at
the leading edge does not (white lines). Microtubule buckling is
observed in precisely this time window. Later (at 01:30), the microtu-
bule breaks (arrow). See Movie 9.

(D) Quantification of specific microtubule-F-actin overlap (see Sup-
plemental Data for details). The ratio of yellow pixels in unrotated:
rotated images is significantly higher in the region where microtu-
bule-F-actin cotransport occurs (10-30 p.m) than at the wound edge
(0-10 wm) or in areas more than 30 um away from wound. Results
are mean = SEM from four independent experiments; an asterisk
indicates < 0.01.

(E) Double-labeled kymograph. F-actin (red) and microtubules
(green) show same patterns of acceleration and deceleration. W
indicates the wound; the horizontal arrow is 90 s; the vertical arrow
is 10 pm.

bules focus the zone of actin polymerization around the
wound edge.

Taxol pretreatment, which increases microtubule den-
sity and changes the organization of microtubules in
this system [7], resulted in broadening of the actin array
around wounds (Figure 5B) and/or formation of two rings
of actin around wounds. The first of these bordered the
wound edge, and the second formed a concentric ring
5-20 pm distal to the first (Figures 5A and 5B; Movie 14).
Analysis of fixed samples revealed that taxol treatment

caused microtubules to form concentric arrays of bun-
dles around the wound (Figure 5B).

We also examined the effects of taxol treatment on
the distribution of the Arp2/3 complex, which normally
accumulates around wounds [24]. Taxol treatment sig-
nificantly increased the width of the region occupied by
p16, a conserved component of the Arp2/3 complex [32]
(Figure 6A). Furthermore, taxol treatment also resulted in
broadening or splitting of the zone of myosin recruitment
around wounds (Figure 6B).

The observed defocusing of actin, p16, and myosin-2
from the wound edge suggested that taxol might inhibit
closure of the actomyosin array by uncoupling the as-
sembly zone from the contractile ring. To test this possi-
bility, we injected oocytes with Oregon Green phalloidin,
a marker for stable F-actin and the contractile ring, and
AX-actin, a marker for the assembly zone [24], treated
them with taxol, and then wounded them. In control
oocytes, the assembly zone remained tightly associated
with the contractile ring (Figure 6C; Movie 15). However,
in taxol-treated oocytes, actin assembly was concen-
trated in the outer ring, 5-10 um displaced from the
contractile ring (Figure 6C; Movie 16). Thus, microtu-
bules coordinate the zone of assembly with the contrac-
tile ring around the wound edge.

Discussion

The results of this study demonstrate directly the exis-
tence and importance of interplay between microtu-
bules and the transient contractile array of F-actin and
myosin-2 that assembles and closes around Xenopus
oocyte wounds. Both transport and polymerization in-
teractions between the two systems are evident, and
both contribute to assembly and closure of transient
contractile rings. These findings are not only intrinsically
fascinating but are also directly relevant to other funda-
mental cellular processes known to be dependent on
dynamic microtubule-actomyosin interactions.

Transport
It was previously shown that stable F-actin is pulled to
wound borders by the action of a myosin, presumably
myosin-2, that localizes at the edge of the wound [24].
In this report, we found that the translocating F-actin
associates with and transports microtubules to the
wound border. Thus, microtubule transport is ultimately
powered by actomyosin-based contraction. The dem-
onstration of F-actin-dependent microtubule transport
confirms our earlier studies in Xenopus egg extracts [13,
18], but there is the obvious difference that in extracts,
microtubule-dependent actin translocation was ob-
served, whereas here actin-dependent microtubule
translocation was observed. The simplest explanation
for this difference is that in extracts F-actin is unan-
chored, whereas in oocytes it is tightly integrated into
the cortex [7]. The transport of microtubules by F-actin
also confirms recent studies of “tensegrity”; these stud-
ies show that experimental displacement of the actin
cytoskeleton results in a corresponding displacement
of microtubule-associated organelles [17].

Transport of microtubules by translocating F-actin
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Figure 4. Local Actin Assembly Coincides with Microtubule Breakage and Assembly

(A) Image from a movie of an oocyte injected with OG-taxol and Alexa 568 G-actin. Microtubules (green) move to the zone of actin polymerization
(red; indicated by a double-headed arrow). Microtubule disappearance into the zone is correlated with bending and buckling. See Movie 10.
(B) Dual-label image from a movie showing microtubules translocating toward the wound (an arrow indicates the direction of the wound).
Arrowheads show individual microtubules buckling.

(C) Plot of microtubule buckling and relative actin intensity versus distance from the wound border. Microtubule buckling is most common
near the actin assembly zone.

(D) Image showing e-GFP-Xtub-labeled microtubules (arrowheads) near the wound.

(E) Images from a movie of an oocyte injected with e-GFP-Xtub. Microtubules polymerize perpendicular to (left panels) and away from the
wound (right panels). Arrows indicate the direction of flow; arrowheads show the start and stop of polymerization; frames are shown at 4 s
intervals. See Movies 11 and 12.

(F) Graph showing that microtubule polymerization rates are inversely correlated with distance from the wound.

(G) Plot of microtubule polymerization events and relative actin intensity versus distance from the wound border. Microtubule assembly events
are most common near the zone of actin assembly.

(H) Image from a movie of an oocyte wounded after injection with e-GFP-X tub and treated with latrunculin B (20 .M). Microtubules accumulate
around the wound border.

also has important biochemical implications. Specifi-
cally, progressive alignment of F-actin and microtubules
moving to the wound edge implies that, within the con-
text of a cell, the process of movement itself must be
considered an important contributor to biochemical in-
teractions between the two systems. That is, cortical
flow promotes alignment of F-actin cables and microtu-

bules, which presumably promotes crosslinking of the
two systems. As previously suggested [33], low-affinity
crosslinking interactions between microtubules and
F-actin may be biologically important because each
polymer has the potential to bind multiple crosslinkers.
The existence of motility-dependent alignment further
underscores this notion, as well as its implication—



Current Biology
1102

namely, that a given crosslinker should be given serious
consideration even if its measured affinity for F-actin,
microtubules, or both is considered low by more tradi-
tional standards.

Polymerization
In addition to transport interactions, this work also re-
veals important features of local assembly interac-
tions —microtubule-dependent control of zones of actin
and myosin-2 assembly and the existence of a zone of
tubulin polymerization around wound borders. Control
of local actin polymerization by microtubules is consis-
tent with previous results from locomoting cells (see [1]
for review). However, the results here not only show that
microtubules also control local actin assembly during
a contractile process, but they also demonstrate that
microtubules control local recruitment of myosin-2 and
the Arp2/3 complex. Furthermore, the results obtained
after microtubule perturbation directly demonstrate the
importance of microtubule-dependent control of actin
and myosin-2 assembly for the function of a contractile
structure. Specifically, the zones of actin and myosin-2
assembly become spatially uncoupled from the contrac-
tile ring at the wound edge after microtubule perturba-
tion, showing that microtubules dictate where the con-
tractile array is assembled by regulating local actin and
myosin-2 assembly. The concentric rings of actin that
form after taxol treatment are particularly striking. The
fact that the outer actin array moves away from the
wound edge implies that it cannot simply be due to
physical occlusion of array closure but instead argues
that microtubules control local actin and myosin assem-
bly either via transport or via signaling interactions.
Local microtubule assembly around wounds was
completely unexpected because numerous previous
studies have shown that although microtubule polymer-
ization in activated Xenopus eggs and egg extracts is
robust, polymerization in oocytes and oocyte extracts
is virtually undetectable [25, 26, 34]. A restricted zone
of microtubule polymerization induced by wounding is
even more surprising in that although spontaneous
microtubule polymerization is observed in a variety of
cellular contexts (e.g., [35]), this is, to the best of our
knowledge, the first demonstration that local tubulin poly-

Figure 5. Microtubule Perturbation Defo-
cuses the Actin Assembly Zone.

(A) Images from movies of oocytes injected
with OG-actin and wounded after no treat-
ment (control), nocodazole treatment (Noco-
dazole; 5 pm; 1 hr), or taxol treatment (Taxol;
20 wm; 1 hr). In controls, the zone of F-actin
polymerization remains tightly focused around
wounds; in nocodazole-treated oocytes it be-
comes uneven and broadens; in taxol-treated
samples it spreads and then splits into two
rings (arrows). See Movies 13, 14, and 15.
(B) Confocal fluorescence images showing
distribution of F-actin (red) and microtubules
(green) in a taxol-treated oocyte subjected to
wounding. The microtubule and actin arrays
have split into concentric rings.

merization can be triggered by an exogenous stimulus.
From the biological perspective, however, local assem-
bly after wounding makes good sense in that it provides,
complementary to microtubule transport, an alternative
source of microtubules at the wound edge.

Model

The findings suggest a working model in which transport
and polymerization interactions between microtubules
and actomyosin form a spatially coordinated feedback
loop initiated by wounding (Figure 7). First, based on
previous work [24], wounding results in the establish-
ment of zones of actin and myosin-2 assembly. The
initial assembly of actin and myosin-2 at the wound
border may be independent of microtubules because we
have been unable to prevent it by nocodazole treatment;
however, it remains possible that more extreme mea-
sures to eliminate microtubules might likewise prevent
local actomyosin accumulation. Certainly, both intuition
and the quantification of microtubule ends at wound
borders suggests that wounding itself generates numer-
ous free microtubule ends that could promote microtu-
bule assembly and thereby promote local actin as-
sembly.

Next, myosin-based contractility drives cortical flow
of stable F-actin to the wound [24]. The flowing F-actin
is physically associated with microtubules and therefore
transports them to the wound edge, where they are
buckled and broken by actomyosin-based contractility.
This increases the number of microtubule ends at the
wound border, which in turn keeps actin and myosin-2
assembly focused near the wound edge, where it is
needed. The actomyosin-based transport of microtu-
bules to the wound border is complemented by local
microtubule assembly that is independently triggered
by wounding. The net result is that as the contractile
ring moves forward, so do translocating and newly-
assembled microtubules, ensuring that the zones of as-
sembly remains spatially associated with the contractile
ring (Figure 7).

Are the current findings peculiar to the oocyte sys-
tem? Clearly not. It was recently reported that F-actin
associates with and transports microtubules away from
the leading edge of growth cones [19] and newt lung
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Figure 6. Microtubule Perturbation Disrupts

TAXOL-SPREAD

Normal Patterns of Arp2/3 Complex and Myo-
sin-2 Localization and Uncouples the Zone
of Actin Polymerization from the Contractile
Ring

(A) Confocal images showing distribution of
p16 around wounds in control and taxol-
treated oocytes. The region of p16 accumula-
tion is broader in the taxol sample. Quanti-
fication shows that the width of the region
enriched in p16 increases in the presence of
taxol. Results are mean = SEM from three

CONTROL TAXOL

00:00

MYOSIN-2 independent experiments; an asterisk indi-

cates p < 0.01.

(B) Confocal images showing examples of
taxol-induced spreading (Taxol-Spread) or
splitting (Taxol-Split) of the region of myo-
sin-2 enrichment around wounds and, for
comparison, controls. Quantification shows
that the width of the region enriched in actin
and myosin-2 around wounds increased in
the presence of taxol. Results are mean =
SEM from three independent experiments; an
asterisk indicates p < 0.01.

(C) Double-labeled images from 4D movies
of oocytes injected with Alexa 568-G-actin
and OG-phalloidin, treated with taxol (taxol)
or nothing (control), and wounded. Lower
panels show images taken from the regions
indicated by the arrows in the upper image.
In control, the zone of assembly (red) encom-
passes the contractile ring that contains sta-
ble F-actin (green). However, in the taxol sam-
ple, dynamic actin moves to the outer ring,
whereas stable F-actin remains concentrated
at the wound border. See Movies 16 and 17.

06:00 ‘

fibroblasts [20]. The fact that dynamic microtubule-
F-actin interactions normally observed in locomoting
cells can be triggered in oocytes is strong evidence
that such interactions are universal and need only the
appropriate cellular situation or stimulus to be evoked.

It was previously suggested that the wound-healing
system is particularly relevant to cytokinesis because
it entails rapid assembly of a transient, microtubule-

modulated, contractile array [21, 24]. The validity of this
idea was strongly supported by the recent demonstra-
tion that, like wound arrays, fission yeast cytokinetic
rings are assembled via both de novo actin assembly
and contraction [36]. To extend the analogy, because
the present results demonstrate that microtubules con-
trol local zones of actin and myosin-2 assembly around
wounds, we propose that microtubules likewise control
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Figure 7. Schematic Diagram of Microtubule-Actomyosin Interac-
tions during Oocyte Wound Healing

zones of local actin and myosin-2 assembly during cyto-
kinesis. This could explain why microtubule disruption
during cytokinesis disrupts local patterns of cortical
flow [37].

What are the signals that underlie the zones of actin,
myosin-2, and microtubule assembly around wounds?
The Rho GTPases, Rho, Rac, and Cdc42 are strong
candidates in that they have the potential to regulate
both the actomyosin and microtubule cytoskeletons [38]
and, furthermore, can act as intermediates between the
microtubule and actin cytoskeletons (e.g., [39-41]). This
concept parallels the proposal that microtubules control
local actin and myosin-2 assembly during cytokinesis
via local modulation of Rho GTPase activity [4] and is
consistent with observations of local segregation of Rac,
Rho, and Cdc42 activity around wound edges (H.A. Be-
nink and W.M.B., unpublished data). Although these
ideas remain to be tested, the oocyte wound-healing
system provides an ideal model for such experiments.

Experimental Procedures

Oocyte Microinjection and Wounding

Oocytes were prepared, injected, and wounded as described in
the Supplemental Data. Fluorescent actins and phalloidins were
obtained and handled as described in the Supplemental Data. For
labeling of dynamic microtubules, the coding region of a Xenopus
oocyte-specific a-tubulin was amplified by PCR from reverse-tran-
scribed RNA and ligated into a modified pCS2 vector (provided by
Anna Sokac, UW-Madison) containing the eGPF upstream of the
insertion site. mMRNA was transcribed in vivo prior to injection with
the SP6 Message Machine (Ambion, Austin, TX).

Fixed-Cell Fluorescence

Cells were fixed and stained for F-actin and myosin-2 as previously
described [24]. Microtubules and p16 were labeled as described in
the Supplemental Data.

Imaging, Image Processing, and Analysis

4D imaging was performed as previously described [24] with a Bio-
rad 1024 confocal system on a Zeiss axiovert microscope and with
the Lasersharp software. The details of this approach are described
in the Supplemental Data, as are the details for image processing
and analysis.

Quantification of Polymeric Tubulin and Microtubule Ends
Levels of oocyte microtubules were assessed by quantitative immu-
noblotting as previously described [7] and as discussed in detail in
the Supplemental Data. For quantification of microtubule ends, 3D
images of fixed samples were generated with the Volocity software
(Improvision), and microtubule ends were quantified as described
in the Supplemental Data.

Supplemental Data

Supplemental Experimental Procedures, as well as supplemental
figures and movies, are available with this article online at http://
www.current-biology.com/content/supplemental.
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