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cell wounding is a common event in 
the life of many cell types, and the 

capacity of the cell to repair day-to-day 
wear-and-tear injuries, as well as trau-
matic ones, is fundamental for maintain-
ing tissue integrity. cell wounding is 
most frequent in tissues exposed to high 
levels of stress. survival of such plasma 
membrane disruptions requires rapid 
resealing to prevent the loss of cytosolic 
components, to block ca2+ influx and to 
avoid cell death. in addition to patching 
the torn membrane, plasma membrane 
and cortical cytoskeleton remodeling 
are required to restore cell function. 
although a general understanding of the 
cell wound repair process is in place, the 
underlying mechanisms of each step of 
this response are not yet known. We have 
developed a model to study single cell 
wound repair using the early drosophila 
embryo. our system combines genetics 
and live imaging tools, allowing us to 
dissect in vivo the dynamics of the single 
cell wound response. We have shown 
that cell wound repair in drosophila 
requires the coordinated activities of 
plasma membrane and cytoskeleton 
components. furthermore, we identified 
an unexpected role for e-cadherin as a 
link between the contractile actomyosin 
ring and the newly formed plasma mem-
brane plug.

Introduction

Many cells, including skeletal muscle, 
myocytes, neurons and epithelial cells 
from skin and intestine, often find them-
selves in mechanically and/or chemi-
cally challenging environments where 
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disruptions of their plasma membrane 
occur. For example, skeletal muscle and 
cardiac myocytes suffer repetitive plasma 
membrane disruptions, especially when 
subjected to physical activities such as 
exercise.1 Frequent cell wounds are also 
observed in epithelial cells from skin, 
gut and endothelium, which are exposed 
to chemical and mechanical stresses on a 
daily basis.2-4 Traumatic injuries or acci-
dents are often associated with extensive 
cell damage. For example, a severed nerve 
must rapidly reseal then remodel to re-
innervate its target. Improper plasma 
membrane repair has also been associated 
with genetic diseases. Widespread muscle 
cell wounding is characteristic of patients 
suffering from different muscular dystro-
phies, where muscle cells are fragile, easily 
wounded and lost, with devastating con-
sequences for patients.5 Cell wounding is 
also prevalent in the fragile skin cells of 
Epidermolysa bullosa simplex patients, 
as well as in response to bacterial toxin 
lesions.6,7 In many cases, cells that suffer 
from such damages are both essential and 
irreplaceable for the functioning of the 
tissue or organism. Therefore, single cell 
wound repair is an important biological 
process that is needed to avoid cell death 
and loss, maintain tissue homeostasis 
and prevent an excessive inflammatory 
response.

Over the last decade, research mainly in 
cultured cells, sea urchin eggs and Xenopus 
oocytes has elegantly shown a role for the 
plasma membrane, as well as the underly-
ing cortical cytoskeleton, in the single cell 
repair response. Here, we discuss how the 
integration of both the plasma membrane 
and the associated cytoskeleton responses 
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resealing. Another organelle implicated 
in cell wound repair is the lysosome. This 
organelle responds to elevated concen-
trations of Ca2+ and undergoes homo-
typic fusions. In mammalian cells, Ca2+ 
induced lysosomes to fuse with the plasma 
membrane and these have been proposed 
as the source of membrane to form the 
‘patch’.13,14 Moreover, inhibition of synap-
totagmin VII, a lysosomal membrane pro-
tein required for exocytosis, impairs the 
membrane resealing capacity of fibroblasts 
and squid axons.14,15 Nevertheless, the 
speed of lysosome exocytosis in response 
to an increase in Ca2+ concentration is 
much slower than would be expected for 
it to play a role in the resealing response.16 
It remains to be seen if lysosomes are the 
only membrane source involved in cell 
repair in mammals, or if different cell 
types utilize other organelle compart-
ments as the source of membrane to reseal 
plasma membrane disruptions. Finally, 
work in both sea urchin eggs and fibro-
blasts suggest that the directional move-
ment of vesicles to the wound is dependent 
on kinesin and myosin motors.8,17

How vesicles are recruited to the 
wound site and which protein components 
are involved in the fast exocytic response 
evoked by wounding are major questions 
in the field. To date, only a handful of 
proteins identified in different model sys-
tems have been directly implicated in the 
repair process. In addition to members of 
the SNARE family, recent evidence sug-
gests a role for different Ca2+-dependent 
proteins. Synaptotagmins, a family of 
proteins involved in the exocytic fusion 
machinery in lysosomes, are required for 
membrane resealing in the squid giant 
axon and fibroblasts.14,15 Functionally 
blocking synaptotagmins VII and III by 
introduction of antibodies against the 
C2A-calcium binding domain inhibits 
membrane resealing. Significantly, lyso-
somal membrane is not recruited to the 
wound area when synaptotagmin VII 
is inhibited, as shown by the absence of 
Lamp-1, a lysosomal membrane marker, 
on the surface of wounded cells, provid-
ing additional evidence that lysosomes are 
a membrane source in cell wound repair.14 
Annexins, which promote Ca2+-dependent 
membrane aggregation and fusion, are 
also implicated in membrane resealing.  

Immediately upon wounding a rapid and 
local burst of Ca2+-dependent exocyto-
sis is observed at the wound site in echi-
noderms and fibroblasts (fig. 2a).9,10 In 
support of a role for Ca2+ as the trigger of 
plasma membrane resealing, blocking the 
Ca2+ signal by either manipulating the ion 
concentration in the media or by treat-
ment with tetanus or botulinum toxins 
(inhibitors of the SNARE protein family 
and synaptic vesicle endocytosis) results 
in failure to repair the plasma membrane 
disruption.8-11

The membrane “patch” hypothesis 
explains how large disruptions (>100 μm2), 
requiring significant membrane replace-
ment, can be rapidly and efficiently 
repaired. The source of internal vesicles 
used to assemble the patch varies among 
the different single cell wound repair 
models. In sea urchin eggs, yolk granules 
are used to reseal the plasma membrane 
damage.11,12 If yolk granules are locally 
depleted by centrifugation plasma mem-
brane resealing fails.11 Yolk granules also 
display a Ca2+-dependent fusion activity 
in vitro. This fusion event takes place in 
terms of seconds, which correlates well 
with the dynamics of plasma membrane 

are important for cell wound repair in 
light of a new genetic model to study this 
process, the Drosophila embryo, and its 
implications in our current understanding 
of cell wound healing.

The Membrane “Patch”  
Hypothesis

Since membrane lesions are a recur-
ring event in a cell’s life, a robust and 
efficient mechanism must be in place to 
rapidly repair plasma membrane dam-
age. Our current knowledge of the single 
cell wound repair process from different 
model organisms indicates that at least 
two processes are required to reestablish 
normal cell function: plasma membrane 
resealing and cortical cytoskeleton remod-
eling. Upon disruption of the plasma 
membrane it has been proposed that a 
Ca2+ influx is the signal triggering the 
initial repair response, during which two 
different membrane fusion events occur: 
homotypic vesicle-vesicle fusion to create 
a membrane patch, and vesicle-plasma 
membrane fusion to link the “patch” to 
the plasma membrane thereby restoring 
plasma membrane continuity (fig. 1).8,9 

Figure 1. Schematic diagram of the single cell wound repair process. Upon plasma membrane 
disruption, a Ca2+ influx triggers internal vesicles to fuse with each other and form a membrane 
patch. This membrane “patch” fuses with the plasma membrane at specific sites along the pe-
riphery of the disruption. Membrane resealing is followed by a process of plasma membrane and 
cortical cytoskeleton remodeling (adapted from McNeil et al.).21
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A remodeling process follows plasma mem-
brane resealing, during which the mem-
brane patch is replaced and a repopulation 
of the underlying cortical cytoskeleton takes 
place. The membrane patch can be envi-
sioned as a temporary structure that must be 
replaced. The patch is derived from organ-
elle membranes and differs from the plasma 
membrane in its lipid and protein composi-
tion. Indeed, membrane resistance and ion 
permeability has been shown to be signifi-
cantly different in wounded cells immedi-
ately after healing.22 It is not yet known 
how cells restore their plasma membrane 
continuity. Possible mechanisms include the 
repopulation of the wound membrane plug 
by membrane diffusion from the surround-
ing area, or the formation of a new plasma 

the plasma membrane at the wound edge 
proceeds. It has been recently proposed 
that this fusion occurs at specific points 
or “vertices” around the wound perim-
eter where the fusion protein machiner-
ies become concentrated.21 This “vertex” 
model correlates with the concave crater-
like appearance of the wound site in sea 
urchin eggs after membrane resealing 
(fig. 2a).

The Role of the Cortical  
Cytoskeleton in the Single Cell 

Wound Repair Response

Rapid resealing of the wound favors cell 
survival, but additional repairs are required 
to fully restore normal cell function.  

In particular annexin A1, normally asso-
ciated with dysferlin in skeletal muscle, is 
required for plasma membrane resealing 
in cultured cells.18 Cytosolic annexin A1 
binds to the membrane adjacent to the 
wound site and may be involved in initiat-
ing the homotypic and exocytic membrane 
fusion events required for the membrane 
resealing. Additionally, m- and μ-calpain 
intracellular calcium-dependent proteases 
are known to facilitate plasma membrane 
resealing by clearing cortical cytoskeleton 
remnants at the wound site, a critical step 
to initiate the vesicle fusion process lead-
ing to plasma membrane resealing.19,20

Once the membrane patch is formed 
and directionally recruited to the wound 
site, the heterotypic fusion of the patch to 

Figure 2. Plasma membrane and cytoskeleton responses to single cell wounds. (A) Vesicle-vesicle fusions at the wound site. Scanning electron 
micrographs of the surface of a Sea Urchin egg sheared to produce plasma membrane disruptions. The egg was sheared directly into fixative that 
contained Ca2+ (10 mM). The disruption site is filled with a large population of vesicles, supporting the idea that Ca2+ induces the recruitment of 
vesicles to the disruption site. [Figure adapted and reprinted from McNeill and Baker. Cell Tissue Research 2001; 304:141–6, with permission from 
Springer].33 (B and C) Cytoskeleton response to single cell wounds. Confocal image of a laser wounded Xenopus oocyte showing that a continuous 
actomyosin ring (actin, green; myosin II, blue) forms during the wound healing process, surrounded by a radial arrangement of microtubules (red). 
Significantly, the actin (FA) and myosin II (M2) rings are not completely superimposed (C).(Figure adapted and reprinted from Mandato and Be-
ment. Curr Biol 2003; 13:1096–105, with permission from Elsevier).28 (D) An intact cytoskeleton is required for proper cell wound repair. Disruption 
of the actin and myosin cytoskeleton impairs wound closure. Xenopus oocytes treated with Cytochalasin D (Cyto D), Latrunculin B (Lat B) and BDM 
shows defects in actin (red) and myosin II (green) recruitment and ring assembly. (Figure adapted and reprinted from Bement et al. Curr Biol 1999; 
9:579–87, with permission from Elsevier).26
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that myosin II is enriched at the leading 
edge of the ring, followed by a region 
where both components completely over-
lap, which in turn is surrounded by an 
actin rich zone. Embryos in which myo-
sin has been genetically or pharmaco-
logically removed exhibit impaired actin 
ring formation and an inability to prop-
erly close the wound, demonstrating that 
the purse-string is necessary for repair. 
Taken together, our data shows that cell 
wound repair in Drosophila is mediated 
by the formation of a membrane plug 
and actomyosin purse-string, indicating 
that the cell wound repair process in the 
early Drosophila embryo recapitulate the 
response observed in other model systems.

E-Cadherin Coordinates Plasma 
Membrane and Cytoskeleton  

Responses in Cell Wound Repair

It has been established that both mem-
brane resealing and the actomyosin purse 
string are important for single-cell repair, 
however, it is not yet clear how the two 
processes work together. The vertex 
model proposes that specific points along 
the wound periphery serve as fusion ini-
tiation sites between the vesicle patch 
and the wound edge, and sealing of the 
hole spreads radially from these sites.21 
Supporting this model, recent studies in 
Xenopus embryos suggest that the acto-
myosin purse-string string is being teth-
ered to the membrane at intervals along 
the cable by an unknown mechanism.27 
In epithelial (multicellular) wound repair, 
E-Cadherin has been shown to work by 
linking the actomyosin cable intercellu-
larly, thus mediating the coordinated 
migration of cells at the wound border 
(fig. 4a).31 We asked if E-Cadherin could 
also be acting as the intermediary between 
the plasma membrane and actin cytoskele-
ton in the single cell wound repair process.

We followed in vivo the actin and 
DE-Cadherin responses during wounding 
and observed a distinct localization pattern 
of cadherin at the edge of the wound. We 
found that DE-Cadherin co-localizes with 
the actin ring and is excluded from the 
membrane plug (fig. 4b–b”). Moreover, 
when we compared wound repair in wild-
type embryos with embryos deficient for 
E-Cadherin, mutant embryos exhibited 

plasma membrane anchoring/tethering 
to the cortical cytoskeleton at frequent 
intervals along the wound explains the 
correlation between the dynamic inward 
movement of the contractile actomyosin 
ring and wound closure.

The Early Drosophila Embryo  
as a Model for Single-Cell Wound 

Repair

Recently, we established the early-stage, 
nuclear cycle 4–6, Drosophila embryo as a 
genetically tractable model to study single 
cell repair.29 The Drosophila embryo’s first 
13 nuclear divisions occur in the absence 
of cytokinesis making the embryo a large, 
multi-nucleate single cell (fig. 3a and b).30 

Our study aimed to use the strengths of 
Drosophila genetics, fluorescent report-
ers, and the ease of in vivo imaging in the 
Drosophila embryo to further understand 
the role of bio-architectural molecules/
machineries in single cell repair and to 
complement the existing single cell wound 
repair models.

Time-lapse studies of wildtype embryos 
expressing an actin biomarker revealed that 
single cell wound repair follows a stereotyp-
ical and consistent response composed of 
three distinct steps: (1) expansion, (2) con-
traction and (3) closure (fig. 3c). Upon 
wounding, the hole rapidly expands until 
actin is accumulated at the leading edge at 
which point the wound size begins to rap-
idly decrease (fig. 3d”). At the end of the 
contraction phase, the wound transitions 
to a slower closure phase during which the 
underlying cytoskeleton is remodeled.

As observed in other single cell wound 
repair models, Drosophila embryos rap-
idly recruit a plasma membrane plug to 
the wound (fig. 3d’). This membrane 
“patch” is formed from plasma mem-
brane surrounding the wound edge, as 
well as underlying vesicles that traffic to 
the wound (fig. 3d”’). In our system, 
membrane accumulates internally within 
the actin cable as fast as 30 seconds post-
wounding. In addition to actin, myosin 
II accumulates at the wound edge, form-
ing a contractile actomyosin ring, which 
is required to mediate wound closure. 
Significantly, the actin and myosin II 
rings do not completely overlap: orthog-
onal cross-sections at the wound show 

membrane underneath the plug that is sub-
sequently sloughed off as a scab.

The damage caused by wounding 
extends beyond the superficial plasma 
membrane: it also affects the underlying 
cortical cytoskeleton. The role of cyto-
skeleton components in the initial steps 
of the wound repair process remains to 
be fully elucidated. In some cell types, the 
cortical actin cytoskeleton constitutes a 
barrier for the vesicle-plasma membrane 
contact. Destabilization of actin in fibro-
blasts, neurons and gastric epithelial cells 
enhances the plasma membrane resealing 
process;23-25 whereas treatments that stabi-
lize actin in gastric epithelial cells strongly 
inhibited membrane resealing.25 Thus, a 
transient disassembly of the cortical cyto-
skeleton associated with the wound area 
may be necessary to allow the initial ves-
icle-plasma membrane docking/contact 
and initiation of membrane fusion.

In Xenopus oocytes, disruption of the 
plasma membrane triggers the rapid accu-
mulation of actin and myosin II around 
the wound (30–60 seconds post-wound-
ing) (fig. 2b and c).26-28 The assembly of 
a contractile actomyosin ring is required 
for wound repair and is dependent on 
Ca2+  (ref. 26). This ring is dynamic and 
contracts inward until the wound area is 
covered. Significantly, actin and myosin 
II accumulate as concentric rings with 
myosin II concentrated at the internal 
edge of the ring and actin dynamically 
accumulating on the outside, with an 
overlapping central zone (fig. 2b).27 The 
actomyosin ring is also surrounded by a 
radial array of microtubules (fig. 2b).28 
This array of microtubules is dependent 
on new microtubule assembly and on the 
actomyosin ring, and conversely microtu-
bules control the zone of actin assembly 
and myosin II recruitment at the wound 
border.28 Pharmacological perturbations 
of actin, myosin II and microtubules show 
the requirement of and the specific roles 
played by each of these cytoskeleton com-
ponents in mediating cell wound repair 
(fig. 2d).26-28 The cytoskeleton response 
to cell wounds explains not only how the 
cortical cytoskeleton is re-established, but 
also suggests an active role for the cyto-
skeleton in the plasma membrane remod-
eling process. As indicated by Mandato 
and Bement,27 a mechanism allowing 
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Relationship of the Single Cell 
and Multicellular Wound Healing 

Responses

While the single cell wound repair process 
is fundamental to ensure individual cell 
survival, it is also an important component 

shut as it contracts. However, as wounds 
made in embryos mutant for E-Cadherin 
do manage to close eventually, there are 
likely other proteins that can tether the 
membrane to the underlying actomyosin 
cable and compensate for the cadherin loss 
in these embryos.

wound overexpansion and improper 
actin cable formation, resulting in 
impaired wound healing (fig. 4c and d). 
This suggests a role for E-Cadherin  
tethering of the membrane to the acto-
myosin ring at the wound border, thereby 
allowing the cable to pull the membrane 

Figure 3. Single cell wound repair in the early Drosophila embryo. (A) Cartoon of the early Drosophila embryo (Nuclear cycle 4 to 8; NC). The early em-
bryo is a syncytium wherein the nuclei divide in the interior of the embryo without cytokinesis through nuclear cycle 8, thereby forming a large mul-
tinucleate cell. (B) Orthogonal view of embryos expressing actin and nuclear markers. Nuclei remain away from the cell periphery until NC10, allowing 
for the study of wound repair before this time point without the complication of damage to the nuclei. (C) Wound repair curves (area vs. time) of small, 
medium and large wounds follow a stereotyped response composed of three steps and independent of wound size. Post wounding the area expands, 
followed by a period of rapid contraction of wound area, and then a slower phase of closure as the wounded area is remodeled. (D–D’’’) Time-lapse 
series following wound repair in embryos expressing plasma membrane and actin markers. Plasma membrane is recruited from the area surrounding 
the wound and by the trafficking of vesicles to the wound site. By 90” post wounding, the membrane has formed a plug over the wounded area. Actin 
is recruited from around the wound and accumulates to form a tight ring around the plasma membrane plug, which progressively contracts until the 
ring closes 5' post wounding. Scale bars: XY are 20 μm and XZ 10 μm unless otherwise indicated. (Figure reprinted with permission from Abreu-Blanco 
et al.; J Cell Biol 2011; DOI:10.1083/jcb.201011018).29
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repaired cells at the wound border will 
be the first to signal to their neighbors to 
initiate the re-epithelialization process as 

non-fatal damage and undergo single cell 
wound repair long before the tissue has 
begun to repair itself. Significantly, these 

of the multicellular wound repair process. 
When tissues are damaged, some cells will 
be completely lost while others will suffer 

Figure 4. E-Cadherin mediates the interaction between the plasma membrane and the underlying cytoskeleton in single cell wound repair. (A) Car-
toon depicting the actomyosin purse-string in single and multi-cellular repair. In both single and multi-cellular repair, actin and myosin II co-localize 
to form an actomyosin cable. E-Cadherin co-localizes with this cable in the single cell repair model to tether it to the plasma membrane. In contrast, 
in multi-cellular repair, E-Cadherin expression is found at cellular junctions along the leading edge to link the actin and myosin II machinery into an 
intracellular purse-string. (B–B’’’) Time-lapse series of E-Cadherin and actin. Membrane-associated E-Cadherin is recruited from the area around the 
wound and from particles that traffic towards the wound. E-Cadherin co-localizes with the actin ring. (C and D) E-Cadherin mutant embryos fail to 
assemble an actin cable and show wound healing defects. (C) Surface projection of a wildtype embryo expressing actin. An actin ring is observed 60” 
post wounding in wildtype embryos, whereas in E-Cadherin mutants actin forms a diffuse ring and wounds over-expand. E-Cadherin mutant embryos 
do manage to eventually repair the wound. Scale bars: XY are 20 μm and XZ 10 μm unless otherwise indicated. (Figure reprinted with permission from 
Abreu-Blanco et al.; J Cell Biol 2011; DOI:10.1083/jcb.201011018).29
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