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Abstract
Ca2+ influx through plasma membrane wounds triggers a rapid repair response that is essential for
cell survival. Earlier studies showed that repair requires the exocytosis of intracellular vesicles.
Exocytosis was thought to promote resealing by “patching” the plasma membrane lesion, or by
facilitating bilayer restoration through reduction in membrane tension. However, cells also rapidly
repair lesions created by pore forming proteins, a form of injury that cannot be resealed solely by
exocytosis. Recent studies suggest that in cells injured by pores or mechanical abrasions, exocytosis
is followed by lesion removal through endocytosis. Describing the relationship between wound-
induced exocytosis and endocytosis has implications for the understanding of muscular degenerative
diseases that are associated with defects in plasma membrane repair.

Introduction
Ca2+ influx from the extracellular milleu into the cytosol of a damaged cell triggers rapid
plasma membrane resealing, within seconds after injury 1, 2. The viability and longevity of
injured cells depends on this immediate plasma membrane repair process 3, 4, as well as on
longer-term responses involved in restoring cellular homeostasis 5, 6. Defects in rapid plasma
membrane resealing impair the ability of cells to maintain plasma membrane integrity, a
process that has significant clinical implications. In human patients and murine models,
mutations in genes required for plasma membrane repair cause pathological changes in skeletal
muscle, a tissue that is frequently injured in vivo 7. Forms of muscle pathology that have been
associated with defective plasma membrane repair include limb-girdle muscular dystrophy
type 2B and Miyoshi myopathy 8, and inflammatory myopathy in mice deficient in
synaptotagmin VII 9. In this review, we discuss recent developments that are rapidly shedding
light on the cellular and molecular mechanisms responsible for the rapid Ca2+-dependent
plasma membrane resealing.

Ca2+-regulated exocytosis: A requirement for plasma membrane repair
Early reports of plasma membrane repair came from experiments involving in vitro
manipulation of sea urchin eggs. These studies demonstrated an important concept, that
extracellular Ca2+ is essential for plasma membrane resealing after injury 10, 11. Several
decades later, more detailed microscopic observations detected rapid Ca2+-dependent
exocytosis of intracellular vesicles at the sites of plasma membrane injury. These observations
led to the hypothesis that wound resealing was mediated by intracellular membrane added to
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the cell surface through exocytosis 12, 13. This hypothesis provided the first mechanistic
framework for the role of Ca2+ in plasma membrane resealing, since it is widely known that
one of the many signaling functions of Ca2+ is to trigger the fusion of intracellular vesicles
with the plasma membrane. Once considered a pathway exclusive to specialized secretory cells,
Ca2+-regulated exocytosis emerged from these studies of plasma membrane repair as a cellular
process that was likely to be present in most cell types. Subsequent studies confirmed that Ca2
+-regulated exocytosis is indeed a ubiquitous process 14, 15. This important realization
launched investigations aimed at identifying the Ca2+-responsive exocytic vesicles responsible
for plasma membrane resealing.

Early insights into a ubiquitous vesicle population capable of Ca2+-regulated exocytosis were
unexpectedly discovered in investigations of host cell invasion by the protozoan parasite
Trypanosoma cruzi. Upon attachment to host cells, these parasites trigger signaling pathways
that result in increases in intracellular free Ca2+ ([Ca2+]i) and in the recruitment of lysosomes,
which provide membrane for intracellular parasitophorous vacuole formation 16. These
observations led to the demonstration that conventional lysosomes can fuse with the plasma
membrane in many cell types, in response to [Ca2+]i elevations above 1 μM 17. Subsequent
studies using TIRF microscopy demonstrated that elevation in [Ca2+]i induces a 25 fold
increase in the exocytosis rate of lysosomes, while not stimulating the secretion of a number
of additional membrane proximal organelles such as ER, post-Golgi vesicles, late endosomes
and early endosomes 18. Thus, instead of the conventional view that lysosomes are terminal
compartments of the endocytic pathway, these studies demonstrated that conventional
lysosomes behave as bona fide regulated secretory vesicles, rapidly fusing with the plasma
membrane in response to Ca2+ influx 19 (see Box 1). Interfering with the exocytosis of
conventional lysosomes inhibits the ability of cells to reseal plasma membrane wounds,
establishing these organelles as important mediators of plasma membrane repair 2, 20, 21. The
impact of the extracellular release of lysosomal enzymes is still unknown. Although it can't be
ruled out that released acidic hydrolases play a role in the rapid plasma membrane resealing
process, the neutral pH of the extracellular milleu is likely to prevent sustained enzymatic
activity.

“Secretory lysosomes” is a term used to describe the modified lysosomal vesicles found in
specialized secretory cells 22 (see Box 1). Exocytosis of these specialized lysosome-like
granules also results in the release of their luminal contents into the extracellular milieu, where
they perform a number of effector functions. One of the best studied examples, which actually
established a paradigm for the study of secretory lysosomes, is the Ca2+ dependent
degranulation and target cell killing by CD8 positive cytotoxic T lymphocytes (CTL) 22.
Similar to conventional lysosomes, secretory lysosomes have an acidic lumen and contain high
concentrations of acid hydrolases 23. In addition to the lytic granules of CTLs, the designation
of secretory lysosomes also include melanosomes, platelet dense granules, azurophil granules
of neutrophils, and the ruffled border secretory vesicles of osteoclasts 24. The role of these
specialized organelles in plasma membrane repair has not been directly tested, but it is
conceivable that Ca2+ responsive secretory lysosomes also participate in the resealing of
injured plasma membrane. In support of this possibility, the Ca2+ sensor molecule
synaptotagmin VII was shown to regulate conventional lysosome exocytosis 25 and plasma
membrane repair 9, and also the exocytosis of specialized secretory lysosomes in CTLs 26 and
osteoclasts 27.

To date, functional data has been obtained directly implicating the exocytosis of conventional
lysosomes 2 and yolk granules (specialized secretory vesicles with lysosomal properties) 21 in
plasma membrane repair. Recently, a novel Ca2+ regulated exocytic compartment termed the
enlargeosome was identified in some cell types, and proposed to also participate in plasma
membrane resealing 28, 29. Functional evidence for this role is still lacking, because a
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mechanism to specifically inhibit enlargeosome exocytosis is still not available. Involvement
in plasma membrane repair was suggested by the rapid kinetics by which the enlargeosome
marker desmoyokin-AHNAK appears on the plasma membrane following plasma membrane
injury 28. Two isoforms are known for these giant proteins, AHNAK1 and AHNAK2, which
range in size from 600 to 700 kDa 30. There is evidence that AHNAKs function as scaffold
proteins important for organizing Ca2+ signaling molecules. Mouse knockout studies indicate
that AHNAK1 is required for plasma membrane expression of L-type Ca2+ channels (Cav1.1),
which mediate Ca2+ influx into CD4 T cells following TCR stimulation 31. In humans,
mutations in AHNAK1 cause cardiac dysfunction, an observation that is also consistent with
a defect in Cav1.1 Ca2+ channel function 32. Additional studies are needed to explain how
desmoyokin-AHNAK (which is localized in the cytosol, nucleus, or inner leaflet of the plasma
membrane, depending on cell type) can cross into the lumen of enlargeosomes, and get exposed
on the plasma membrane upon exocytosis. This topology problem, which has not been given
sufficient attention in the literature, is made even more significant considering the fact that
AHNAK is so far the only available marker for enlargeosomes. Before attributing important
functions such as exocytosis and plasma membrane repair to enlargeosomes, it will be
important to find additional markers for these novel organelles, and determine whether they
are ubiquitous, or present in only a few cell types.

It is still unclear if additional, ubiquitous Ca2+ regulated intracellular organelles with a role in
plasma membrane repair remain to be identified. However, the number of candidate vesicles
for this role is certainly not large, given that their exocytosis must be triggered by rises in
cytosolic Ca2+. Ca2+-regulated exocytosis is not a property associated with most known
intracellular compartments 18, except lysosomes, the still poorly characterized enlargeosomes,
and a number of specialized secretory granules (see Box 1).

How does exocytosis promote plasma membrane repair?
Two models have been proposed to explain the role of Ca2+ triggered exocytosis in membrane
repair. One model, known as the “patch hypothesis”, proposes that Ca2+ influx triggers
homotypic fusion of pre-existing intracellular vesicles in the vicinity of the wound. The large
vesicles postulated to arise from homotypic fusion would then somehow fuse with the plasma
membrane surrounding the injured site, “patching” the wound 21. The second model proposes
that the primary role of exocytosis, instead of forming a patch over the lesion, is to reduce
plasma membrane tension. Reduction in membrane tension was detected experimentally in
cells undergoing injury and recovery, and the process was proposed to promote repair by
facilitating spontaneous bilayer resealing 33. Based on an apparent higher Ca2+ threshold for
the repair of large membrane disruptions, it was suggested that the “patch” mechanism is mostly
responsible for the repair of large lesions, while membrane tension reduction would
preferentially reseal small wounds 21. It is important to note, however, that the experimental
evidence supporting the formation of a membrane patch over large wounds consists largely of
observed barriers to the diffusion of membrane impermeable dyes into injured cells. Diffusion
barriers are observed immediately after large portions of the plasma membrane are removed
by locally administered TX-100 34, or when Ca2+-containing water is injected into sea urchin
eggs (an intervention used to demonstrate that cytosol can rapidly generate a barrier when
exposed to elevated [Ca2+]i ) 35. However, the nature of these barriers (i.e. if a lipid bilayer is
present) is still unclear. It is important to consider a possible role in this process for non-exocytic
Ca2+ triggered pathways that can also prevent cytoplasm diffusion/loss following plasma
membrane injury. One example is the wound repair pathway proposed to be mediated by tissue
transglutaminase (TGase), a family of enzymes that catalyze Ca2+-dependent protein cross-
linking via epsilon(gamma-glutamyl)lysine bridges 36. In mammals, crosslinking of
extracellular matrix proteins by TGases was implicated in the healing and subsequent stability
of tissue wounds 37-39. At the cellular level, TGase-dependent crosslinking of intracellular
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proteins was reported in experiments using tet-regulated expression, or antisense-mediated
TGase silencing 36. TGase reaction products were detected at injured sites in the slime mold
Physarum polycephalum, and RNAi-mediated knockdown of transglutaminase 2 in
mammalian cells led to defective plasma membrane resealing 40. These results led to the
suggestion that intracellular “clots” generated by the crosslinking activity of TGase at wound
sites might be a critical early step in cell resealing. The role of Ca2+ in promoting TGase
activity provides an alternative explanation for one of the key observations giving rise to the
“patch hypothesis” of plasma membrane repair. Upon injection of Ca2+ containing sea water
into eggs, fluorescent tracers might be blocked from diffusion into the cytosol by the Ca2+
dependent TGase protein crosslinking reaction, and not by the formation of a membranous
patch generated by homotypic fusion of intracellular vesicles. Future studies are needed to
investigate this intriguing possibility — that plasma membrane resealing is preceded by a
clotting reaction that reduces cytosol loss through the wound. Such a reaction could
significantly slow down the loss of critical intracellular molecules, allowing exocytosis and
additional critical resealing steps to proceed.

Exocytosis can't do it all: Endocytosis enters the scene
Most of the studies that were discussed above, focusing on the role of Ca2+-dependent
exocytosis in the repair of plasma membrane wounds, involved mechanical methods of cell
injury. Interestingly, recent investigations showed that cells treated with the bacterial pore
forming protein streptolysin O (SLO) also recover membrane integrity in a Ca2+ dependent
fashion 41. This was an intriguing observation, because the stable nature of the lesions caused
by pore-forming proteins ruled out the two previously proposed models for plasma membrane
repair. Neither a patch nor a reduction in membrane tension can explain how transmembrane
pores can be effectively removed from the cell surface. Importantly, we found that Ca2+ influx
through SLO pores triggers a repair response very similar to that observed after mechanical
wounding: Lysosomal enzymes are released into the medium, and the release of cytosolic
markers such as lactate dehydrogenase (LDH) is blocked, reflecting membrane resealing.
Remarkably, live imaging of cells exposed to SLO also revealed that lysosomal exocytosis is
not the only membrane traffic event triggered during cell injury and repair. A rapid form of
endocytosis was observed within seconds of SLO pore formation in the plasma membrane, and
this occurred only under repair conditions, in the presence of extracellular Ca2+ (Figure 1)
42. Importantly, the kinetics of injury-induced endocytosis was very similar to that previously
reported for the repair of mechanically induced wounds 1, 2. Subsequent studies confirmed that
this rapid, Ca2+ dependent form of endocytosis also occurs in mechanically injured cells.
Collectively, these results indicated that endocytosis promotes resealing by removing lesions
from the plasma membrane 42. These findings provided an important new insight into how
cells protect themselves, not only from mechanical injury but also from microbial toxins and
other pore-forming proteins, such as those produced by the immune system 43. Although it
remains to be seen if an isolated wounding event can induce prolonged endocytic responses,
the observations of vigorous and sustained endocytosis in wounded cells (Figure 1) 42 may
explain why plasma membrane repair is more efficient in cells that were submitted to a previous
injury, either mechanical 44 or by pore forming proteins 45.

The discovery of injury-induced endocytosis provides a new framework for understanding
plasma membrane repair pathways in mammalian cells. For several years Ca2+ triggered
exocytosis was regarded as the major mechanism for the repair of membrane injury. However,
in light of these new findings, it is no longer clear whether new membrane addition by
exocytosis directly mediates plasma membrane resealing, or whether it acts indirectly, by
triggering a subsequent compensatory endocytic response that represents the true resealing
event. In support of the latter possibility, acute cholesterol depletion effectively blocks both
endocytosis and plasma membrane resealing in response to mechanically induced injury.
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Conversely, disassembly of the actin cytoskeleton markedly facilitates both injury induced
endocytosis and plasma membrane resealing 42. These results provide a mechanistic
explanation for prior observations of increased repair efficiency after disruption of the cortical
cytoskeleton 44, 46. The recent discovery of injury induced endocytosis also suggests an
intriguing new interpretation for the large vesicles observed close to the wound in several earlier
studies of plasma membrane repair 13, 47, 48 (Figure 2). The endocytic vesicles (identified
through their content of endocytic tracers - Figure 2 E-F) found in cells wounded by pore
forming toxins or scraping (Figure 2 C-D) are remarkably similar to the large and
heterogeneous vesicles observed in earlier studies involving mechanical cell wounding (Figure
2 A-B).

Interestingly, a rapid form of compensatory endocytosis was also reported following
enlargeosome exocytosis triggered by Ca2+ ionophores in PC12−27 cells 29. In their assays,
the authors observed internalization of desmoyokin-AHNAK, an enlargeosome marker, within
a short period after its delivery to the plasma membrane. Although this study did not propose
that the compensatory endocytosis of enlargeosomes was responsible for plasma membrane
repair, it is intriguing that the Ca2+-dependent desmoyokin-AHNAK positive endosomes 29

are very similar in size and morphology to injury-induced endosomes (Figure 2) 42, and are
also distinct from classical dynamin-dependent endosomes 29, 42. Future studies involving
direct inhibition of lysosome and enlargeosome exocytosis should clarify whether exocytosis
of one or both of these organelle types is required for induction of endocytosis and plasma
membrane repair. Simultaneous imaging of lysosomal exocytosis and endocytosis by total
internal reflection (TIRF) microscopy should also provide very useful information to define
the spatial and temporal relationship of both processes.

Novel mechanistic insights on membrane repair: Implications for
understanding human disease

Ca2+ influx into the cytosol of injured cells is thought to trigger exocytosis by binding and
activating cytosolic or membrane resident Ca2+ sensors. In mammals, synaptotagmin VII (Syt
VII) 2 and dysferlin 8 have been identified as strong candidates for membrane Ca2+ sensors
mediating plasma membrane repair. Loss of function mutations in either of these genes gives
rise to pathology 8, 9, 49, and interestingly, the disease characteristics reflect at least in part the
tissue distribution of these proteins. The ubiquitously expressed SytVII regulates the exocytosis
of lysosomes and some other Ca2+-regulated secretory vesicles, and mutations in Syt VII cause
an autoimmune inflammatory disease in the skin and skeletal muscle of mice 9. Dysferlin is
most abundantly expressed in muscle, and it is the gene carrying the mutations responsible for
Miyoshi myopathy and Limb-girdle muscular dystrophy 2B, which are adult onset forms of
distal muscular dystrophy in humans 49. Dysferlin is largely localized on the plasma membrane
of muscle fibers, although under certain conditions it has also been detected on intracellular
vesicles 50. Unlike Syt VII, which has been directly demonstrated to confer Ca2+ sensitivity
to membrane fusion reactions 51, a role for dysferlin in linking Ca2+ transients to membrane
traffic has not yet been directly demonstrated. However, such a role is inferred from the
presence of several Ca2+-binding C2 domains in the cytosolic domain of dysferlin. The two
C2 domains present on the cytoplasmic region of synaptotagmins are responsible for promoting
Ca2+-dependent interactions with membrane phospholipids and SNARE molecules, events
that precede membrane fusion 52. Interestingly, mutations in either Syt VII or dysferlin disrupt
the function of skeletal muscle. Thus, both Syt VII and dysferlin control membrane traffic
events that are required for maintaining integrity of the sarcolemma, in face of the frequent
injuries suffered by this contractile tissue in vivo.

The recent identification of injury-induced, Ca2+ dependent endocytosis as an event important
for plasma membrane repair offers new opportunities for understanding molecular defects
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linked to degenerative muscle disease. It has been known for some time that mutations in
caveolin-3, a muscle specific protein associated with the endocytic structures known as
caveolae, cause Limb-girdle muscular dystrophy 1C and other forms of myopathy 53, 54. In
addition to being a major structural component of caveolae at the sarcolemma , caveolin-3 is
also required for normal T-tubule development and for numerous signaling pathways 55-57.
Thus, it is not clear which specific functional defects associated with the lack of caveolin-3
lead to muscular dystrophy. However, recent observations revealed that caveolin-3 is important
for retaining dysferlin at the plasma membrane. In the absence of caveolin-3 dysferlin is rapidly
endocytosed through a clathrin-independent pathway, and this process is counteracted by
caveolin-3 expression 58. These findings highlight an intriguing link between dysferlin
function, endocytosis and the maintenance of muscle fiber integrity. It is important to note,
however, that the endocytic vesicles generated in injured cells do not have a morphology that
is consistent with caveolae (Figure 2), and behave differently from most characterized
endocytic pathways (which are dynamin and/or actin-dependent - see Box 2). The endosomes
generated in response to plasma membrane injury are dynamin-independent, and are actually
stimulated after disruption of the actin cytoskeleton 42. Thus, the available lines of evidence
suggest that caveolin-3 and dysferlin may function in concert in the regulation of a rapid, non-
conventional form of endocytosis that may be also present in muscle cells. It is noteworthy
that the C2 domain-containing Ca2+ sensors synaptotagmins Syt I and Syt VII also have a dual
role in membrane traffic, simultaneously coordinating Ca2+ triggered exocytosis of
intracellular vesicles and recruiting protein complexes to promote their own endocytosis from
the plasma membrane 59, 60. In future studies, it will be important to characterize the domains
in the cytosolic region of dysferlin responsible for its interactions with caveolin-3 61 and for
its rapid endocytosis when caveolin-3 is absent. Collectively, these observations make it
enticing to speculate that some forms of human muscular dystrophy may result from aberrant
injury-induced endocytosis pathways.

Concluding Remarks
The role of Ca2+-dependent exocytosis of intracellular vesicles in mediating plasma membrane
repair has been studied extensively. The current belief is that exocytosis provides extra
membrane to seal the wound, and a decrease in membrane tension that is required for bilayer
resealing. An important role for these mechanisms in the repair of plasma membrane injury
cannot be ruled out, but a study of how cells restore membrane integrity after attack by pore-
forming proteins has led to surprising findings. Ca2+ influx through wounds caused by
transmembrane pores or mechanical abrasion triggers the rapid formation of large endocytic
vesicles, which remove lesions from the plasma membrane 42. These data led us to hypothesize
that this novel form of endocytosis is a compensatory reaction to Ca2+ triggered lysosomal
exocytosis, and that it may represent a general mechanism by which cells can repair many
forms of membrane damage (see model and outstanding questions in Figure 3) .

These recent results have opened up new avenues to be pursued, towards the goal of
understanding plasma membrane repair dynamics and the diseases resulting from failures in
this mechanism. There are several questions that need to be addressed in light of these recent
discoveries. First, what is the role of Ca2+ in injury-induced endocytosis? Is it critical because
Ca2+-dependent exocytosis triggers a compensatory endocytic response, or because there are
Ca2+ sensors specifically involved in regulating endocytosis? In order to answer these
questions, it will be necessary to develop methods to independently block exocytosis and
endocytosis, and assess the contribution of each pathway on plasma membrane repair. Second,
what are the molecular machineries involved in regulating injury-induced exocytosis and
endocytosis? This goal will require the development of genome-wide loss-of-function screens
of plasma membrane repair. Third, it will be important to determine whether additional Ca2+-
responsive molecules proposed to participate in plasma membrane repair, such as calpain 62
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and annexin A1 63, regulate exocytosis or endocytosis, or additional steps that still remain to
be characterized. A deeper mechanistic knowledge of the membrane traffic pathways involved
in rapid plasma membrane repair is likely to facilitate the identification of new genes associated
with human disease, and to advance the search for therapeutic strategies.

Box 1 — Ca2+ Regulated Exocytosis

Ca2+ triggered fusion of intracellular vesicles with the plasma membrane is a highly
conserved phenomenon, based on the steep Ca2+ concentration gradient maintained
between the extracellular (>1 mM) and intracellular (<100 nM) environments. In intact
cells, acute rises in cytosolic free Ca2+ result from the opening of ion channels located on
the plasma membrane, or on intracellular Ca2+ stores such as the endoplasmic reticulum.
Extensively studied examples of Ca2+ regulated exocytosis include insulin secretion from
pancreatic beta-cell granules 64, neurotransmitter release from neuronal synaptic vesicles
65, and perforin and granzyme release from the lytic granules of cytotoxic lymphocytes
66. Although such examples of specialized secretion have historically been viewed as
paradigms for Ca2+ regulated exocytosis, more recently it became clear that the process is
also present in non-specialized cells such as fibroblasts and epithelial cells 14, 15, 67.
Investigations of regulated exocytosis in non-specialized cells identified conventional
lysosomes as the major intracellular compartment capable of responding to Ca2+ by fusing
with the plasma membrane 17, 18. This finding expanded significantly the concept of
“secretory lysosomes”, a term initially coined to describe the modified, lysosome-like
secretory granules present in hematopoietic cells 68. It is now clear that the capacity to sense
Ca2+ rises and respond by “kiss-and-run” or full fusion with the plasma membrane is not
exclusively a property of the modified lysosomes of hematopoietic cells. Rather, it is a
process present in a large number of cell types 19. The molecular machinery mediating Ca2
+ regulated exocytosis of conventional lysosomes includes the v-SNARE VAMP-7 and
synaptotagmin VII on lysosomes, and the t-SNARES SNAP-23 and syntaxin-4 on the
plasma membrane 69. Synaptotagmin VII is a membrane Ca2+ sensor 70 structurally related
to synaptotagmin I, a synaptic vesicle protein essential for rapid neurotransmitter release in
neurons 71. The identification of synaptotagmin VII on lysosomes 25 provided a molecular
tool to functionally identify these organelles as the Ca2+ regulated exocytic vesicles
involved in plasma membrane repair 2, 9, 21.

Box 2 — Endocytosis

Endocytosis is the term used to describe the multiple pathways by which cells internalize
macromolecules and particles into vesicles derived from the plasma membrane. It is
becoming increasingly clear that the cellular mechanisms of endocytosis are highly diverse
and tightly regulated, in order to fulfill essential physiological roles 72. Phagocytosis is the
actin-dependent, typically receptor-mediated particle uptake process that gives rise to the
largest endosomes known, phagosomes. Phagocytic uptake is a function essential for the
clearance of pathogens and of apoptotic cells, and for antigen presentation and the initiation
of immune responses. Pinocytosis, on the other hand, involves the uptake of fluid and
soluble macromolecules, and can give rise to intracellular vesicles of different sizes, ranging
from >1 μm (macropinocytosis, which is also actin-dependent) to smaller vesicles of 90
−120 nm. The pathways generating these smaller types of endosomes fall into three
categories: clathrin-mediated endocytosis, caveolae-mediated endocytosis and clathrin and
caveolae-independent endocytosis. Interestingly, several of these otherwise mechanistically
diverse endocytic pathways are regulated by the large GTPase dynamin. The function of
dynamin in endocytosis is best understood in the context of clathrin-mediated endocytosis,
where it self-assembles into a “collar” thought to facilitate the pinching off of vesicles from
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the plasma membrane. However, dynamin is also required for at least two types of non-
clathrin-dependent endocytosis, caveolae-mediated and RhoA-regulated endocytosis 73.

Clathrin and caveolae-independent mechanisms of endocytosis are less well understood,
but some of these pathways are also dynamin-independent and regulated by small GTPases,
such as CDC42 or Arf6. Although cholesterol extraction inhibits most forms of endocytosis,
a cholesterol-sensitive form of CDC42 activation may regulate recruitment of the actin-
polymerization machinery that is required for generation of the GPI anchored protein-
enriched endosomal compartment (GEEC) 73. Interestingly, the large endosomes (300−500
nm) recently identified in cells wounded in the presence of extracellular Ca2+ fall into yet
another unique category: they are independent of dynamin, sensitive to cholesterol
extraction, but are not inhibited (and are actually enhanced) by drugs that disrupt the actin
cytoskeleton 42. Further characterization of the form of endocytosis involved in plasma
membrane repair is likely to add to our current knowledge of the multiple mechanisms
developed by eukaryotic cells to maintain plasma membrane and cellular homeostasis.
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Figure 1. Rapid endocytosis is triggered by SLO in the presence of Ca2+
HeLa cells expressing YFP-GPI on the plasma membrane were imaged in a spinning disk
confocal microscope in Ca2+-containing medium. (A) Images acquired in the absence of SLO.
(B) SLO (100 μg/ml) was locally added with a micropipette 89 s after initiating the imaging.
Each image corresponds to 8 optical section confocal stacks acquired at 1 frame /1.4 s. The
arrows point to individual endosomes that were detected inside the cells shortly after SLO
addition.
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Figure 2. Endocytic tracers reveal that the large intracellular vesicles associated with injury sites
correspond to rapidly formed endosomes
(A-B) Endothelial cells were injured by passing through a 30-gauge needle in the presence of
horse radish peroxidase (HRP), fixed and prepared for transmission EM observation. An
accumulation of HRP-positive vesicles was observed at sites near a plasma membrane
disruption (arrowheads). Reproduced with permission from Ref. 13. (C) Transmission EM of
NRK cells fixed 4 min after scraping in the presence of Ca2+. (D) Transmission EM of NRK
cells fixed 4 min after exposure to 200 ng/ml SLO in the presence of Ca2+ and the endocytic
tracer BSA-gold. The arrows point to large endosomes containing BSA-gold. Bars = 5 μm. (E)
Close-up of a BSA-gold containing endosome in a NRK cell wounded by scraping (a procedure
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that generated numerous plasma membrane lesions, due to disruption of focal contacts). (F)
Close-up of a BSA-gold containing endosome in a NRK cell wounded by SLO. Arrows point
to individual gold particles. Bars = 200 nm. Reproduced with permission from Ref. 42.
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Figure 3. Model for the rapid membrane traffic events triggered by Ca2+ influx in injured cells
1. Transmembrane pores formed by toxin monomers or mechanical abrasions (microinjection,
scratching, laser wounding) wound the plasma membrane. 2. Ca2+ influx triggers lysosomal
exocytosis, mediated by v-SNARES and the Ca2+ sensor synaptotagmin VII on lysosomes
and t-SNARES on the plasma membrane. Exocytosis results in the release of lysosomal
contents extracellularly. 3. Exocytosis is rapidly followed by the formation of large endosomes,
which can internalize the lesions and promote plasma membrane repair. Questions that remain
to be answered at each of these steps are shown in the right panels.
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