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The actomyosin purse string is an evolutionarily conserved contractile structure that is involved
in cytokinesis, morphogenesis, and wound healing. Recent studies suggested that an actomyosin
purse string is crucial for the closure of wounds in single cells. In the present study, morphological
and pharmacological methods were used to investigate the role of this structure in the closure of
wounds in the peripheral cytoplasm of sea urchin coelomocytes. These discoidal shaped cells
underwent a dramatic form of actin-based centripetal/retrograde flow and occasionally opened
and closed spontaneous wounds in their lamellipodia. Fluorescent phalloidin staining indicated
that a well defined fringe of actin filaments assembles from the margin of these holes, and drug
studies with cytochalasin D and latrunculin A indicated that actin polymerization is required for
wound closure. Additional evidence that actin polymerization is involved in wound closure was
provided by the localization of components of the Arp2/3 complex to the wound margin.
Significantly, myosin II immunolocalization demonstrated that it is not associated with wound
margins despite being present in the perinuclear region. Pharmacological evidence for the lack of
myosin II involvement in wound closure comes from experiments in which a microneedle was
used to produce wounds in cells in which actomyosin contraction was inhibited by treatment with
kinase inhibitors. Wounds produced in kinase inhibitor-treated cells closed in a manner similar to
that seen with control cells. Taken together, our results suggest that an actomyosin purse string
mechanism is not responsible for the closure of lamellar wounds in coelomocytes. We hypothesize
that the wounds heal by means of a combination of the force produced by actin polymerization
alone and centripetal flow. Interestingly, these cells did assemble an actomyosin structure around
the margin of phagosome-like membrane invaginations, indicating that myosin is not simply
excluded from the periphery by some general mechanism. The results indicate that the actomy-
osin purse string is not the only mechanism that can mediate wound closure in single cells.

INTRODUCTION et al., 1993; Bement et al., 1993; Brock et al., 1996, Danjo and
Gipson, 1998). This purse string consists of actin filaments
interacting with myosin II bipolar filaments and is similar to
the contractile ring, which mediates cytokinesis (reviewed
by Rappaport, 1996), and contractile stress fibers in cells
(Kazuo et al., 1998). Experiments on wounded single cells
(oocytes, eggs, and embryos) indicate that membrane reseal-
ing is mediated by calcium-dependent vesicle-vesicle fusion
events (McNeil and Steinhardt, 1997; Terasaki et al., 1997),
and the wound margin in the cortex is again closed by
means of an actomyosin purse string (Bement et al., 1999).

The ability to heal physical wounds is one of the processes
fundamental to the proper maintenance of cell and tissue
function. The closure of wounds in layers of cells, both in
vitro and in vivo, has been generally attributed to the in-
ward migration of cells at the wound margin and the devel-
opment of a circumferential contractile entity composed of
an actomyosin purse string (Martin and Lewis, 1992; Conrad
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These latter experiments on Xenopus oocytes by Bement et al.
(1999) were the first demonstration of a wound-associated
actomyosin purse string in a single-cell system. Taken to-
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gether, the results of numerous previous studies indicate
that the actomyosin purse string is conserved both mecha-
nistically—it is involved in a wide range of processes, in-
cluding wound healing, cytokinesis, and morphogene-
sis—as well as evolutionarily—it has been demonstrated in
organisms as divergent as yeast and humans (see review by
Kiehart, 1999).

In the present study, we examined the wound healing
process in another single-cell system, sea urchin coelomo-
cytes. These terminally differentiated, discoidal shaped cells
have an elaborate actin cytoskeleton that undergoes an ex-
aggerated form of centripetal/retrograde flow (Henson et
al., 1999). Occasionally, spontaneous wounds appear in the
lamellipodia of these cells. These wounds manifest them-
selves as physical holes in the lamellipod that transverse
through the cell membrane and connect to the surface of the
substrate (a glass coverslip). Similar wounds can also be
produced by mechanical manipulation with a microneedle.
Coelomocytes have the ability to close substantial spontane-
ous and induced wounds, and we have used immunolocal-
ization, pharmacological inhibition, and micromanipulation
methods to study the mechanism underlying this wound
closure event. Our results indicate that wounds in coelomo-
cytes are closed by actin polymerization at the wound edge
and that an actomyosin purse string mechanism is not in-
volved in this process. The lack of myosin II function is
demonstrated on a morphological and pharmacological ba-
sis. These results suggest that cells have the ability to close
discontinuities in their cytoplasm by at least two different
mechanisms: one involves actin polymerization and is inde-
pendent of myosin II function and another involves an ac-
tomyosin purse string.

MATERIALS AND METHODS

Animals, Cell Preparation, and Reagents

Sea urchins, Strongylocentrotus droebachiensis, were collected from
the near shore waters surrounding the Mount Desert Island Biolog-
ical Laboratory in Maine and kept in either running sea water or
closed artificial sea water systems at 15°C. Coelomocytes were
isolated and maintained as described by Henson et al. (1992) with
the coelomocyte culture media (CCM) consisting of 0.5 M NaCl, 5
mM MgCl,, 1 mM EGTA, and 20 mM HEPES, pH 7.2. Typically the
cells were used within 2-8 h of isolation. A sea urchin egg myosin
II heavy-chain antiserum was generated as described by Henson ef
al. (1999), and antibodies against human Arp3 and p34 were the
kind gift of Dr. Matthew Welch (University of California, Berkeley).
A monoclonal anti-actin antibody (clone C4) was obtained from ICN
(Costa Mesa, CA), fluorescent phalloidin and latrunculin A were
purchased from Molecular Probes (Eugene, OR), KT5926 came from
CalBioChem (Costa Mesa, CA), and the majority of other reagents
and antibodies were purchased from Sigma Chemical (St. Louis,
MO).

Digitally Enhanced Video Microscopy and Rate
Measurements

Coelomocytes were settled onto either untreated or 0.1 mg/ml
poly-L-lysine-coated glass coverslips, which were then mounted in
perfusion chambers constructed of coverslip shims placed on a
slide. Cells were viewed on a Optiphot 2 microscope (Nikon, Tokyo,
Japan) using a 60X (NA 1.4) planapo phase-contrast objective lens.
Video-enhanced images were obtained with a 70S Newvicon cam-
era (Dage-MTI, Michigan City, IN) coupled to an Argus-10 real-time
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digital image processor (Hamamatsu, Bridgewater, NJ). Frame-av-
eraged, background-subtracted, and contrast-enhanced images
were recorded on a JR4500 time-lapse VCR (Javelin, Torrance, CA),
and still images were printed using a P40U video copy processor
(Mitsubishi, Tokyo, Japan). Time-lapse recording were typically
done in the range of 6- to 12-fold time compression. Alternatively,
digitized images were collected into stacks by NIH Image (National
Institutes of Health, Bethesda, MD), and the stacks were saved as
movie files.

Measurements of the rate of centripetal flow in cells were accom-
plished by tracking the movement of phase light arcs (correspond-
ing to areas of lower actin filament density) and/or membranous
structures (as described by Henson et al., 1999). To measure the rate
of wound closure, the movement of the wound margin was mea-
sured. Mean rates of centripetal flow and wound closure were derived
from measurements made on 20 total cells derived from three separate
experiments. The differences between the means of centripetal flow
rates and wound closure rates were tested for statistical significance
using a two-tailed t test with the p level = 0.01.

Micromanipulation Experiments and
Pharmacological Treatments

For micromanipulation experiments, glass capillary tubes were
pulled on either a horizontal or vertical pipette puller and then bent
into an “L” shape using a microfuge. The microneedles were then
used by a Leitz micromanipulator (Leica Microsystems, Deerfield,
IL) coupled with a Nikon TS100 inverted phase-contrast microscope
or with an MN151 manipulator (Narashige, Tokyo, Japan) attached
to a Nikon Diaphot 200 inverted phase-contrast microscope. Images
were collected via a video camera (Hitachi, Tokyo, Japan) digitized
using an LG-3 frame grabber (Scion, Frederick, MD) and manipu-
lated via NIH Image.

Disruption of actin polymerization was performed by treating
cells with either 0.2-1 uM cytochalasin D or 0.2 uM latrunculin A in
CCM. For kinase inhibition, coelomocytes were treated with 0.5-3
M staurosporine or 250-500 nM KT5926 in CCM. The drugs were
diluted from stock solutions dissolved in dimethyl sulfoxide and the
appropriate dimethyl sulfoxide alone controls were performed.

Immunoblotting and Fluorescent Localization

Affinity-purified rabbit antibodies against human Arp3 and p34
were immunoblotted against coelomocyte cytoskeletal extracts us-
ing the procedure described by Henson et al. (1999).

For fluorescent localization of filamentous actin with phalloidin,
cells were fixed with 0.25% glutaraldehyde plus 0.1% Triton in
buffer A (75 mM KCl, 2 mM MgCl2, 320 mM sucrose, 20 mM EGTA,
20 mM PIPES, pH 7.0) for 10 min, rinsed in phosphate-buffered
saline (PBS), and then stained with rhodamine or fluorescein-con-
jugated phalloidin for 30 min.

For immunofluorescence staining of actin, myosin, Arp3, and p34
cells were prefixed in 0.0001% glutaraldehyde in CCM for 5 min,
fixed in 1% formaldehyde and 0.5% Triton X-100 in buffer A for 10
min, and then postfixed in 100% methanol at either —20°C or room
temperature for 10-30 min. After a rinse with PBS, cells were
blocked with PBS plus 1% bovine serum albumin and 2% goat
serum and stained with primary antibodies followed by the appro-
priate fluorescently labeled secondary antibodies. Western blotting
of anti-Arp3 and anti-p34 was performed as described by Henson et
al. (1999).

Cells mounted in antiphotobleach were viewed for conventional
microscopy using a 60 (NA 1.4) planapo phase-contrast objective
lens, and images were captured using either a 35-mm camera with
Kodak TriX 400 film (Eastman Kodak, Rochester, NY) or a Photo-
metrics CoolSnap digital camera (Roper Scientific, Tuscon, AZ).
Confocal microscopy was performed on a Fluoview laser scanning
point source instrument (Olympus, Tokyo, Japan) using a 60X (NA
1.4) planapo objective lens, and digital files were collected.
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Figure 1. Video-enhanced phase-
contrast microscopy of the closure of
spontaneous wounds in coelomo-
cytes. (A-C) Closure of a small
wound (arrow in A); (D-F) process in
cells containing large wounds. Note
that as the wounds close the margins
tend to smooth out coincident with
the development of a phase-dense
fringe. After closing completely, this
area exhibits centripetal flow toward
the cell center. Bar, 10 pm.

RESULTS son et al., 1999) and will on occasion open wounds/holes in
. . their peripheral cytoplasm (Figure 1). These wounds tra-
Filamentous Actin Assembles from the Edges of verse Pcorrllz)ple’cely i,heplamellipogd and represent a physical
Lamellar Wounds discontinuity in the cytoplasm of the cell. On opening, the
Discoidal shaped coelomocytes settled onto coverslips ex- membrane seals around the margin of the wound, and the
hibit dramatic actin-based centripetal flow (Edds, 1993; Hen- edge appears highly convoluted. Within the cytoplasm of
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the cell a ring of phase-dense material develops around the
wound and begins to exhibit flow away from the edge. The
wound margin tends to smooth out coincident with
the development of this phase-dense ring. Eventually the
wound grows smaller and reseals, and at this point the
healed membrane region exhibits centripetal flow toward
the cell center. Cells have the ability to close both small and
large wounds (Figure 1).

Fluorescent phalloidin staining of cells with spontaneous
wounds demonstrates that the phase-dense material seen
surrounding holes in video-enhanced microscopy corre-
sponds to filamentous actin (Figure 2). The actin appears to
polymerize from the wound edge in a manner reminiscent
of that seen at the periphery of the cell. The outer edge of the
wound margin develops less actin than seen in the inner
margin. Actin flow from the outer edge is against the pre-
vailing centripetal flow of the cell, whereas flow from the
inner edge is parallel to the flow. A ridge of accumulated
actin builds up in regions where the actin-based flow from
the wound edge and the cell edge are in opposite directions.
Note that the holes/wounds tend to form in the intermedi-
ate region of the cytoplasm located just proximal to the
brush-work of actin seen at the cell edge and just distal of the
pronounced radial fibers of actin seen in the cell center
(Figure 2; see also Henson et al., 1999, for figures showing
the ultrastructural organization of actin in coelomocytes).

Wound Closure Is Inhibited by Drugs That Interfere
with Actin Polymerization

The closure of spontaneous and mechanically induced
wounds in cells is inhibited by treatment with either cy-
tochalasin D or latrunculin A (Figures 3 and 4). Figure 3
shows the treatment of a cell displaying spontaneous hole
production with a low concentration of cytochalasin D (0.2
uM). The drug treatment arrests wound closure and centrip-
etal flow, whereas upon drug wash out both of these pro-
cesses resume. Lamellar wounds created by microneedles in
control cells readily undergo the accumulation of phase-
dense material and subsequent closure (Figure 4). Impor-
tantly, this closure of mechanical wounds can be arrested in
cells treated with cytochalasin D or latrunculin A (Figure 4)
immediately after the wounding event. Because these drugs
interfere with actin polymerization via different mecha-
nisms, lamellar wound healing probably involves this pro-
cess.

The Wound Margin Contains the Arp2/3 Complex
but Not Myosin 11

The Arp2/3 complex has recently been shown to be an
essential component of actin polymerization dynamics and
structural organization at the leading edge (reviewed by
Bear et al., 2001). If actin is indeed polymerizing de novo
from the newly formed edges of lamellar holes in coelomo-
cytes, one would predict the presence of the Arp2/3 com-
plex is this same area. Western blotting of anti-human Arp3
and p34 antibodies demonstrates strong cross-reactivity
with coelomocyte proteins of the appropriate molecular
masses (Figure 5). Immunolocalization clearly shows that
actin and the Arp3 and p34 components of the Arp2/3
complex are found both at the expected cell edge and the
margins of wounds (Figure 6). These results complement the
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Figure 2. Phalloidin staining of filamentous actin in cells contain-
ing spontaneous wounds clearly indicates that actin assembles from
the margin of small (A) and large (B and C) wounds and that the
phase-dense fringe surrounding holes visualized with video-en-
hanced microscopy (Figure 1) represents newly polymerized actin.
Note in A that the hole at the top has just opened and started to
recruit actin polymerization, whereas the hole on the right is more
“mature” and is in the process of closing. Bar, 10 um.
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Figure 3. Cytochalasin D inhibits wound closure. (A and B) A cell undergoing closure of spontaneous wounds. Cytochalasin D (0.2 uM)
was applied at the 6-min time point shown in C, and this causes the eventual cessation of hole closure and centripetal flow (10-min time point
shown in D). The drug also induces a characteristic clearing of the cytoplasm and an accumulation of a phase-dense ring at the cell periphery. At
the 12-min time point (E) the drug is washed out and the cell resumes hole closure and centripetal flow (22-min time point in F). Bar, 10 um.
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Figure 4. Latrunculin A inhibits wound closure. (A—C) Closure of a hole produced by a microneedle (arrow in A) in a control cell; note the
development of the characteristic phase-dense fringe (total elapsed time = 2 min). (D-F) Effect of latrunculin A perfusion immediately after
the mechanical production of two new holes in the same cells shown in A-C. The holes were made and the drug was perfused ~10 s before
the capture of D. Note that the hole margins do not develop a phase-dense fringe and do not close, whereas the central cytoskeleton tends

to undergo a retraction (total elapsed time = 10 min). Bar, 10 um.

cytochalasin D and latrunculin A drug experiments and
reinforce the idea that the wound edge is the site of new
actin polymerization in coelomocytes.

Immunolocalization of myosin II in coelomocytes
shows it to be distributed within the perinuclear region
where it appears to be associated with actin filaments in a
ring-like array (Figure 7; see also Henson et al., 1999).
Immunofluorescence localization of myosin II in cells con-
taining spontaneous wounds indicates that myosin is
found exclusively in the cell center and does not associate
with wounds, despite the appearance of the actin fringe
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there (Figure 7). Myosin appears not to associate with the
holes during any stage of the closure process. Figure 8
contrasts the localization of Arp3 and myosin with actin
in cells containing spontaneous holes. Association with
the edge of the wound is seen exclusively with Arp3 and
not with myosin.

The quantitation of the rates of centripetal flow and
wound closure were carried out to determine whether there
were any significant differences. There was no statistically
significant difference between the centripetal flow rate
(mean = 3.4 um/min) and the hole closure rate (mean = 3.2

Molecular Biology of the Cell
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Figure 5. Immunoblot of anti-Arp3 and anti-p34 against cytoskel-
etal extracts of coelomocytes. Both the Arp3 and the p34 antibodies
exhibit strong labeling of bands that migrate at the appropriate
molecular mass (50 kDa for Arp3 and 34 kDa for p34). Molecular
masses of marker proteins are given along the left margin.

um/min), although the wound closure rate was more vari-
able. Our previous studies have shown that flow rates in the
periphery of cells in which actomyosin function is blocked
by kinase inhibition are not different from rates in control
cells (Henson et al., 1999).

Pharmacological Inhibition of Actomyosin
Contraction Does Not Inhibit Wound Closure

Evidence of actomyosin-mediated tension on the coelomo-
cyte actin cytoskeleton comes from experiments in which a
high concentration of cytochalasin D causes the retraction of
the central cytoskeleton away from the cell periphery (Fig-
ure 9B; Edds, 1993; Henson et al., 1999). This retraction is
thought to be due to the stoppage of actin polymerization at
the cell edge, the release of the peripheral actin cytoskeleton,
and a subsequent myosin-mediated finite retraction (note
that a similar cytoskeletal retraction phenomena occurs in
coelomocytes in which actin polymerization has been inhib-
ited by treatment with latrunculin A as evidenced in Figure
4.). Cytochalasin-induced retraction of the actin cytoskeleton
has been observed in neuronal growth cones, where it has
been interpreted as evidence for myosin-based tension (For-
scher and Smith, 1988; Smith, 1988; Lin et al., 1996). Previous
studies have indicated that actomyosin contraction can be
inhibited in cells using kinase inhibitors that target the ac-
tion of myosin light-chain kinase (Nakanishi et al., 1990;
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Kazuo et al., 1998). Interestingly, treating coelomocytes with
the wide spectrum kinase inhibitor staurosporine or with the
more MLCK-specific KT5926 results in an arrest of flow and
a disruption of the actin cytoskeleton in the cell center,
although flow continues at the cell periphery (Figure 9C;
Henson et al., 1999).

In an attempt to determine whether kinase inhibition was
indeed interfering with actomyosin-mediated tension, we
treated cells sequentially with kinase inhibitors (either stau-
rosporine or KT5926) followed by cytochalasin D. We hy-
pothesized that cytochalasin D treatment in the presence of
kinase inhibition would arrest the peripheral flow, which is
based on actin polymerization, but that the lack of myosin-
mediated cytoskeletal tension would prevent the retraction
of the central cytoskeleton in these cells. Figure 9D indicates
that retraction did not take place in kinase-inhibited cells
that were treated with cytochalasin D. This result suggests
that the kinase inhibition treatment does reduce myosin-
mediated tension generation in these cells.

Armed with this knowledge we tested whether cells
treated with kinase inhibitors were capable of closing
wounds in regions where their peripheral cytoplasm was
still exhibiting flow. Significantly, cells treated with kinase
inhibitor retained the ability to close mechanically produced
wounds in the peripheral regions where their cytoplasm was
still exhibiting centripetal flow (Figure 10). This suggests
that myosin II-based tension generation is not required for
wound closure.

Actin and Myosin 11 Are Associated with Plasma
Membrane Invaginations

The apparent lack of myosin II association with wound
closure on either a structural or functional basis implies that
myosin may simply be restricted to the cell center via some
type of general mechanism, such as a molecular sieving
process that could result from actin-based centripetal flow.
However, both actin and myosin are found surrounding
phagosome-like invaginations of the plasma membrane,
which occurs occasionally in the peripheral cytoplasm of
coelomocytes (Figure 11). These structures result from the
interaction of the coelomocyte with a smaller spherical cell
type (lost during immunofluorescence processing), and
there exists clear evidence of a past continuity between the
hole interior and the exterior margin of the cell, indicating
that these entities arose from invaginations of the plasma
membrane in a manner similar to that seen with phago-
somes. In cells containing spontaneous wounds (Figures 1-3
and 6-8), it is clear that the wounds develop within the cell
interior and do not have any connection with the cell’s
exterior circumferential margin.

DISCUSSION

Wound Closure in Single Cells in the Absence of an
Actomyosin Purse String

The actomyosin purse string, consisting of interacting actin
and myosin II filaments, is the universal mechanism invoked
for constriction within cells. It is conserved structurally and
phylogenetically and is known to play a role in cytokinesis,
morphogenesis, epithelial sheet dynamics, and wound heal-
ing (see review by Kiehart, 1999). Within the latter category
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Figure 6. Components of the Arp2/3 complex localize to the wound margin. Double labeling of actin (A) and Arp3 (B) or actin (C) and p34
(D) in cells containing spontaneous holes clearly demonstrates that Arp2/3 components are concentrated both at the cell periphery and at

the margins of wounds. Bar, 10 um.

it has been implicated in the healing of wounds in cell
monolayers as well as the closure of wounds created in
single Xenopus oocytes. In all of these processes, the devel-
opment of contractile tension is dependent on the presence
of both filamentous actin and myosin IL

In the present study we have examined the process of
lamellipodial wound closure in sea urchin coelomocytes,
which exhibit pronounced actin-based centripetal flow. In
the case of either spontaneous or mechanically induced
holes, video-enhanced microscopy and fluorescent actin
staining clearly indicate that actin polymerizes off the
cytoplasmic face of the membrane that forms the wound
margin, and as the actin-containing fringe develops, the
wound edges smooth out and the hole eventually closes.
Despite the presence of filamentous actin at the wound
margin, our morphological and pharmacological evidence
indicates that myosin II is not involved in the closure
response. Immunofluorescence microscopy consistently
shows that myosin II is present in the cell center but is not
associated with wound margins in cells. With regard to
drug treatment, wound closure was not effected in cells
treated with kinase inhibitors that interfere with the ac-
tomyosin contraction, as evidenced by their ability to
inhibit the retraction of the central cytoskeleton in coelo-
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mocytes treated with cytochalasin D. In growth cones, this
cytochalasin p-induced retraction response has been used
as evidence for the existence of a myosin-mediated con-
tractile tension exerted on the peripheral cytoskeleton
(Forscher and Smith, 1988). The lack of myosin localiza-
tion and apparent function at the coelomocyte wound
sites suggests that an actomyosin purse string mechanism
does not mediate wound closure in these cells.

Our evidence for the lack of actomyosin contraction in
coelomocyte wound repair is at odds with wound healing
in single Xenopus oocytes, where there is clear evidence of
the involvement of actomyosin contraction (Bement et al.,
1999; Mandato and Bement, 2001). It is possible that these
apparent differences in mechanism are related to the dif-
ferences in the nature of the wounds in the two systems.
In coelomocytes the wound involves a physical hole that
extends through the entire thin lamellar region of the cell
around which the membrane seals. In the oocyte experi-
ments, physical punctures were made through the plasma
membrane and into the cytoplasm of the cells. Perhaps a
contractile actomyosin structure is needed to deal with
these larger, more invasive wounds, whereas actin poly-
merization is sufficient for closing smaller, lamellar dis-
continuities. Given the importance of actin polymeriza-
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Myosin

Figure 7. Myosin II does not associate with wounds. Immunofluorescence labeling of actin (A, C, and E) and myosin II (B, D, and F) in
coelomocytes containing spontaneous wounds. Although myosin is consistently localized to the perinuclear region of these cells, it is not
associated with the actin fringe recruited to the wound margins. This is true for holes throughout the closure process. Bar, 10 um.

tion in coelomocyte wound repair, it is interesting to note The absence of myosin II from coelomocyte wounds
that Xenopus wound closure has been shown to be depen- does not preclude the possible involvement of unconven-
dent on both actomyosin contraction and polymerization tional myosins in wound closure. Unconventional myo-
(Mandato and Bement, 2001). sins have been implicated as being important in cell
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&
Myosin

Figure 8. Comparision of the distribution of actin (red) and myo-
sin (green) in A with actin (red) and Arp3 (green) in B in coelomo-
cytes containing spontaneous wounds. Arp3 associates with the
wound margins, whereas myosin does not. Bar, 10 um.

movement, membrane traffic, and signal transduction (re-
viewed by Mermall et al., 1998; Oliver et al., 1999) and
myosin I subtypes, in particular, may be involved in the
Arp2/3-regulated assembly of branched actin filaments at
the leading edge (Jung et al., 2001). With regard to cellular
events involving tension generation, Swanson et al. (1999)
argued that myosin IC, not myosin II, is the likely medi-
ator of a BDM-sensitive, purse-string-like contraction that
closes phagosomes in mammalian macrophages. How-
ever, myosin II is the only myosin known to produce
contractile tension in combination with actin, and past
studies of myosin I in coelomocytes have indicated that it
is associated with perinuclear cytoplasmic vesicles and
not the lamellar cytoskeleton in these cells (D’Andrea et
al., 1994). It should also be noted that the kinase inhibitor
treatments used to interfere with actin and myosin II
interaction in the present study may not inhibit the activ-
ity of unconventional myosins.
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Actin-based Healing of Lamellipodial Wounds

If myosin II-based contraction is indeed not involved in
coelomocyte wound healing, then how do the holes con-
strict? We propose that the closure of these wounds is
based mainly on the force produced by actin polymeriza-
tion along the entire circumference of the wound margin
combined with the centripetal flow within the distal re-
gion of the cell. Significantly, the wound closure process
in coelomocytes is inhibited by drugs (cytochalasin D and
latrunculin A) that interfere with actin polymerization,
and components of the Arp2/3 complex, known to be
important in the mediation of actin polymerization, are
localized to the wound margin. Actin polymerization
alone has been suggested to produce protrusive force at
the leading edge of cells, as well as in the motility of
organelles and intracellular pathogens (Condeelis, 1993;
Mitchinson and Cramer, 1996; Mogilner and Oster, 1996;
Ireton and Cossart, 1997; Merrifield ef al., 1999; Bear et al.,
2001; Boldogh et al., 2001). The fringe of actin that devel-
ops around the margin of wounds in coelomocytes is
similar in organization to the actin meshwork at the lead-
ing edge of the cell and the comet tails of actin that
associate with pathogens such as Listeria. Interestingly,
the coelomocyte wound closure phenomenon implies that
all of the protein machinery needed for actin to bind to
and begin to polymerize from a membrane-associated site
is assembled very quickly onto the wound edge to allow
for the rapid development of the actin assembly.

Why would it be beneficial for cells to have an actin-
based wound-healing process in the lamellipodial region?
Clearly, the lamellipod, which forms the leading edge of a
motile cell, would be expected to be the site of potential
cell injury given that it serves as the “point man” as the
cell migrates into new territory. Allowing for a simple
wound-healing response based on actin polymerization
and centripetal flow would permit the quick closure of
holes produced in these areas. Given the stationary nature
and 360-degree flow pattern of the coelomocyte, why do
spontaneous wounds occur in these cells? One possibility
is that the coelomocyte wounds arise as a result of the cell
spreading too thinly on the substrate. This can be thought
of as analogous to the holes that develop in a drop of
water when it is spread too thinly on a hydrophobic
substrate. It is interesting to note the similarity between
the appearance of the ragged edge holes in the water layer
and the holes in the coelomocyte cytoplasm. The openings
in coelomocytes tend to cluster in the area of lower actin
filament density between the brush work of the cell’s edge
and the actomyosin structures in the cell center. We spec-
ulate that this zone is the area of least resistance when it
comes to tension on the cell membrane and, therefore, is
the site of hole appearance. Our unpublished preliminary
observations suggest that we can alter the occurrence rate
of spontaneous wounds by increasing the adherence of
the cell with higher concentrations of poly-L-lysine
and/or by subjecting the cells to osmotic shock. Further
experimentation is needed to determine the exact stimu-
lus for spontaneous hole production.

It should be pointed out that membrane-resealing
events in several cell types have been shown to involve a
localized decrease in membrane tension and the recruit-
ment of internal membrane via exocytosis (Terasaki et al.,
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Figure 9. Immunofluorescence labeling of actin in a control cell (A) and in cells treated with cytochalasin D alone (B), staurosporine alone
(C), or staurosporine plus cytochalasin D sequentially (D). Cytochalasin D alone stops flow and produces a buildup of actin at the cell margin
along with an actomyosin-mediated contraction of the cytoskeleton, leaving an actin-free peripheral zone. Staurosporine, a broad-spectrum
kinase inhibitor that can inhibit MLCK, stops flow and disrupts the actin organization in the cell center; however, flow continues unabated
at the cell periphery (C). Sequential treatment with staurosporine followed by cytochalasin D arrests flow and causes an accumulation of actin
staining at the cell edge. However, the cytoskeleton does not undergo a retraction, suggesting that the kinase inhibitor is indeed inhibiting
MLCK function and thereby reducing the actomyosin-mediated tension on the cytoskeleton. Bar, 10 um.

1997; Togo et al., 1999, 2000; McNeil et al., 2000; reviewed
by McNeil and Steinhardt, 1997; McNeil and Terasaki,
2001). These processes involve the closure of holes in the
plasma membrane of the cell, whereas the coelomocyte
wound healing described in the present study involves
the closure of a physical discontinuity in the thin lamellar
cytoplasm around which the membrane has already
sealed. The difference between these two processes is
highlighted by the fact that cytochalasin D lowers mem-
brane tension and therefore facilities membrane resealing
in wounded cells (Togo et al., 1999, 2000), whereas the
same drug arrests the closure of coelomocyte lamellar
holes (Figure 3). Furthermore, the membrane-resealing
process depends on the availability of internal membrane
sources, such as endosomes, vesicles, and lysosomes. In
coelomocytes, these organelles, together with microtu-
bules, are restricted to the perinuclear region of the cell
(Henson et al., 1992), and they are never found in the
region of the lamellipodia where hole opening and clo-
sure take place. Therefore, although we cannot rule out
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the involvement of endosomes in the healing of coelomo-
cyte wounds, they are not positioned in a manner consis-
tent with their involvement in peripheral wound closure.

Implications of Coelomocyte Wound Closure on the
Mechanism of Centripetal/Retrograde Flow

Sea urchin coelomocytes represent an excellent model sys-
tem for the study of actin-based centripetal flow. We have
recently shown that the flow process appears to be made up
of two separable components working together: actin poly-
merization pushing at the cell edge combined with actomy-
osin contraction pulling from the cell center (Henson et al.,
1999). Aspects of the wound closure process further support
this dual-component model. If centripetal motility was ab-
solutely dependent on centralized actomyosin function, then
the edges of cells distal to the wound opening (and therefore
cut off from the influence of the myosin-containing cell
center) would be expected not to exhibit flow. However,
they do show retrograde actin movement, indicating that
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actin polymerization from the cell edge is sufficient to drive
flow in these regions. In addition retrograde flow is also seen
in the actin assembled off the wound margin on the opposite
side of the cell center, again emphasizing the fact that actin-
based retrograde mobility can take place in an area that is
physically separated from myosin II activity. These results
reinforce our interpretation of pharmacological experiments
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Figure 10. Video-enhanced mi-
croscopy of a temporal sequence
of two staurosporine treated cells
closing mechanically-induced la-
mellipodial wounds (arrows in A
and D). Note that there is a clear
difference in the appearance of
the cell center, where flow is ar-
rested and actin organization dis-
rupted (see Figure 5C), and the
cell periphery, where flow per-
sists. Total elapsed time for each
sequence is 2 min. Bar = 10 um.

in which MLCK-targeted kinase inhibitors stop flow in the
cell center but maintain flow at the cell periphery.

It is also informative to compare the structural organiza-
tion of actin around the wound margins relative to the
remainder of the cell. The actin meshwork of the regular cell
edge transforms into a region of radial actin fibers as one
moves toward the cell center. However, the actin that as-
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Myosin

Figure 11. Both actin (A and C) and myosin (B and D) localize to the margin of phagosome-like membrane invaginations seen in some cells.
These invaginations appear as holes in the peripheral cytoplasm; however, unlike the holes/wounds seen previously, they have a clear
connection to the outside circumference of the cell and are formed by membrane invagination. The cell seen in A and B was imaged with

confocal microscopy. Bar, 10 um.

sembles around wounds displays this type of organizational
transformation only on the side of the wound that faces the
cell center (Figures 2 and 6-8). The actin on the distal side of
the wound opening remains as a meshwork, suggesting that
actomyosin tension, concentrated in the cell center, is par-
tially responsible for organizing the radial structures.

In the present study we have used several different ap-
proaches to demonstrate that wounds in the lamellipodia of
sea urchin coelomocytes are closed by actin polymerization
in the absence of the involvement of an actomyosin purse
string. These results, together with published studies of

Vol. 13, March 2002

Xenopus oocytes (Bement et al., 1999; Mandato and Bement,
2001), imply that single-cell wound-healing responses can
involve actin polymerization alone or polymerization in
combination with actomyosin contraction. Further studies
are needed to determine what signals are required to initiate
these critical repair processes.
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