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Summary

When wounded, eukaryotic cells reseal in a few seconds. Ca2+ influx induces exocytosis of 

lysosomes, a process previously thought to promote repair by “patching” wounds. New evidence 

suggests that resealing involves direct wound removal. Exocytosis of lysosomal acid 

sphingomyelinase triggers endocytosis of lesions, followed by intracellular degradation. 

Characterization of injury-induced endosomes revealed a role for caveolae, sphingolipid-enriched 

plasma membrane invaginations that internalize toxin pores and are abundant in mechanically 

stressed cells. These findings provide a novel mechanistic explanation for the muscle pathology 

associated with mutations in caveolar proteins. Membrane remodeling by the ESCRT complex 

was also recently shown to participate in small wound repair, emphasizing that cell resealing 

involves previously unrecognized mechanisms for lesion removal, which are distinct from the 

“patch” model.

Keywords

injury; resealing; endocytosis; caveolae; muscular dystrophy

Injury-mediated Ca2+ entry, exocytosis and plasma membrane repair

It has been known for several decades that wounded eukaryotic cells repair plasma 

membrane wounds in a few seconds, by a mechanism strictly dependent on extracellular 

Ca2+ 1, 2. Subsequent imaging experiments demonstrated that Ca2+ entering cells through 

lesions triggers localized bursts of exocytosis, a process that is required for plasma 

membrane repair 3, 4. Ultrastructural analysis revealed the presence of large intracellular 

vesicles close to wound sites 3, leading to the suggestion that Ca2+ influx induces homotypic 

fusion of intracellular vesicles, forming a large exocytic membrane “patch” that promotes 
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resealing when fused with the wound 5. However, most of these early investigations did not 

utilize specific markers to identify the injury-induced intracellular vesicles, and to confirm 

their exocytic origin. Recent studies revisited this issue, and generated surprising 

observations, as discussed below. These studies confirmed the essential role of exocytosis in 

the resealing of wounded cells but revealed additional mechanisms that appear to be 

involved in direct removal of lesions, and not simply in “patching” the damaged membrane.

Plasma membrane repair is mediated by lysosomal exocytosis

Ca2+-triggered exocytosis near plasma membrane wounds was initially detected by imaging, 

in cells labeled for several hours with lipophilic dyes. Such dyes label many intracellular 

organelles, so these early experiments did not allow identification of the vesicles involved 3. 

Subsequent studies revealed that specific markers of lysosomes, such as luminal epitopes of 

the glycoprotein Lamp1, appear on the cell surface after injury 6. This observation, while 

initially surprising, was confirmed in several cell types after different forms of injury, 

including those inflicted by bacterial and protozoan pathogens 7, 8. Lysosomal hydrolases 

are released into the supernatant of cells wounded in the presence, but not in the absence of 

Ca2+ 9, consistent with the finding that conventional lysosomes behave as Ca2+-dependent 

secretory vesicles 10. Prior to these studies, Ca2+-dependent exocytosis was thought to 

involve only lysosome-related organelles in specialized cells, such as cytotoxic 

lymphocytes, melanocytes and lung alveolar cells 11. It is now clear that the ability to fuse 

with the plasma membrane upon elevation in intracellular Ca2+ is a property of lysosomes 

found in many different cell types, including cells not specialized in Ca2+-regulated 

secretion 12-14. As discussed below, Ca2+-dependent lysosomal exocytosis also occurs in 

injured muscle fibers 15, 16.

Ca2+-triggered exocytosis of lysosomes was directly visualized by total internal reflection 

fluorescence microscopy (TIRF-M), and these assays showed that most lysosomes that fuse 

with the plasma membrane belong to a pre-existing membrane-proximal population 17. 

Ca2+-regulated lysosomal exocytosis occurs in two forms, complete fusion or kiss-and-

run 18, and can be regulated by two lysosomal membrane proteins, the Ca2+ sensor Syt VII 

and the cation transporter mucolipin 1. Syt VII proved a useful tool to demonstrate that 

Ca2+-regulated lysosomal exocytosis is required for plasma membrane repair 6. It has been 

widely assumed that lysosomes promote plasma membrane resealing by giving rise to an 

intracellular membrane patch, which would be applied directly to the wounded membrane, 

repairing the injury 5. However, in experiments involving localized wounding with a 

microinjection needle, the lysosomal marker Lamp1 was detected in a punctate pattern 

surrounding the wound site - an observation that is not consistent with the fusion of a large 

lysosome-derived “patch” directly onto the wound 6. In addition, as discussed below, the 

patch model of plasma membrane repair does not satisfactorily explain how lesions formed 

by the insertion of stable, protein-lined transmembrane pores can be repaired.

Wounded membrane is actively removed

Ca2+-triggered exocytosis reduces membrane tension, a process proposed to facilitate 

spontaneous bilayer resealing in wounded cells 19. This scenario provided a plausible 
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alternative to the patch hypothesis of plasma membrane repair, because it did not postulate 

the hard-to-envision process of direct merging of intracellular vesicle membranes with the 

irregular margins of a wound. However, lesions formed by insertion of pore-forming 

proteins are also repaired in a Ca2+-dependent manner, with rapid kinetics similar to that 

observed during mechanical wound repair 20, 21. The realization that stable, protein-lined 

transmembrane pores cannot be eliminated by simply reducing plasma membrane tension, 

prompted a closer examination of the resealing mechanism in cells permeabilized by the 

bacterial toxin streptolysin O (SLO). These studies revealed a surprising response: In 

addition to lysosomal exocytosis, SLO-permeabilized cells undergo massive endocytosis, 

with a rapid intracellular accumulation of endocytic vesicles. Injury-induced endocytic 

vesicles were detected as soon as 12-20 seconds after cell permeabilization, and these 

vesicles appeared as large (300-500 nm), uncoated intracellular compartments 4-5 minutes 

after cell wounding 22. Similar observations were made in cells permeabilized by perforin, 

the pore-forming protein that mediates target cell killing by cytotoxic lymphocytes (CTL). 

Exposure to perforin triggered intracellular Ca2+-transients, lysosomal exocytosis, and the 

formation of numerous endosomes that carried the pores intracellularly, and later appeared 

as large vesicles 2 minutes after cell injury 13. Interestingly, endocytosis of perforin-induced 

lesions caused a shift from necrotic to apoptotic death in CTL targets, suggesting that 

restoration of plasma membrane integrity is required for the subsequent signaling steps that 

lead to apoptosis 13. The involvement of endocytosis in plasma membrane repair is not 

exclusive to mammalian cells, having been also observed in wounded crayfish neurons 23 

and in the nematode C. elegans, where resealing of intestinal cells permeabilized with the 

Bacillus thuringiensis pore-forming toxin Cry21A was shown to require RAB-5 and 

RAB11-dependent endocytosis 24.

The patch hypothesis postulates that exocytosis of intracellular membrane is sufficient to 

repair plasma membrane wounds. However, it has been difficult to envision how fusion of a 

large intracellular vesicle, through a single radially-expanding fusion pore, could restore 

continuity of a lipid bilayer containing an irregular wound. To address this difficulty, it was 

suggested that patch-mediated plasma membrane repair might involve a vertex fusion 

process. In this model, multiple fusion pores would form around the periphery of the 

wounded region, between the intracellular “patch” vesicle and the plasma membrane. 

Expansion and merging of these fusion pores would cause extracellular release of a 

membrane fragment containing the wound, and a residual portion of the patch vesicle 25 (see 

Figure 1D). This mechanism, in principle, could be involved in the removal of stable, 

proteinaceous pores from the plasma membrane. However, several lines of evidence argue 

against a vertex ring exocytosis and membrane shedding mechanism as the major event 

responsible for the removal of pores formed by bacterial toxins. In mammalian cells, 

electron microscopy and biochemistry experiments showed that after cell permeabilization 

and resealing streptolysin O (SLO) traffics intracellularly in endosomes that gradually 

increase in size, undergoes ubiquitination, and is sorted into luminal vesicles of 

multivesicular bodies/lysosomes for degradation 26 (Figure 2). Furthermore, imaging 

experiments showed that plasma membrane blebs induced by SLO fully retract back into the 

cell body during cell resealing, instead of being shed 22. A similar expansion of micron-

sized blebs quickly followed by retraction was observed after plasma membrane damage 
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with a UV laser 27. These observations agree with the earlier demonstration that transient 

rearrangements of the cortical actin cytoskeleton, a process induced by cytosolic Ca2+ 

transients, control the expansion and subsequent shrinkage of plasma membrane blebs 28. 

When plasma membrane repair blocks further Ca2+ entry, the cortical cytoskeleton is 

restored, promoting retraction of toxin pore-induced membrane blebs. Further strengthening 

this view, disruption of the cortical actin cytoskeleton abolished blebbing but did not prevent 

resealing of SLO-permeabilized cells 22.

It remains possible, however, that membrane fragments containing lesions are shed from 

cells during plasma membrane repair. This has been proposed to occur in the form of 

annexin-positive microvesicles 29 or more recently by membrane budding mediated by the 

ESCRT complex 27 (see Figure 1C). Extracellular shedding of intestinal microvilli was also 

observed in C. elegans after exposure to pore-forming proteins, but the process did not 

require Ca2+, a major requisite for plasma membrane repair 24. One study proposed that 

extracellular budding and shedding of large vesicles (in the micrometer diameter range) 

might represent the primary mechanism by which cells defend themselves from pore 

forming toxins 30. However, that study described SLO-induced plasma membrane bleb 

formation in chemically fixed cells 30, raising important questions regarding the 

physiological significance of the observations. Several studies demonstrated that plasma 

membrane repair is strictly ATP dependent 22, 31. Given the frequent observation of large 

transient blebs in live wounded cells that expand and then retract, shedding-mediated plasma 

membrane repair may largely involve the release of smaller membrane buds, such as those 

predicted to be generated by the ESCRT membrane-deforming pathway 27, 32. Indeed, it was 

found that ESCRT III components are required for the repair of small (<100 nm), but not 

large plasma membrane lesions 27. Several issues, however, remain to be clarified before 

lesion removal can be unequivocally attributed to ESCRT-mediated plasma membrane 

budding and shedding. For example, plasma membrane protrusions of 200-500 nm or more 

in diameter were recently reported 27. However, according to the available data, vesicles 

generated by the ESCRT pathway are expected to be significantly smaller, around 50 nm in 

diameter 33, 34. Furthermore, the reported kinetics of ESCRT recruitment to the plasma 

membrane after laser wounding is slower than the few seconds required for the repair of 

several types of lesions 5,27,16,25, raising the possibility that ESCRT-mediated budding may 

represent a plasma membrane remodeling process that occurs after resealing. Direct 

evidence for the shedding of plasma membrane wounds is still not available, because it has 

been challenging to distinguish plasma membrane fragments containing lesions from 

membrane that is constitutively shed under normal conditions, or passively released from the 

cytosol of wounded cells. Interestingly, the ESCRT I protein Tsg101 and the AAA ATPase 

Vps4 were found to be involved in microvesicle shedding from the surface of cells, 

independently of viral infections or plasma membrane wounding 35. Whether ESCRT-

dependent plasma membrane budding and shedding represents a constitutive process that is 

co-opted, and perhaps intensified during plasma membrane repair, is an intriguing topic that 

deserves further investigation.24

Collectively, evidence generated by independent laboratories strongly indicates that plasma 

membrane repair may not be mediated simply by the addition of an exocytic patch. Rather, 
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endocytosis followed by intracellular degradation of the lesion and/or ESCRT-mediated 

vesicle shedding appear to play an active role in wound repair. Given the very similar 

kinetics and common requirement for factors such as Ca2+ and cholesterol in the repair of 

toxin pores and of mechanical tears 9, 22, it is conceivable that remodeling and active 

removal of injured portions of the membrane represents a general strategy used by 

eukaryotic cells to maintain their plasma membrane integrity.

Sphingomyelinase emerges as a major regulator of lesion removal by 

endocytosis

The uncoated, irregularly shaped endosomes seen intracellularly a few minutes after cell 

injury 22 are morphologically similar to vesicles formed at the periphery of cells exposed to 

bacterial sphingomyelinase 36. This observation suggested, for the first time, a mechanism 

by which Ca2+-triggered exocytosis of lysosomes might promote lesion removal by 

endocytosis: By remodeling the plasma membrane through secretion of acid 

sphingomyelinase (ASM). Sphingomyelin is an abundant plasma membrane lipid found in 

association with cholesterol, in sphingolipid-enriched membrane domains known as lipid 

rafts 37. Enzymatic cleavage of the phosphorylcholine head group of sphingomyelin by 

sphingomyelinase generates ceramide, a lipid that tends to coalesce on membranes forming 

inward budding microdomains (Box 1). Ceramide-driven membrane invagination was 

directly demonstrated in artificial giant liposomes 38 and also shown to be involved inthe 

formation of intraluminal vesicles in multi-vesicular bodies, a process mediated by cytosolic 

neutral sphingomyelinase 39. There is substantial evidence from several laboratories 

suggesting that the lysosomal enzyme ASM may trigger plasma membrane invagination and 

endocytosis in wounded cells, in response to Ca2+ influx. ASM is translocated from a 

lysosomal/endosomal location to the cell surface when cells are exposed to membrane-

damaging stress 40, and can act on the outer leaflet of the plasma membrane generating 

ceramide-enriched microdomains 41-44. ASM inhibitors block formation of the plasma 

membrane-associated ceramide platforms triggered by Ca2+ influx in SLO-permeabilized 

cells 45, and inhibit plasma membrane repair 9. In coronary arterial endothelial cells, 

translocation of lysosomal V1 H+-ATPase to the plasma membrane was associated with the 

creation of an extracellular acidic microenvironment, proposed to facilitate extracellular 

ASM activity and formation of ceramide-enriched, lipid raft-associated redox 

signalosomes 46.

Experiments using ASM-deficient cells directly demonstrated the importance of lysosomal 

ASM for the restoration of plasma membrane integrity. ASM-depleted cells generated by 

siRNA or derived from Niemann-Pick Type A human patients (Box 2) were deficient in 

injury-induced endocytosis and in plasma membrane repair. Remarkably, exposure to 

purified ASM or bacterial sphingomyelinase was sufficient to restore membrane integrity in 

ASM-depleted cells 9. Exogenous administration of sphingomyelinase promoted plasma 

membrane repair even in the absence of Ca2+, demonstrating that sphingomyelinase activity 

can bypass the need for Ca2+-triggered lysosomal exocytosis 47. These findings suggest that 

the essential contribution of lysosomes to plasma membrane repair is to release ASM, which 

remodels the cell surface thereby promoting lesion removal.
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Interestingly, recent electrophysiological studies also reported massive endocytosis in cells 

subjected to large intracellular Ca2+ transients, or exposed to bacterial 

sphingomyelinase 48, 49. This rapid endocytic process, designated as MEND (massive 

endocytosis), did not involve the actin cytoskeleton or the endocytosis-regulatory proteins 

clathrin and dynamin 48. These findings are similar to that observed for the 

sphingomyelinase-dependent endocytic process that mediates plasma membrane repair, 

which is also dynamin-independent 9, 16, 22. A dynamin-independent form of Ca2+-regulated 

endocytosis was also reported in cortical astrocytes 50, adding to the evidence that this 

process may play a central role in the resealing of many different cell types after injury. It 

remains unclear how wounding-induced, sphingomyelinase-dependent endosomes pinch off 

from the plasma membrane, but experiments in artificial liposomes show that 

sphingomyelinase is sufficient to induce membrane invagination and the budding of luminal 

vesicles 38. Thus, it is conceivable that forces generated during invagination of ceramide-

enriched membrane domains may be sufficient for membrane scission, bypassing the need 

for dynamin. Alternatively, other molecules not yet identified may promote the pinching-off 

of vesicles involved in plasma membrane repair.

Experiments with inhibitors suggested that the massive Ca2+-dependent endocytic process 

designated as MEND 48, 49 might not involve the lysosomal sphingomyelinase ASM. 

However, it remains unclear whether full inhibition of ASM activity was achieved under 

those experimental conditions, and whether the large intracellular Ca2+ transients generated 

by reverse Na/Ca exchange are equivalent to what occurs during physiological membrane 

wounding 48. Interestingly, it was suggested that MEND might be facilitated by 

palmitoylation of plasma membrane proteins facing the cytosol, as a consequence of Ca2+-

induced coenzyme A release from mitochondria 49. These are intriguing findings, given that 

proteomic analysis identified mitochondrial proteins associated to the sarcolemma of 

injured, but not intact myofibers 51. In future studies, it will be interesting to determine if 

remodeling of the cytoplasmic leaflet of the plasma membrane triggered by mitochondrial 

stress is a process that acts in concert with lysosomal exocytosis and ASM release, in order 

to achieve more efficient lesion endocytosis and cell resealing.

A role for caveolae internalization in plasma membrane repair

Cholesterol extraction from the plasma membrane inhibits injury-induced endocytosis and 

plasma membrane repair 22. Conversely, cholesterol enrichment was reported to potentiate 

the MEND massive endocytic process triggered by Ca2+ entry or exposure to 

sphingomyelinase 48. The large fractions of plasma membrane internalized by MEND were 

found to bind amphipathic molecules less efficiently than membrane remaining at the cell 

surface, leading to the suggestion that this form of endocytosis involves more highly ordered 

lipid microdomains 52. These observations support the involvement of ASM-generated 

ceramide microdomains, formed within ordered cholesterol/sphingolipid-enriched lipid rafts, 

in the Ca2+-dependent endocytic process that mediates plasma membrane repair. Supporting 

this view, immunolabeling revealed a marked increase in ceramide levels at the cell 

periphery, a few seconds after permeabilization with the pore-forming toxin SLO 16.
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Strikingly, electron microscopy (EM) analysis performed a few seconds after wounding did 

not show the >300 nm endocytic vesicles that are normally observed several minutes after 

cells are wounded 13, 22. Rather, at these early time points injured cells contained a large 

number of highly homogenous, <100 nm vesicular structures that were also present in cells 

treated with ASM or bacterial sphingomyelinase 16. These intracellular vesicles strongly 

resembled caveolae, ~80 nm flask-shaped invaginations associated with the plasma 

membrane of many cell types and are particularly abundant in cells under mechanical 

stress 53 (Box 3). A hallmark of caveolae is their enrichment in cholesterol and 

sphingomyelin, membrane lipids used to define lipid rafts. In addition, ceramide has been 

detected in caveolae undergoing endocytosis 43. The increased number of caveolae-like 

vesicles in cells treated with ASM or bacterial sphingomyelinase raises the intriguing 

possibility that ceramide generated by sphingomyelin cleavage may give rise to caveolae, 

which may then remove lesions by pinching off from the plasma membrane (see Figure 1A). 

Supporting this view, siRNA-mediated depletion of the caveolae-specific protein caveolin 

inhibited plasma membrane repair. Furthermore, live imaging, immunogold EM and quench 

protection experiments suggested that plasma membrane-associated SLO pores enter cells in 

vesicles containing the caveolae-specific protein caveolin 16. Ultrastructural studies showed 

that once inside cells, caveolae-like vesicles merge with each other, forming larger 

compartments that gradually acquire endosomal and lysosomal markers, followed by sorting 

of the internalized toxin into the lumen of lysosomes for degradation 16, 26 (Figure 2). 

Several bacterial proteins with membrane-damaging activity have affinity for raft lipids 

(enriched in cholesterol and sphingomyelin) 54, raising the possibility that rapid 

internalization of these domains via caveolae may play an important role in cellular survival 

after pathogen attack.

Caveolae are known to be endocytosed under certain conditions, such as after binding of 

SV40 viruses, or cross-linking of surface proteins 55. Interestingly, conditions that can cause 

cell injury, such as exposure to hyperosmotic shock 56 or detachment from the substrate 57 

were also reported to induce caveolae endocytosis. However, how caveolar internalization 

and scission from the plasma membrane is triggered has remained poorly understood. The 

recently uncovered correlation between sphingomyelinase-mediated ceramide production 

and the accumulation of caveolar vesicles within injured cells suggests that Ca2+-triggered 

exocytosis of lysosomal ASM may represent a major trigger for the internalization, and 

possibly de novo formation of caveolae. A role for caveolae internalization in plasma 

membrane repair is consistent with the higher abundance of caveolar profiles on the 

plasmalemma of cells from tissues under mechanical stress, such as endothelial cells, 

adipocytes and muscle fibers 53. Furthermore, numerous studies showed that mutations in 

the caveolar proteins caveolin-3 and PTRF/cavin 58-60 cause serious forms of pathology in 

muscle, a tissue that is often injured in vivo. A role for caveolae in resealing the sarcolemma 

is also consistent with the intracellular accumulation of caveolae observed in muscle fibers 

carrying dystrophin mutations, which increase sarcolemma fragility 61, 62. The abundance of 

caveolae in dystrophic muscle fibers may be related to elevated levels of caveolin-3 

observed in these cells 62, or to disruptions in caveolin-3 interactions with the dystrophin 

glycoprotein complex 63. However, recent ultrastructural analysis revealed a marked 

accumulation of sub-sarcolemmal vesicles in mechanically injured muscle fibers, and the 
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size and morphology of these vesicles resembled caveolae-derived vesicles in the process of 

merging with each other (Figure 3B). Thus, frequent cycles of injury and repair in 

dystrophic muscle fibers may trigger de novo formation of caveolae, a process required for 

resealing. In this context, the upregulation of caveolin-3 expression observed in dystrophin-

deficient muscle could reflect a cellular adaptation to the need for assembling additional 

caveolae. Remarkably, treatment of intact muscle fibers with purified sphingomyelinase for 

a few seconds was sufficient to cause the peripheral accumulation of caveolae-like vesicles 

similar to that observed after injury 16 (Figure 3A), suggesting the presence of an 

intracellular pool of caveolar structural proteins that can be rapidly mobilized.

22, 3116, 22While the pore-forming toxin SLO has been directly visualized entering cells in 

caveolin-positive caveolar vesicles 16, it remains unclear how caveolae internalization could 

promote the repair of larger mechanical wounds. The highly branched vesicular profiles 

observed under the sarcolemma in mechanically injured muscle fibers (Figure 3) suggest 

that these structures may participate in a process of wound constriction, which may 

ultimately reseal the wound generating large intracellular vesicles 16 (see Figure 1B). 

Interestingly, caveolae can also diffuse surface tension by flattening out when membranes 

undergo mechanical stress 64, suggesting that an expanded caveolae reservoir may also 

protect plasma membrane integrity through this mechanism.

It remains to be determined if caveolae are necessary for plasma membrane repair in all cell 

types, or if functionally equivalent lipid raft-like membrane domains can play a similar role. 

Muscle-specific proteins such as dysferlin and mitsugumin 53 (MG53) have been implicated 

in sarcolemma resealing 65, suggesting that cells at a high risk of mechanical damage have a 

specialized machinery to facilitate repair. 531616Nonetheless, Ca2+ influx induces exocytosis 

of lysosomes and extracellular release of ASM in muscle fibers 15, 16, indicating that 

resealing in muscle may share a similar mechanism to other cell types that is based on 

sphingomyelinase-dependent generation of ceramide on the outer leaflet of the sarcolemma, 

followed by lesion internalization. Interestingly, studies in mouse cardiomyocytes revealed a 

close interaction between caveolin-3 and the mitochondrial marker cytochrome c, and 

suggested a role for caveolae in the modulation of mitochondrial function during adaptation 

to stress in muscle cells 66. Future studies should clarify the basis of the frequently reported 

interactions between muscle-specific proteins such as dysferlin and MG53 and caveolar 

components 67, and whether these interactions facilitate ASM-dependent, endocytosis-

mediated resealing.

Concluding remarks

Surprising recent developments revealed that nucleated cells repair wounds on their plasma 

membrane by mechanisms involving lesion removal, which differ significantly from the 

previously proposed “patch” model. The role of Ca2+-induced exocytosis of lysosomal ASM 

in triggering endocytosis and lesion internalization suggests that other lysosomal hydrolases 

could also be involved in remodeling the cell surface to facilitate resealing. While many 

questions remain (See Box 4), it will be interesting to determine if lysosomal proteases 

participate in this process, perhaps by cleaving cell surface proteins to facilitate the access of 

lipases to the lipid bilayer, or by activating other enzymes through proteolytic processing. It 
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will also be of great interest to determine if only pre-existing caveolae are internalized after 

plasma membrane wounding, or whether ceramide generated on the outer cell surface by 

sphingomyelin hydrolysis leads to de novo caveolae formation. Another important topic for 

further investigation should be the identification of early events in the repair process. Injured 

cells reseal within 30 seconds of injury 5, and increasing evidence indicates that mechanisms 

may be in place to prevent loss of cytosol before integrity of the plasma membrane can be 

fully restored. Previous reports suggesting the involvement of calpain, annexins and/or 

transglutaminases in plasma membrane repair 22, 29, 31, 68 propose that these Ca2+-dependent 

cytosolic proteins generate a barrier to cytosolic loss at wound sites, an intriguing possibility 

that should be investigated. Finally, recent evidence for the involvement of the ESCRT 

membrane sculpting machinery in the shedding of small lesions from cells will certainly 

encourage additional investigations, which are likely to be facilitated by established 

protocols for cell permeabilization using pore-forming toxins. The pace of discoveries in this 

field will certainly continue to accelerate, gradually uncovering more details of the 

fascinating cellular machinery dedicated to restoration of plasma membrane integrity.

Box 1

Ceramide generation and plasma membrane invagination

Sphingomyelin is a major sphingolipid of animal cells, present at high concentration in 

the outer leaflet of the plasma membrane 69. Sphingomyelinase, a sphingomyelin-specific 

type C phospholipase, cleaves the phosphorylcholine headgroup of sphingomyelin 

generating ceramide, a small lipid with a less hydrated head group and two long, 

saturated hydrophobic chains. Ceramide increases the order of acyl chains in lipid 

bilayers, leading to a tighter packing and self-aggregation process that results in the 

formation of ceramide-enriched microdomains. The smaller area occupied by ceramide 

when compared to other membrane lipids can induce outer membrane leaflets to 

condense and form an inverted nonlamelar phase, a process that can cause membrane 

invagination (see Figure I). The driving force for invagination may be provided by the 

area difference between the adjacent monolayers, and by the negative spontaneous 

curvature of the ceramide-enriched domain. Through this mechanism, growth of the 

ceramide-enriched microdomain can lead to formation of an enclosed cavity, as 

demonstrated experimentally in giant liposomes 38. In agreement with this proposed 

mechanism, the exogenous addition of C6-ceramide or sphingomyelinase to fibroblasts 

and macrophages results in endocytic vesicle formation 36, 70. Although ceramide has 

been suggested to have second-messenger roles in cells, it is important to note that it does 

not transfer spontaneously between lipid bilayers, and has a slow flip-flop rate (estimated 

as about 22 min – 71). This suggests that ceramide is initially restricted to the bilayer side 

where it is generated, indicating that it may act primarily through membrane remodeling 

events such as microdomain formation, membrane vesiculation and vesicular 

trafficking 43.
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Box 2

Acid sphingomyelinase and Niemann-Pick A and B disease

In 1914, Albert Niemann described the first patient with the genetic disorder now known 

as Niemann-Pick Disease (NPD). Both forms of NPD, Type A and Type B, are caused by 

recessive mutations in SMPD1, the gene encoding lysosomal enzyme sphingomyelinase 

(ASM). The variations in severity between the two NPD forms are likely to result from 

differences in residual ASM activity. NPD Type A is characterized by a progressive 

neurodegeneration that leads to death of affected children by age 2-3. Type B NPD is a 

milder, later onset form in which patients have reduced neurological symptoms but 

develop visceral abnormalities such as hepatosplenomegaly, pulmonary insufficiency and 

cardiovascular disease. The clinical findings in NPD are largely attributed to the 

accumulation of sphingomyelin, cholesterol and other lipids within lysosomes, consistent 

with its classification as a lysosomal storage disease. However, it is becoming 

increasingly clear that ASM secretion can result in sphingomyelin hydrolysis in the outer 

leaflet of the plasma membrane generating ceramide, and that defects in this process may 

influence the pathophysiology of NPD 72. To explain the extracellular release of ASM, it 

was suggested that mammalian cells contain two enzyme forms, one lysosomal and 

another secreted 73. However, ASM is encoded by a single gene, SMPD1, and no 

alternative spliced transcripts have been identified 72. A plausible explanation is that 

secreted ASM originates from Ca2+-triggered exocytosis of lysosomes. Several studies 

have shown that when cells are exposed to stress, ASM relocates from the lysosomes to 

the cell surface 40. Wounding cells with pore-forming toxins triggers exocytosis of ASM, 

a process dependent on Ca2+ influx from the extracellular medium. Importantly, cells 

derived from NPD patients or depleted in ASM by RNAi are impaired in Ca2+-dependent 

endocytosis and plasma membrane repair, and these defects can be reversed by 

extracellular addition of ASM or B. cereus sphingomyelinase 9. Despite the low pH 

optimum of ASM, there is evidence that this lysosomal enzyme can act extracellularly, 

possibly due to the simultaneous translocation of lysosomal V1 H+-ATPase to the plasma 

membrane 46. The recently emerged role of ASM in plasma membrane repair suggests 

that defective resealing of wounded cells may account for some aspects of NPD 

pathology, such as the reduced muscle tone observed in NPD Type A patients 74.

Box 3

Caveolae

Lipid rafts are lateral assemblies of sphingolipids and cholesterol that form discrete 

membrane microdomains. Lipid rafts have been proposed to have numerous cellular 

functions, such as regulation of membrane protein clustering, signaling and vesicular 

traffic. Caveolae are specialized lipid raft domains that appear as flask-like invaginations 

of 60-80 nm in diameter along the plasma membrane of many cell types. Caveolae are 

enriched in sphingomyelin, gangliosides GD3, GM1 and GM3, cholesterol, 

phosphatidylinositol (4,5)-bisphosphate, and a family of integral membrane proteins 

known as caveolins. Caveolin-1 and caveolin-2 are present in a wide range of tissues, 
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while caveolin-3 is exclusively expressed in skeletal and cardiac muscle. Caveolins are 

essential for caveolae formation, with approximately 144 caveolin molecules estimated to 

participate in the formation of each caveolar structure. Recent studies suggest that a 

scaffold formed by caveolin on the cytosolic face of caveolae is stabilized by members of 

another protein family, the cavins 75.

Caveolae are particularly abundant in muscle fibers, adipocytes, endothelial cells, type I 

pneumocytes and fibroblasts, which are frequently under mechanical stress. Interestingly, 

grape-like clusters or rosettes of caveolae are frequently observed in muscle fibers and 

adipocytes, while caveolar vesicles that appear detached from the plasma membrane are 

more common in endothelial cells 53. While the mechanism underlying these tissue 

differences in the morphology and arrangement of caveolae are still poorly understood, 

there is evidence that caveolae play an important role providing cells with protection 

against mechanical stress. Such roles includes caveolae flattening upon cell stretching as 

a mechanism to prevent injury 64, and removal of plasma membrane wounds through 

caveolae internalization 16. Ceramide, the product of sphingomyelin hydrolysis by 

sphingomyelin, is known to segregate laterally into lipid rafts/caveolae 16, providing a 

potential mechanism for ceramide-driven caveolae internalization during plasma 

membrane repair. Consistent with an important role of caveolae in the prevention and 

restoration of plasma membrane integrity, mutations in caveolins and cavins have been 

linked to various forms of pathology affecting the function of skeletal and cardiac 

muscle, tissues under significant mechanical stress 76.

Box 4

Outstanding questions

• Does ceramide generation on the outer leaflet of the plasma membrane induce 

de novo caveolae formation?

• How does caveolar endocytosis mediate the repair of large wounds on the 

plasma membrane?

• In addition to acid sphingomyelinase, do other lysosomal hydrolases released 

from wounded cells have a role in plasma membrane repair?

• What is the mechanism of action of muscle-specific proteins involved in plasma 

membrane repair, such as dysferlin and MG53?

• How do Ca2+-dependent cytosolic proteins and the ESCRT machinery function 

in plasma membrane repair?
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Highlights

*Plasma membrane wounding triggers exocytosis of lysosomal acid 

sphingomyelinase.

*Secreted acid sphingomyelinase generates ceramide and promotes endocytosis.

*Plasma membrane wounds are removed by caveolar endocytosis.

*Caveolae-mediated repair provides insight into why mutations in caveolar proteins 

cause muscle pathology.
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Figure 1. Proposed mechanisms for plasma membrane repair
Small wounds (<100 nm) such as those generated by pore-forming toxins were proposed to 

be repaired by two mechanisms: (A) endocytosis of caveolar vesicles 16, and (C) ESCRT-

mediated vesicle budding 27. Large wounds (>100 nm) were proposed to be repaired by: (B) 

a mechanism involving endocytosis, clustering and fusion of caveolae that leads to wound 

constriction 16, and (D) patching by a large intracellular exocytic vesicle, proposed to fuse at 

several points at the periphery of the wound, resulting in shedding of the damaged 

membrane 25. Internalization of SLO pores in caveolar vesicles has been observed 16, but 

direct evidence for extracellular shedding of wounded plasma membrane is still not 

available.
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Figure 2. Transmembrane pores formed by SLO are internalized in caveolar vesicles which 
gradually traffic into lysosomes for degradation
During the first 30 seconds after cell permeabilization with SLO in the presence of Ca2+, 

individual caveolae accumulate at the cell periphery. In subsequent minutes, caveolar 

vesicles carrying SLO pores merge, forming larger compartments. SLO pores are ultimately 

sorted into luminal vesicles of multivesicular bodies, and degraded in mature lysosomes 26. 

The images show transmission EM of endocytic vesicles observed in NRK cells at 

increasing time points after permeabilization with SLO; the arrows point to BSA-gold sued 

as an endocytic tracer.
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Figure 3. Caveolae-like vesicles accumulate below the sarcolemma of primary muscle fibers in 
response to injury or exposure to purified sphingomyelinase
(A) Transmission EM images of mouse Flexor digitorum brevis muscle fibers untreated 

(Control), exposed to 50 mU/ml B. cereus sphingomyelinase for 5 min, or treated with 400 

ng/ml SLO for 30 seconds. (B) Transmission EM image of the mechanically severed tip of a 

Flexor digitorum brevis muscle fiber. Arrows in the enlarged section to the right point to 

merged caveolae-derived compartments below the sarcolemma. Bars= 100 nm. (C) 

Proposed caveolae-mediated mechanism for the resealing of mechanical wounds on a 

muscle fiber. Ca2+ flowing through a wound would induce internalization and intracellular 

merging of sarcolemma-associated caveolae, leading to the formation of larger 

compartments tethered to the sarcolemma that constrict and ultimately reseal the wound.
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Figure I. 
Proposed mechanism for ceramide-mediate membrane invagination
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