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Abstract. The process of wound repair in monolayers
of the intestinal epithelial cell line, Caco-2gg., was
analyzed by a combination of time-lapse differential
interference contrast (DIC) video and immunofluores-
cence microscopy, and laser scanning confocal immu-
nofluorescence microscopy (LSCIM). DIC video anal-
ysis revealed that stab wounds made in Caco-2gs.
monolayers healed by two distinct processes: (a) Ex-
tension of lamellipodia into the wounds; and (b) Purse
string closure of the wound by distinct arcs or rings
formed by cells bordering the wound. The arcs and
rings which effected purse string closure appeared
sharp and sheer in DIC, spanned between two and
eight individual cells along the wound border, and
contracted in a concerted fashion. Immunofluorescence
analysis of the wounds demonstrated that the arcs and
rings contained striking accumulations of actin fila-
ments, myosin-II, villin, and tropomyosin. In contrast,
arcs and rings contained no apparent enrichment of
microtubules, brush border myosin-I immunogens, or
myosinV. LSCIM analysis confirmed the localization
of actin filaments, myosin-II, villin, and tropomyosin
in arcs and rings at wound borders. ZO-1 (a tight junc-

tion protein), also accumulated in arcs and rings
around wounds, despite the fact that cell-cell contacts
are absent at wound borders. Sucrase—isomaltase, an
apically-localized integral membrane protein, main-
tained an apical localization in cells where arcs or
rings were formed, but was found in lamellipodia ex-
tending into wounds in cells where arcs failed to
form. Time-course, LSCIM quantification of actin,
myosin II, and ZO-1 revealed that accumulation of
these proteins within arcs and rings at the wound edge
began within 5 minutes and peaked within 30-60 min-
utes of wounding. Actin filaments, myosin-II, and ZO-1
achieved 10-, 3-, and 4-fold enrichments, respectively,
relative to cell edges which did not border wounds.
The results demonstrate that wounded Caco-2gs. mono-
layers assemble a novel cytoskeletal structure at the
borders of wounds. The results further suggest that
this structure plays at least two roles in wound repair;
first, mediation of concerted, purse string movement
of cells into the area of the wound and second, main-
tenance of apical/basolateral polarity in cells which
border the wound.

where they serve as selective barriers between tis-

sues and the extracellular environment. Although
epithelia are composed of individual cells, a single epithelial
cell functions only within the context of its neighbors; iso-
lated epithelial cells possess virtually none of the properties
characteristics of an intact epithelium. For example, in the
absence of neighboring cells, epithelial cells not only fail to
act as barriers, for the simple reason that barrier functions
are dependent on the formation of cell-cell junctions, but
they are also relatively nonpolarized and do not express
many proteins found in the same cells in mature monolayers
(Louvard et al., 1992).

Just as individual epithelial cells function only within the
context of the entire epithelium, so the functioning epithe-
lium relies on the complete integrity of its constituents. Con-
sequently, loss of cells from the epithelium either as a result
of injury or normal cell turnover is disastrous for the epithe-

EPITHELIA are ubiquitous components of the metazoa,
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lium and the organism unless it is quickly repaired. Given
that intestinal epithelia are exposed to injury in a variety of
pathological states (e.g., Feil et al., 1987) and are constantly
extruding senescent cells from the villus tip (e.g., Madara,
1990), it is not surprising that mechanisms have evolved
which effect rapid epithelial repair within the intestine (Feil
etal., 1987, Moore et al., 1989; Madara, 1990). In fact, not
only are large wounds repaired with incredible rapidity as as-
sessed by microscopy and electrophysiological measure-
ments (Feil et al., 1987), extrusion of senescent ¢ells from
the epithelium is accompanied by no detectable changes in
permeability to macromolecules, suggesting that the mono-
layer suffers little or no lapse in barrier function during this
process (Madara, 1990).

What mechanism underlies the remarkable resilience of
epithelia? Studies of wound healing using isolated epithelia
(Takeuchi, 1979; Radice, 1980; Takeuchi, 1983), and cul-
tured epithelial cells (Gabbiani et al., 1978; Hergott et al.,
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1989; McCormack et al., 1992; Nusrat et al., 1992), as well
as numerous studies using endothelial cells (e.g., Selden and
Schwartz, 1979; Gotlieb et al., 1981; Gordon et al., 1982;
Gabbiani et al., 1983; Wong and Gottlieb, 1988; Gordon and
Staley, 1990) and fibroblasts (e.g., Vasiliev et al., 1969),
have led to the consensus that large wounds made in cell
monolayers heal by extension of lamellipodia from cells bor-
dering the wound onto the exposed substrate followed by
migration of border cells into the wound itself. This process
entails flattening of migrating cells and, presumably, tem-
porary disruption of apical/basolateral polarity in those cells
which close the wound.

We have reinvestigated the process of wound repair in
a model system consisting of Caco-2 cells grown upon
collagen-coated coverslips. Caco-2 cells are derived from a
human colonic adenocarcinoma and will, when grown under
appropriate conditions, differentiate into an intestinal en-
terocyte-like monolayer (Pinto et al., 1983). We have used
a particular Caco-2 subclone, designated BBe, that was
selected for its ability to differentiate in a manner that closely
resembles its in vivo counterpart, particularly with respect
to expression and distribution of cytoskeletal proteins (Pe-
terson and Mooseker, 1992). Consistent with previous
studies, we find that large wounds in Caco-2gs. monolayers
heal by lamellipodial extension and cell migration. In con-
trast to large wounds, however, small wounds heal by purse-
string contraction, apparently mediated by actomyosin-
containing arcs and rings which form at wound borders and
span multiple cells. That is, cells bordering small wounds
function as a single unit, contracting in concert with each
other to close wounds. The contractile arcs and rings that
mediate wound closure also appear to restrict the diffusion
of apically localized proteins such as sucrase-isomaltase,
and the tight junction antigen, Z0-1, thereby maintaining cell
polarity.

While this manuscript was in preparation, it was reported
that wounds made in embryonic skin epidermis heal in the
absence of lamellipodia formation (Martin and Lewis,
1992). It was observed that wounds closed smoothly in a
purse string fashion, as if the entire wound border were sub-
ject to circumferential tension. It was further demonstrated
that such wounds were surrounded by an actin cable, appar-
ently continuous from cell to cell. The authors hypothesized
that the actin cable effected wound healing by undergoing
concerted contraction, thereby shrinking the wound perime-
ter (Martin and Lewis, 1992). The results of that study, con-
ducted with avian embryos, and the present one, conducted
using a cultured human cell line, suggest that purse string—
driven cellular motility may represent a wide-spread biologi-
cal phenomenon.

Materials and Methods

Cell Culture

The Caco-2 clone C2pp. (Peterson and Mooseker, 1992; referred to in that
study as Caco-2ppe1) was maintained at 37°C, 5% C02/95% air. Cells
were cultured in 25 mM glucose DME (JRH Biosciences, Lenxa, KS), 10%
FBS (Hyclone, Logan, UT), 2 mM giutamine (Sigma Immunochemicals,
St. Louis, MO), 10 ug/ml transferrin (Boehringer-Mannheim Biochemi-
cals, Indianapolis, IN), and penicillin/streptomycin/Fungizone (JRH Bio-
sciences) as previously described (Peterson and Mooseker, 1992). For mi-
croscopy, cells were plated on acid-washed, collagen-coated coverslips, and
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then allowed to differentiate for 2-5 wk before wounding. Although Caco-
2ppe cells grown under these conditions (i.e., on glass) do not reach the
height achieved by Caco-2gg. cells grown on filters (5-10 um on glass vs.
30—40 um on filters; Peterson and Mooseker, 1992), they nevertheless form
polarized monolayers, as assessed by immunofluorescence analysis.

Wounding

Cells were wounded manually (i.e., by stabbing) with tungsten wire (.003
gauge; California Fine Wire Co., Grover City, CA) sharpened to a point by
NaOH electrolysis. Due to the flexibility of the tungsten wire, stabbing fre-
quently resulted in large wounds caused by the bowing and subsequent ex-
tension of the tungsten wire across the cell monolayers. Cell-cell adhesion
is highly developed in Caco-2gse cells, consequently, wounds made in this
fashion frequently resulted in detachment of the cells surrounding the
wound from the substrate, a condition which altered the manner in which
wounds healed (see Results). As a means of mitigating this problem, wounds
were made using sharpened tungsten wires wrapped around larger wire (18
awg-.82 mm?; Belden Corporation, Chicago, IL), such that only the sharp-
ened tip and several millimeters of the tungsten wire protruded beyond the
end of the larger wire. This improved the reproducibility of wound size
moderately, but it was still necessary to stab a given coverslip 60-80 times
to produce one to three small (one to eight cell diameters, ~100 um or less)
wounds. The use of a micromanipulator did not significantly increase the
frequency of small wounds, but did considerably slow the wounding pro-
cess. Consequently, manual stabbing was used in all of the studies described
below.

Video Microscopy

After wounding, cells were mounted in a perfusion chamber, constructed
as described previously (Forscher and Smith, 1988). Briefly, the coverslip
with the wounded monolayer was overlain with a second coverslip, with two
thin plastic strips, sealed to each coverslip with silicon grease, separating
the two coverslips, thereby forming the chamber. The chamber was clamped
into an aluminum holder machined to fit onto the Zeiss Axiovert-10 micro-
scope stage (Carl Zeiss, Obekochen, Germany). The mounting process
generally took between 15 and 30 mins, and locating a given wound gener-
ally took another 15 min, thus, time-lapse, differential interference contrast
(DIC)! observations of wound healing usually commenced within 30-45
min after wounding. During observation, cells were perfused with media
taken from the original dish into which coverslips were transferred; perfu-
sion was such that the entire chamber contents were replaced every 10-15
min. Stage temperature was maintained at 34°C using a Dage air curtain
(Dage-MTI Inc., Michigan City, MI). Time-lapse, DIC analysis, and image
processing were conducted as described by Forscher and Smith (1988).

Immunofluorescence

Two similar protocols were used for immunofluorescence, depending on
whether cells were wounded and analyzed by time-lapse video microscopy,
or wounded and processed directly for confocal laser-scanning microscopy.
In the first case, cells were prepared by sequentially perfusing the observa-
tion chamber with the following solutions (room temperature unless other-
wise indicated): (@) two washes in PBS; (b) 15-min fixation in ice-cold 4%
paraformaldehyde in PBS/50 mm EGTA (“MB” medium); (c) 5-min per-
meabilization in 4% paraformaldehyde and 1% Tx-100 in MB; (d) five
washes in 0.1% Tx-100 + 1% BSA (Sigma Immunochemicals) in MB; (e)
15 min in 10% BSA in MB; (f) 1 hin MB + 120 nM rhodamine phalloidin
(Molecular Probes, Eugene, OR) and primary antibody (for primary anti-
bodies, see below); (g) 20 washes in MB + 0.1% Tx-100; (#) 1 hin 10 ug/ml
of FITC-conjugated anti-rabbit or anti-mouse IgG (Jackson Immunological
Research Labs, West Grove, PA) in MB; (i) 20 washes in MB + 0.1% Tx-
100; and (j) mounting in 20 mM N-propyl-galate in PBS/80% glycerol.
Fluorescence images were obtained as described by Forscher and Smith
(1988). The primary antibodies used were as follows: anti-human platelet
myosin-II (Biomedical Technologies Inc., Stoughton, MA); HPLC-purified
anti~chicken brush border myosin-I (CX-1 from Carboni et al., 1988; note
that CX-1 recognizes three putative myosins I in Caco-2gg. cells [Peterson
and Mooseker, 1992], hence, in the Results we refer to staining of CX-1 im-

1. Abbreviations used in this paper: DIC, differential interference contrast;
LSCIM, laser scanning confocal immunofiuorescence microscopy.
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munogens); affinity-purified anti-chicken myosinV (Espreafico et al.,
1992); anti-chicken fodrin serum (Harris et al., 1986; a lavish gift from Dr.
Jon Morrow, Yale University); affinity-purified anti-chicken villin (West et
al., 1988); anti-rat sucrase-isomaltase serum (Quaroni, 1986; a munificent
gift from Dr. Andrea Quaroni, Cornell University, Ithaca, NY); anti-human
erythrocyte tropomyosin (an extravagant gift from Dr. Velia Fowler, Scripps
Clinic, La Jolla, CA); anti-rat S-tubulin (Sigma Immunochemicals);
affinity-purified anti-Z0-1 peptide (Willot et al., 1992; a princely gift from
Dr. Jim Anderson, Yale University, New Haven, CT).

All of the antibodies used in this study recognize the proteins against
which they were raised as determined by Western blotting of Caco-2gg. ex-
tracts (Peterson and Mooseker, 1992; W.M. Bement, unpublished results)
and by specific immunofluorescence staining of the appropriate structures
in unwounded Caco-2gg. monolayers (e.g., CX-1 specifically stains micro-
villi; Peterson and Mooseker, 1992; anti-human erythroid tropomyosin
specifically stains stress fibers; W. M. Bement, unpublished results).

Laser Scanning Confocal
Immunofluorescence Microscopy

For confocal microscopy, coverslip-grown monolayers in six-well culture
plates were wounded, allowed to heal 5 min-3 h as described in the Results,
and then processed in six-well plates in the following manner (room temper-
ature unless otherwise indicated): (g) two washes in PBS; (b) 15-min fixa-
tion in ice-cold 4% paraformaldehyde in PBS/50 mM EGTA (“MB”
medium); (c) 5-min permeabilization in 4% paraformaldehyde and 1% Tx-
100 in MB; (d) 3X 10-min washes in 0.1% Tx-100 + 1% BSA; (Sigma Im-
munochemicals) in MB with gentle rotation; (e) 45 min in 10% BSA in MB;
(f) 1 h at 37°C in MB + 120 nM rhodamine phalloidin and primary anti-
body; (g) 3% 10-min washes in MB + 0.1% Tx-100 with gentle rotation;
(M) 1 hat 37°C in secondary antibody; (i) 3X 10-min washes in MB + 0.1%
Tx-100 with gentle rotation; (f) mounting in 20 mM N-propyl-galate in
PBS/80% glycerol.

After processing as described above, wounded monolayers were analyzed
on a laser-scanning, confocal microscope (Bio-Rad Laboratories, Cam-
bridge, MA) as previously described (Peterson and Mooseker, 1992). Laser

Scanning Confocal Immunofluorescence Microscopy (LSCIM) analysis
with the Bio-Rad microscope allowed simultaneous analysis of two different
fluorophores within the same focal plane, consequently, the microscope out-
put yielded split-screen, double-label images showing either en face or
computer-generated cross-sectional views of actin filaments and the other
proteins as described in the Results. This type of analysis allowed unambig-
uous determination of the presence or absence of a given protein within the
focal plane of the actin filament cables.

LSCIM Quantification of Fluorescence Intensity

To obtain semi-quantitative information with respect to the apparent local-
ization of actin filaments, myosin-II, and Z0-1 at wound borders, fluores-
cence intensity was measured within a 10 X 10 pixel square on the monitor
using the Bio-Rad software. Signal intensities measured within arcs and
rings were normalized by dividing the fluorescence intensity for actin fila-
ments, myosin-II, or Z0-1 within arcs or rings along wound borders by the
most intense fluorescence signal within the same cell, but on a cell edge
distal to the wound. Optical sectioning was necessary to determine the most
intense control (nonwound) signal since the brightest signals distal to the
wound edge were often above the focal plane of the brightest signals at the
wound edge. While this method undoubtedly underestimates the relative
fluorescent intensities within arcs and rings, it avoids potential artifacts due
to differential expression/detection of given proteins within different cells.

Results

Wound Healing in Living Cell Monolayers

To analyze the process of wound healing in living Caco-2gg.
monolayers, cells were plated on collagen-coated coverslips,
and then, 2-5 wk after achieving confluence, monolayers
were stabbed manually with sharpened tungsten wires and
observed by time-lapse, DIC video microscopy as described

Figure 1. Time-lapse, DIC analysis of a wound healing by both lamellipodial extension and purse string contraction. (4-E) DIC images
showing lamellipodia extending into wound (arrowheads) and cells moving into wound via purse string contraction (arrows). Minutes indi-
cate the time elapsed from the beginning of observation. Edges of cells moving by purse string contraction (arrows) appear sharp and
sheer. (F) Outline tracings of cells 1-4 in A at 0 min (gray), 80 min (light gray), and 155 min (white). 0 min outline shows the whole
cell, subsequent tracings show the edges bordering the wound. Note the broadening of free borders of cells moving via lamellipodial exten-
sion (cells / and 4) and shortening of free borders moving via purse string contraction (cells 2 and 3); cell 3 is actually “squeezed” out
of wound edge by cells 2 and 4.

Bement et al. Purse String Wound Closure
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in Materials and Methods. Wounds were observed to close
via two distinct processes, both of which are evident in Fig.
1. The first process, previously documented in other studies,
involved extension of lamellipodia by cells bordering the
wound onto the exposed substrate of the wound and migra-
tion of border cells into the wound (Fig. 1, arrowheads). The
second process entailed a smooth, “purse string” like shrink-
age of the wound border, wherein cells bordering the wound
moved into the wounded area in the absence of lamellipodial
extension (Fig. 1, arrows; also see below). The wound edges
of those cells involved in purse string closure appeared
characteristically sharp and sheer in DIC from the apical cell
boundary to the substrate (Fig. 1, arrows). The manner of
wound closure varied considerably from wound to wound,
with some wounds healing entirely by lamellipodial exten-
sion (not shown), some entirely by purse string contraction
(see below), and some by both mechanisms (Fig. 1). Gener-
ally, large wounds (>8 cell diameters; >100 um), or wounds
in which cell-cell contacts were disrupted tended to heal by
lamellipodial extension, whereas smaller wounds (<8 cell
diameters) tended to heal by purse string closure.

Purse string wound closure appeared to involve the con-
certed contraction of cell edges at the boundary of wounds.
To better visualize this process, the outline of cells bordering
the wound were traced from the DIC images such that cell
shape could be more easily visualized. As shown in Fig. 1
F, the free edges (i.e., those which border wounds) of cells
which moved into the wound via extension of lamellipodia

became much larger as healing commenced. In contrast, as
the two cells in the upper right portion of the wound moved
into the wound, the length of their free edges shortened con-
current with their translocation into the wound, supporting
the impression that purse string wound closure is mediated
by concerted contraction of cell edges at the wound border.

Actin and Myosin II Are Concentrated in Arcs
and Rings at Wound-Borders

The purse string wound closure described above suggested
the involvement of a contractile network in the process of
wound healing. To investigate this possibility, wound closure
was monitored by time-lapse DIC followed by correlative
immunofluorescence. After documenting purse string clo-
sure with video analysis, cells under observation were fixed,
permeabilized, and stained with rhodamine phalloidin alone
or rhodamine phalloidin and anti-myosin II antibodies fol-
lowed by FITC-conjugated secondary antibodies. Wound
borders undergoing purse string contraction (Figs. 2, A-E;
and 3, 4-C) displayed a striking concentration of filamen-
tous actin (Figs. 2 F, arrows; and 3 D) and myosin-II (Fig.
3 E). DIC analysis and rhodamine phalloidin staining
confirmed that few (Fig. 2 F, arrowheads) or no (Fig. 3 F)
lamellipodia formed in these wounds. Fig. 3 reveals two
other important points: first, the contractile ring formed well
above the substrate and closed farther than lamellipodial ex-
tension at the substrate (compare Fig. 3, D-F) such that the

Figure 2. Time-lapse, DIC analysis of wound closure followed by correlative fluorescence analysis of actin filament distribution. (A-E)
DIC documentation of purse string wound closure. Minutes indicate the time elapsed from the beginning of observation. (F) Rhodamine
phalloidin staining following fixation of the wound shown in E, demonstrating a concentration of filamentous actin along the wound borders
(arrows). Two small lamellipodia are visible in the wound (F, arrowheads).

The Journal of Cell Biology, Volume 121, 1993
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Figure 3. Time-lapse DIC analysis of wound closure followed by correlative immunofluorescence of actin filament and myosin-II distribution
(4-C) DIC images of wound closure, "3 um above the substrate; minutes indicate the time elapsed from the beginning of observation.
(D) Rhodamine phalloidin staining following fixation of the wound shown in C, demonstrating the concentration of actin filaments in the
same focal plane observed in A~C to undergo purse string contraction. (E) Myosin-1I colocalization along wound borders in the same
focal plane as the actin ring observed in D. (F) Rhodamine phalloidin staining at the substrate focal plane of the wound in C-E, showing
that the wounded substrate has not yet been covered by lamellipodia.

wound assumed a conical shape (i.e., narrow at the top and
broad at the base); second, the apical localization of actin
filaments and myosin clearly coincides with the apical purse
string closure observed by DIC (compare Fig. 3, C and E).
The amount of time required for wound healing varied con-
siderably from wound to wound, depending on wound size,
mode of healing, etc. For example, based on their closure
rates before fixation, the wounds shown in Figs. 2 and 3
would be predicted to close in 4.8 and 1.5 h, respectively.

Large wounds typically failed to form continuous ac-
tomyosin rings around their perimeters, however, they often
formed actomyosin arcs which spanned several cells along
the wound border (Fig. 4, A-C, arrows). High magnification
views confirmed the cablelike nature of such arcs (Fig. 4 E,
arrows) and also showed that microvilli were largely absent
below the focal planes of actomyosin cables (Fig. 4 E, arrow-
heads), while numerous microvilli were present in areas api-
cal to the cables (Fig. 4 D, arrowheads).

LSCIM Analysis of Cytoskeletal Proteins
at Wound Borders

To confirm the apparent concentration of actin and myosin
I in contractile arcs and rings, and to extend the investiga-
tion to other proteins known to comprise the cytoskeleton
of intestinal epithelial cells, cell monolayers were wounded,

Bement et al. Purse String Wound Closure

allowed to heal for 30 min to 3 h, and then analyzed by
LSCIM. Optical sectioning demonstrated that both myosin-
II and filamentous actin were localized within discrete focal
planes in arcs and rings at the edges of wounds (Fig. 5, A and
B, arrows), with fluorescent intensities greatly exceeding in-
tensities in areas distal to the wound (not shown, but see be-
low). As seen above (Fig. 4 B), such arcs and rings were
clearly continuous from cell to cell along the wound border
(Fig. 5 B). To obtain cross-sectional views of the contractile
apparatus, X-Z series through arcs and rings were generated
and digitally converted to lateral cross-sections. In lateral
views of arcs and rings, both actin filaments and myosin-II
often appeared as discrete, bright points above the level of
the substrate (Figs. 5, C and D), consistent with the apparent
cablelike localization seen in en face views. Control staining
with nonspecific rabbit IgGs (Fig. 5 E) followed by FITC-
conjugated anti-rabbit secondary antibodies in conjunction
with rhodamine phalloidin showed no FITC staining of
wound borders, confirming both the specificity of the pri-
mary antibody and demonstrating that the observed myosin-
II signal was not a result of “bleed through” from the rela-
tively strong rhodamine phalloidin signal (Fig. 5 F). As a
second control to ensure that the observed localization of ac-
tin filaments and myosin-II around wounds did not represent
artifactual increases in fluorescence intensity due to in-
creased access of rhodamine-phalloidin or antibodies to
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Figure 4. DIC/immunofluorescence views of actomyosin arcs at the border of a large, 5.5 h wound. (4) DIC image showing the sharp,
sheer edge above a lamellipodia (L) at the wound (W) border. (B) Rhodamine phalloidin stain showing actin filament cables (arrows) and
lamellipodia (L) in the wound shown in 4. (C) Myosin-II stain of the same portion of the wound shown in B. Note the obvious coincidence
of actin filaments in B and myosin-II in C (arrows). (D) High magnification of the boxed area shown in B, just above the focal plane of
the cable (arrows). Note the presence of numerous microvilli (arrowheads) above the cable. (E) High magnification view of the boxed
area shown in B just below the focal shown in D. Note the obvious, cablelike appearance of the actomyosin arc (arrows) and the relative
paucity of microvilli (arrowheads).

wound sites, monolayers were wounded after fixation, but
before incubation in rhodamine—phalloidin and 1° antibody.
Monolayers processed in this fashion showed no apparent lo-
calization of either actin filaments or myosin II around
wounds (Fig. 5, G and H).

The distributions of villin, an actin filament-bundling/
severing protein normally localized to microvilli, and tropo-
myosin, an actin filament binding protein normally localized
to stress fibers and the terminal web, were also analyzed by
LSCIM. Villin showed a striking localization around wound
borders (Fig. 6 A), but not confined precisely within actin
cables (Fig. 6 B, arrows). Rather, villin appeared concen-
trated around the entire area of the wound, at the apparent
expense of its normal localization within microvilli, which,
within cells immediately bordering the wound, was com-
paratively slight (Fig. 5 A, arrowheads). Tropomyosin, like
myosin-II, colocalized with actin filaments in multicellular
cables which circumscribed wounds (Fig. 6, C and D,
arrows). :

The distribution of several other known cytoskeletal con-
stituents of Caco-2gp. cells, including fodrin and brush bor-
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der myosin-1, was also analyzed by LSCIM. Fodrin showed
a modest, patchlike colocalization with actin arcs and rings
(Fig. 7, A and B). Similar to figures above (e.g., Figs. 1 E
and 5, A and B), Fig. 7 B also demonstrates that the actin
filament arcs and rings can coexist not only in the same
wound, but also in the same cell as lamellipodia. The distri-
bution of brush border myosin-I in wounds was followed
using the mAb, CX-1 (Carboni et al., 1988). CX-1 immuno-
gens are localized in the microvilli of Caco-2gs. cells (not
shown but see Peterson and Mooseker, 1992), but show no
apparent colocalization with actin filaments in arcs and rings
around wound borders (Fig. 7, C and D).

Neither microtubules nor myosin-V (not shown) showed
localizations within actomyosin cables around wound bor-
ders. While microtubule staining did reveal numerous cells
(~5%) with mitotic figures, these were in no obvious orien-
tation with respect to the wounds. Moreover, given the rapid-
ity of the wound-healing response (1.5-5 h; and see above)
and the slowness of the mammalian cell cycle (~24 h), it is
unlikely that cell division drives the observed purse string
wound healing.
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Figure 5. LSCIM images of the distribution of actin filaments, myosin-II, and control IgGs in wounds made before (4-F) and after (G
and H) fixation. (4 and B) Same-plane, en face view of the colocalization of actin filaments and myosin-II in arcs (arrows) at the border
of 2 wound (black area), at and slightly above the plane of the substrate. (C and D) Computer generated, cross-section of a 1 h wound
showing colocalization of myosin-II and actin filaments in bright, discrete dots (arrows) at the wound border, above the level of the substrate
(thin white line). (E and F) Same-plane, en face view of wound showing lack of control rabbit IgG staining (E) even in the presence of
a strong rhodamine phalloidin signal (F). (G and H) Same-plane, en face view of a wound made after fixation but before incubation in
rhodamine phalloidin and antimyosin-II. Neither myosin-II (G), nor filamentous actin (H) show any localization at wound borders (black
areas).
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Figure 6. LSCIM images of villin, tropomyosin, and actin filaments in a 3 h wound. (4 and B) Same-plane, en face view of villin (4)
in and around the actin rings (B) which encircle the wound (arrows). Villin staining is comparatively weak in the microvilli of cells bordering
the wound (arrowheads). (C and D) Same-plane, en face view of tropomyosin (C) and actin filaments (D) showing that both are concentrated
in arcs around wound edges (arrows).

, , , wound borders suggested that actomyosin cables might act
Maintenance of Apical/Basolateral Polarity to restrict the diffusion of apical structures and proteins to

at Wound Edges the basolateral domain along free cell edges. To further in-
The observation that microvilli were numerous above (i.e.,  vestigate this possibility, the distribution of Z0-1 and sucrase-
apical to) but not below (i.e., basal to) actomyosin cables at  isomaltase following wounding were analyzed by LSCIM,
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Figure 7. LSCIM images of fodrin, brush border myosin-I, and actin filament distribution around 3 h wounds. (4 and B) Same plane,
en face view showing colocalization of fodrin patches (4, arrows) with actin cables (B, arrows) encircling the wound. (C and D) Same-plane,
en face view showing brush border myosin-I (C) and actin filament (D) distribution around wound. There is no apparent colocalization
of CX-1 immunogens with the actin filament ring (arrows) encircling the wound.

Z0-1 is a component of tight junctions (Anderson and Steven-
son, 1992), and, in unwounded Caco-2zs. monolayers, is
localized at the boundary between the apical and the baso-
lateral domains (Peterson and Mooseker, 1992). LSCIM
analysis demonstrated that Z0-1 not only remained above the
substrate in cells where actin arcs and rings were formed as
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seen in both en face (Fig. 8, A and B, arrows) and lateral (Fig.
8, C and D) sections, but actually appeared more concen-
trated along the free edges of wounds than in areas distal to
wounds (Fig. 8 A).

Sucrase-isomaltase, an apically-localized, integral mem-
brane protein (e.g., Quaroni, 1986), is expressed in only a




Figure 8. LSCIM images of ZO-1 and actin filaments around a 1 h wound. (4 and B) Same-plane, en face view showing colocalization
of ZO-1 (A) and actin filaments (B) in arcs around the wound (W). (C and D) Lateral view of a 1 h wound showing colocalization of
ZO-1 (C) and actin filaments (D) in intense dots (arrows) above the substrate (thin white line). Double arrowheads denote rhodamine phal-
loidin staining of the brush border microvilli.

subset of Caco-2gg. cells, so that en face staining for su-
crase-isomaltase reveals a “patchwork quilt” pattern of im-
munofluorescence (Peterson and Mooseker, 1992). Conse-
quently, many wounds had to be examined in order to find
cells that both formed actin cables at their borders and ex-
pressed high concentrations of sucrase-isomaltase. In cells
which satisfied both criteria, sucrase-isomaltase was ex-
cluded from lamellipodia (i.e., it remained apical to the sub-
strate) as seen in both en face images (Fig. 9, A and B, arrow-
heads) and in cross-section (Fig. 9, A and B, insets,
arrowheads). In contrast, in cells bordering wounds which
failed to form actin cables, sucrase-isomaltase could be seen
in lamellipodia (i.e., it did not remain apical to the substrate;
Fig. 9, C and D, arrowheads).

The apparently high concentration of actin filaments,
myosin-II, and Z0-1 at wound borders suggested that their
presence in arcs and rings did not merely represent remnants
of localizations that existed before wounding. To assess this
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possibility, a time course, LSCIM analysis of fluorescence
intensity was conducted for actin filaments, myosin-II, and
ZO0-1. The signal intensity relative to nonwound edges of the
same cells was quantified as described in the Materials and
Methods at S min, 30 min, 1 h, and 3 h after wounding using
wounds less than eight cell diameters in size. An increase in
relative concentration of actin filaments in arcs and cables
at wound borders began within 5 min and peaked at 1 h (Fig.
10). Myosin-II and Z0-1 also showed increases in relative
concentrations within 5 min of wounding and reached a pla-
teau within 30 min. Actin filaments, myosin-II, and Z0-1
achieved 5.0, 3.4, and 2.2-fold enrichments, respectively, rel-
ative to nonwound edges within the same cells (Fig. 10). It
is important to note, however, that the signals at wound edges
represent the fluorescence output from a single cell, whereas
control (nonwound) signals are derived from the output of
two cells. Thus, the estimates for the relative concentrations
of actin filaments and Z0-1, which are both tightly localized
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Figure 9. LSCIM images of sucrase-isomaltase and actin filaments around a 3 h wound. (4 and B) Same-plane, en face view showing
that sucrase isomaltase (A4, arrows) is found at or above an actin cable (B, arrows) at the wound border, but not in a lamellipodium in
the same cell (A and B, arrowheads). (Insets) Lateral views of the same wound confirm that sucrase-isomaltase (4, arrow) is excluded
from the lamellipodium (4 and B, arrowheads) below the actin cable (B, arrow). (D and E) Same-plane, en face view showing that su-
crase-isomaltase (C, arrowhead) is not excluded from lamellipodia (D, arrowhead) in cells where actin cables fail to form.

to cell boundaries in Caco-2ps. cells, should properly be
doubled, to 10 and 4.4, respectively.

Discussion

The results of this study indicate that wounded mono-
layers of Caco-2gs. cells assemble a specialized cytoskeletal
structure around the edge of wounds which contains filamen-
tous actin, myosin-II, villin, tropomyosin, and the tight junc-
tion protein, Z0-1. However, two other potential explanations
of these results must also be considered. First, because the
apparent concentration of the various cytoskeletal proteins
occurs at the border of the wound, it is possible that the ob-
served phenomenon merely represents an “edge effect,” a re-
sult of out-of-focus information increasing the fluorescence
signal at the wound margin. This possibility is excluded by
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the confocal microscopic analysis which clearly showed that
the localized cytoskeletal proteins were generally concen-
trated within a single optical plane when viewed en face or
as a single bright point when viewed in cross section. Sec-
ond, the apparent concentration of cytoskeletal antigens at
the wound border could result from increased accessibility
of cytoskeletal antigens to their respective antibodies relative
to those antigens distal from the wound site. This possibility
is excluded by the fact that at least three of the proteins in
question, actin, conventional myosin, and Z0-1, show an in-
crease in concentration at the wound margin at increasing
time intervals following wounding and by the fact that no ap-
parent accumulation of actin filaments and myosin-II occurs
in wounds made after fixation, but before antibody incuba-
tion. Based on these considerations, we conclude that the ob-
served pattern of cytoskeletal protein localization around the
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Figure 10. Plot of changes in relative fluorescence intensity for actin
filaments (O), myosin-1I (@), and ZO-1 (a) in contractile arcs and
rings at wound edges at increasing time intervals following wound-
ing. Quantification was performed as described in the Materials and
Methods. For each time point, paired measurements were taken
from a total of 48 cells from nine different wounds. The results are
expressed as the mean + SEM from two experiments,
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wound edge is not artifactual, but instead represents a bona
fide cellular response to the stimulus of wounding.

What role does this cytoskeletal structure play? The
results presented in this report suggest two distinct roles,
both of which have striking implications for several cell
processes, including cell communication and cell polarity.
The first potential role follows from the time-lapse, DIC
video analysis of living, wounded cells. Namely, the cyto-
skeletal ring which encircles the wound in all likelihood acts
to effect the observed “purse string” contraction which oc-
curs in small wounds. This conclusion is based on: (a) the
coincidence of arc and ring assembly with the purse string
contraction; and (b) the fact that arcs and rings contain
marked concentrations of both myosin II, a known force-
producing protein, and actin filaments, the substrate upon
which myosin IT acts. The second potential role for the cyto-
skeletal ring follows from the observations that microvilli,
Z0-1, and sucrase-isomaltase, which are localized at the api-
cal domain of unwounded Caco-2gg. cells, remain apically
localized above the ring in those cells where the ring has
formed. That is, the arcs and rings may act to maintain api-
cal/basolateral polarity along the free edges of cells which
border wounds. Our results and interpretations of both
wound closure and the distribution of apical proteins and
structures at wound edges are somewhat heretical, so, for the
sake of clarity, we will discuss each independently.

Wound repair has been the subject of numerous studies in
many cell types, including gastric mucosa (Svanes et al.,
1982; Rutten and Ito, 1983), intestinal epithelia (Fiel et al.,
1987; Moore et al., 1989), and cultured cells derived from
intestinal epithelia (McCormack et al., 1992; Nusrat et al.,
1992). Results from these studies have led to the conclusion
that epithelial wound repair occurs primarily as the result of
lamellipodial outgrowth and cell migration into the wound
as is the case in wounded fibroblast (Vasiliev, 1969) and
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endothelial (Odland and Ross, 1968; Krawczyk, 1971; Gab-
biani et al., 1983; Wong and Gottlieb, 1988; Gordon
and Staley, 1990) monolayers. That is, cells at the edge
of the wound migrate into the wound area by flatten-
ing, dedifferentiating, and extending lamellipodia into the
wound, similar to the fashion in which isolated fibroblasts
move. In those cases where cells at the wound border remain
attached to neighboring cells distal to the wound, the distal
neighbors are pulled into the wound by virtue of their attach-
ment to the migrating cell.

In the study most directly comparable to present one,
wound healing was analyzed in cultured monolayers of the
human intestinal epithelial cell line, T84 (Nusrat et al.,
1992). In that report, it was found that large (~500-um
diam) suction wounds made in T84 monolayers healed pri-
marily by lamellipodial extension and migration of border
cells into the wound, similar to results obtained in other sys-
tems. We suspect that the differences in results found by Nus-
rat et al. (1992) and the present study are due primarily to
the disparities in the size of the wounds. We have ob-
served that large wounds and wounds which disrupt cell-cell
contact in Caco-2zs. monolayers heal by cell migration,
whereas smaller wounds with well-preserved cell-cell con-
tact at wound edges heal by purse string contraction.

Why should these variations result in such a dramatic
difference in cell behavior? One possibility is that assembly
of the multicellular contractile ring depends on continuous
(around the wound) cell-cell communication. That is, epi-
thelial cells can somehow assess wound size and “decide”
whether to assemble the contractile ring at the wound border
or to dedifferentiate and migrate into the wound. Such a de-
cision would only be useful to the epithelium if neighboring
cells made the same decision— contraction of a single cell at
the edge of the wound not facilitate wound closure; contrac-
tion would promote wound closure only when several cells,
collectively forming an arc or ring, contract in concert. Con-
sistent with wound-induced changes in cell-cell communica-
tion, it has been reported that cell wounding results in an in-
crease in the number of gap junctions in cells bordering
wounds (Gabbiani et al., 1978), and an increase in gap junc-
tional communication between cells bordering wounds (Pep-
per et al., 1989).

Does the purse string movement of Caco-2gs. cells into
wounds represent a wide-spread biological phenomenon or
is it specific to intestinal epithelia? While the definitive an-
swer to this question will require further study, the existing
literature suggests that this mechanism is widely used for
wound healing. Studies on amphibian embryos have shown
that puncture wounds made in blastulae reseal by rapid, con-
certed movement of wound-border cells into the wound area,
despite the fact that there is no cellular substrate over which
the cells can migrate (Holtfreter, 1943). Similarly, scanning
electron micrographs of wounds made in amphibian neurula
reveal that wounds heal in the absence of lamellipodial out-
growth, in a manner consistent with the purse string-like
closure described in this report (e.g., Figs. 3 and 5 in
Stanisstreet et al., 1980). Moreover, two early studies of
wound healing in guinea pigs concluded that the “machinery”
driving would closure is localized in a tight band around the
edge of the wound (Grillo et al., 1958; Watts et al., 1958).
Most convincingly, a study published while the present
manuscript was in preparation concluded, based on the ab-
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sence of lamellipodia and the smooth appearance of wound
borders, that wounded embryonic chicken epidermis heals in
a purse-string fashion (Martin and Lewis, 1992). It was fur-
ther suggested that this process was mediated by a cable of
filamentous actin that was found to circumscribe the entire
wound (Martin and Lewis, 1992). The findings of the present
study provide strong, independent support for this hypothe-
sis: not only do we document, by timelapse, DIC micros-
copy, a multicellular purse string contraction in living cells,
we also show spatial coincidence of the actin cables with the
observed purse string contraction and the colocalization of
the actin cables with the actin-based mechanoenzyme, myo-
sin-II. Our results, particularly the observation that small
wounds are often cone shaped (i.e., narrow at the top and
wide at the bottom), are most easily explained by a purse
string contraction model of healing. Collectively, these
studies provide compelling evidence that, contrary to pre-
vailing opinion, purse string-driven cell translocation is a
widely used mechanism for wound healing.

The available evidence also suggests that a similar mecha-
nism may also be used during embryogenesis. For example,
morphogenetic movements and actin filament distributions
consistent with multicellular, purse string contraction are
observed during tail resorption in ascidians (Cloney, 1966),
as well as amphibian gastrulation (e.g., Fig. 2 in Hardin and
Keller, 1988) and neurulation (Schroeder, 1970; Burnside
1971). More explicit evidence for an actomyosin-powered,
purse string contraction during embryogenesis comes from
studies in Drosophila. On the basis of cytoplasmic myosin-II
localization at the edges of cell sheets undergoing invagina-
tion during dorsal closure in Drosophila embryos, it was pro-
posed that such movements resulted from purse string con-
traction, presumably driven by myosin-II (Young et al.,
1991). This hypothesis has received direct support from
analysis of the Zipper gene (which encodes cytoplasmic
myosin-II): as predicted by this hypothesis, mutations in the
Zipper gene result in defective dorsal closure (Young et al.,
1993). Based on this work in Drosophila (Young et al., 1991,
1993), and the apparent involvement of purse string closure
mechanisms in other embryos, it seems reasonable to antici-
pate that multicellular actomyosin rings will play an impor-
tant role in the morphogenesis of a variety of organisms.

The apparent ability of wounded cells to maintain apical
localizations of microvilli, sucrase-isomaltase, and Z0-1
also runs counter to many of the current ideas about require-
ments for cell-cell contact for the maintenance of api-
cal/basolateral polarity. We find that, in the presence of the
specialized cytoskeletal rings which form around small
wounds, at least some aspects of apical polarity are pre-
served, whereas in their absence, apical structures and pro-
teins are free to move basally, even, in the case of su-
crase—isomaltase, all of the way into the lamellipodia which
extend onto the exposed substrate of the wound area. In other
words, cells with the actomyosin arcs and rings are able to
maintain a sharp boundary between apical and basolateral
domains along a free edge. This finding is surprising given
that a variety of studies have demonstrated a tight correlation
between cell-cell contact and the maintenance of apical,
basolateral polarity (for reviews see Wollner and Nelson,
1992; Rodriguez-Boulan and Powell, 1992). Indeed, disrup-
tion of cell-cell contact in MDCK epithelial cells results in
the loss of polarity within 1 h (Imhof et al., 1983), and the
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development of cell polarity is tightly coupled to the estab-
lishment of cell-cell contact (Nelson and Veshnock, 1987;
Gumbiner et al., 1988; Wang et al., 1990).

The distribution of the tight junction protein, Z0-1, is espe-
cially intriguing. Z0-1 not only remains within a single focal
plane along free cell edges well above the substrate, but actu-
ally appears to be recruited specifically to the wound border.
This is in clear contrast to the pattern of Z0-1 localization
during Caco-2 differentiation, when Z0-1 accumulates only
in areas of cell-cell contact, at the forming tight junctions
(Anderson et al., 1989) and shows, in contrast to what was
previously believed, cell-cell contact is not required for
recruitment of Z0-1 to the cell membrane (Anderson et al.,
1989; Siliciano and Goodenough, 1988). We suggest that the
actomyosin rings, in conjunction with Z0-1, form a “hemi-
junction” which acts as a molecular corral, maintaining api-
cal polarity even in the absence of contact with a neighbor-
ing cell. The advantages conferred upon the epithelium
under these circumstances are obvious: cells able to main-
tain relatively normal distributions of apical proteins could,
following contractile ring closure, resume normal epithelial
function immediately, without the delay required by rediffer-
entiation.
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