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A lipid-centric view of endocytosis  
by caveolae
 

Robert G. Parton    1,2  , Michael M. Kozlov    3   & Richard Lundmark    4,5,6 

Caveolae have long been considered to be an alternative endocytic pathway, 
with distinct cargoes, but generally similar functions, to clathrin-coated 
pits. Here we suggest that the mechanisms of caveola formation and their 
scission are tightly interlinked and rely on specific lipids. These mechanisms 
are fundamentally different to those driving the formation and fission 
of coated pits. Both formation and scission of caveolae are driven by 
lipid-induced shaping of the caveolar domain, and we present biophysical 
models for lipid-driven curvature generation and its coupling with scission. 
In addition, we propose that these new insights have important implications 
for understanding the function of endocytosis mediated by caveolae. Rather 
than a parallel endocytic pathway for protein cargo, we argue that caveolae 
are a lipid-sensitive mobilized multifunctional surface domain.

The cells of many mammalian tissues are covered in numerous 
plasma-membrane invaginations (Fig. 1). These structures, known 
as caveolae, show similarities in morphology to clathrin-coated pits, 
which are well characterized as highly dynamic endocytic structures 
(Fig. 2). Despite these similarities, the mechanisms underlying endo-
cytosis by caveolae and their cellular roles have proved elusive. For 
example, although we now understand with precise submolecular detail 
the molecules and steps in the clathrin-coated pit life cycle, involving 
nucleation, cargo concentration, interaction of cytoplasmic signals 
in plasma-membrane receptors with machinery proteins, invagina-
tion, scission and fusion with early endosomes, each of these steps is 
less-well-defined for caveolae (Fig. 2).

It is now clear that, in cultured cells, caveolae can undergo scis-
sion from the plasma membrane and fuse with early endosomes (see 
ref. 1 for a discussion). The dynamics of caveolae have been examined 
using a range of techniques (Box 1), and these point towards a some-
what variable residence time on the plasma membrane. Caveolae that 
undergo scission can either fuse back with the plasma membrane or 
with early endosomes2–5. The magnitude of caveolar traffic to the lat-
ter has been quantitated, with ~5% of cellular caveolae being detected 
in association with early endosomes at any time6. This is in agreement 
with caveolar proteins being detected in proximity to specific early 
endosomal recycling proteins7.

The endocytic dynamics of caveolae in vivo are less clear. Caveolar 
density is highly variable in different cell types (and even within the 
same cell type in different tissues; for example, brain versus cardiac 
endothelia8), pointing to considerable cell-type-specific functions, in 
contrast to the ubiquitous clathrin-coated pits9,10 (Fig. 1). Budding of 
caveolae in endothelia has been extensively characterized8,11, whereas 
in other cells with abundant caveolae, such as skeletal muscle, this is 
far less clear. The magnitude and roles of caveolar endocytosis in these 
different cell types and tissues are also largely unknown. In endothe-
lia, caveolae have been implicated in transcellular transport, but this 
remains controversial12 (reviewed in ref. 10). Endocytosis through 
caveolae has also been suggested to mediate the uptake of a long list 
of transmembrane proteins, such as TGFbetaR13, integrins14, LRP115, 
CD3616, junction proteins (in response to tumour necrosis factor (TNF) 
or epidermal growth factor (EGF) treatment)17,18, as well as uptake of 
albumin via an as yet uncharacterized putative membrane protein, 
albondin (see ref. 19 for a discussion). However, by using light and elec-
tron microscopy (EM), model transmembrane proteins have also been 
found to be excluded from caveolae6. If this is a general feature of the 
caveolar domain, then this raises questions regarding any involvement 
of caveolae in the uptake of transmembrane proteins. For example, 
is there regulated flexibility in the ability of individual caveolae to 
incorporate cargo in particular cellular contexts?
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molecules of caveolin-2, and an oligomeric complex of cavin peripheral 
membrane proteins25–34. Cavins 1, 2 and 3 associate with the caveolae 
of mammalian non-muscle cells. The caveolae of skeletal muscle cells 
are generated by caveolin-335,36 and have an additional cavin family 
member, cavin4 (also known as MURC)31,37. Cavin1 can bind with low 
affinity to caveolin-1 through electrostatic ‘fuzzy’ interactions38. 
Together with hydrophobic insertion of cavin1 into the membrane, this 
helps to generate caveolae39. EH-domain-containing protein 2 (EHD2), 
which associates with the neck of caveolae, is a key negative regulator 
of caveola budding40,41. Loss of EHD2 increases caveolar budding, as 
well as recycling, suggesting that it plays a crucial role in regulation 
of the caveolar endocytosis and/or recycling pathway41. EHD2 also 
interacts with Pacsin2, another key regulator of caveolar formation42,43. 
In addition to these core components, caveolae are associated with 
Pacsin2 (PKC and casein kinase substrate in neurons 2), dynamin2, EHD2 
and, in some cell types, ROR1 (receptor tyrosine kinase-like orphan 
receptor 1). Each of these proteins can have context-dependent roles 
in caveola function. For example, in some cell types, ROR1 is essential 
to link cavin1 and caveolin-144, and pacsin2 can also contribute to the 
formation of caveolae42,43,45. Dynamin was initially proposed to medi-
ate scission of caveolae in a fashion analogous to its role at the neck of 
clathrin-coated pits46,47, but this has since been questioned48–50. Instead, 
dynamin appears to stabilize a population of caveolae and reduce their 
scission48. Furthermore, studies of endothelial cells have shown various 
components of the cellular membrane fusion machinery, including NSF 
(N-ethylmaleimide-sensitive factor), SNAP (soluble NSF-attachment 
protein) and VAMP2 (vesicle-associated membrane protein), to be 
associated with caveolae51,52. VAMP2 appears to be a major component 
of isolated caveolae and has been shown to be required for endothelial 
uptake of cholera toxin by caveolae51,52.

In addition to these protein components, purified caveolae are 
enriched in specific lipids, particularly cholesterol and sphingomyelin53. 
Nanoscale mapping of the lipid components of caveolae has revealed 
a synergistic role for caveolar proteins in generating a lipid domain 
enriched in cholesterol, phosphatidic acid and phosphatidylinositol 
4,5-bisphosphate (PI(4,5)P2)54. This involves the caveolin oligomer, 
embedded in the membrane, and the peripheral membrane-associated 
oligomeric cavin complex55. Furthermore, groundbreaking cryoelec-
tron microscopy (cryoEM) studies have shown that caveolin forms a 
unique oligomeric disc within the cytoplasmic leaflet of the caveolar 
membrane56 (Fig. 3). Simulations, reconstitution studies and biophysical 
modelling suggest that high levels of cholesterol are required to generate 
the caveolar domain in mammalian cells57,58. Accordingly, perturbation 
of cholesterol, either through depletion, chelation or by inhibiting its 
synthesis, causes a flattening of caveolae26,59,60. The cavin proteins also 
have lipid-binding capabilities. Cavin1 binds both phosphatidylserine61, 
shown to be important for caveola formation and dynamics62, and PI(4,5)
P2

63, which acts as a sensor for membrane association39,64. Cavin1 can 
associate with the plasma membrane in the absence of caveolin if cho-
lesterol levels are increased38. These observations point to a model in 
which multiple low-affinity charge interactions between caveolins and 
cavins, as well as with membrane lipids65, help generate caveolae38. Most 
importantly, lipids such as cholesterol play a crucial role in curvature 
generation through modulation of the caveolin-rich domain.

Lipids as both cargo and key regulators of 
caveolar endocytosis
Early studies showed that glycosphingolipid-binding toxins66–68 and 
proteins anchored to the plasma membrane through a glycosylphos-
phatidylinositol moiety after clustering using antibodies69,70 were 
concentrated in caveolae and delivered to endosomes. These studies 
suggested that lipids and lipid-anchored proteins could be important 
cargoes for caveolae. Subsequent studies showed that lipids were more 
than just cargo for endocytic caveolae. Treatment of cells with a range 
of lipids, including glycosphingolipids and cholesterol, were shown to 

The density of caveolae (as well as their apparent involvement in 
endocytosis) has been shown to vary in different cellular states and dis-
ease conditions, particularly in cancer20,21. For example, a recent study 
showed that in chemoresistant gastric cancer cells, caveolar components 
are upregulated, and this appears to be essential for their survival22. Exper-
imental loss of key caveolar proteins reduces endocytosis of proteins 
from the extracellular medium and compromises cell survival, suggesting 
a role of caveolar endocytosis in the adaptation of these cancer cells22.

As illustrated by the examples described above, many studies have 
suggested that the role of scission of caveolae is to form an endocytic car-
rier, constituting an alternative endocytic pathway with distinct cargoes 
that operates alongside clathrin-coated pits. However, the dynamic cycle 
of scission of endocytic caveolae and recycling back to the plasma mem-
brane need not necessarily reflect a role in the endocytosis of cargoes. 
Caveolar endocytosis may relate to the need to tightly regulate surface 
caveolar density (for other functions such as mechanosensation23,24) or to 
provide a way of transiently regulating plasma-membrane composition 
or its properties under specific cellular conditions.

This short summary highlights that, in comparison to endocytosis 
via clathrin-coated pits, the understanding of caveola endocytosis 
is still lacking. Numerous questions remain, including fundamental 
aspects of the mechanisms involved in scission of caveolae from the 
plasma membrane. Are there a set of cargoes that are dependent on 
caveolae for entry into cells? And, if so, are there well-defined signals 
for their concentration in caveolae, as for clathrin-coated pits? Do 
caveolae differ in their dynamics in different tissues and in different 
local regions of the same cells? And, importantly, what is the function 
of caveola scission from the plasma membrane? Here we will consider 
the mechanisms of formation and scission of caveolae, and discuss how 
these two processes are intricately coupled and regulated by lipids, 
providing clues into the role of caveola endocytosis.

Shaping of the caveolar membrane by proteins 
and lipids
Caveolae in non-muscle cells are characterized by ~140–150 mole-
cules of the oligomeric integral membrane protein caveolin-1, 30–70 

a

b c
Capillary

Caveolae

RBC

Fig. 1 | Electron micrographs of caveolae. a–c, Caveolae in a cultured mouse 
embryonic fibroblast (a) and in the endothelial cells of a capillary in mouse skeletal 
muscle (b,c). The image in c is a higher-magnification view of the boxed area in b. 
The uniform shape and size of the caveolae can be seen in the section across the 
surface of a cultured fibroblast (a), whereas the characteristic bulb-like morphology 
of caveolae can be appreciated (red) in the cross-section of the endothelial cell (c). 
RBC, red blood cell within the capillary lumen. Scale bars, 200 nm.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Perspective https://doi.org/10.1038/s41556-026-01945-5

induce scission of caveolae from the plasma membrane5,14,71–73. Impor-
tantly, these studies involved a number of different groups, used a 
variety of techniques and cell systems, and came to similar conclusions, 
suggesting that specific lipids may have universal effects in inducing 
the scission of caveolae.

The possible mechanisms underlying this lipid-stimulated endo-
cytosis have been revealed using a liposome-fusion protocol to rapidly 
introduce lipids into the plasma membrane, thereby altering concen-
tration ratios of specific lipids73. The concentration change of lipids 
not only caused increased curvature of the caveolae, but also induced 
their scission from the plasma membrane. Exogenously added cho-
lesterol and glycosphingolipids were proposed to induce curvature, 
leading to scission from the plasma membrane—a biophysical process 
in which the interactions between the caveolin oligomer and lipids 
drive the curvature to eventually cause scission73. There is support 
for the proposed mechanism from a model system, where expression 
of caveolin in a bacterial system has been shown to induce curvature 
driven by caveolin oligomers embedded in the membrane that give 
rise to scission without involvement of classical ‘pinchases’ such as 
dynamin74. In the following sections, we consider such a biophysical 
mechanism as the driving force for caveolar formation and scission 
from the plasma membrane, then discuss implications for the cellular 
roles of caveolar endocytosis.

A model for lipid-induced membrane shaping and 
scission of the caveolin-rich membrane
At this point, it is of interest to compare what we know about 
clathrin-coated pits and caveolae in terms of their formation and 

scission (Fig. 2). As we explain in the following, fundamental distinc-
tions suggest that basic differences in the physical principles underlie 
the mechanisms of the two processes.

Clathrin-coated pit formation and endocytosis are driven by a 
highly complex choreography of more than 50 proteins whose action 
is subject to tight coordination in space and time75. The two major 
events constituting clathrin-mediated endocytosis—vesicle shaping 
and cargo recruitment—are mutually dependent, and their temporal 
interplay has been a subject of extensive discussion (a review is pro-
vided in ref. 76). The curvature of clathrin-coated vesicles appears to 
be generated in parallel by several mechanisms, all of which have been 
previously proposed and elaborated for individual proteins involved in 
the endocytic machinery77. The common principle underlying all these 
mechanisms is the creation of structural trans-thickness (‘up–down’) 
asymmetry of the cytoplasmic leaflet of the plasma membrane. The 
difference between these mechanisms lies in the specific mode of 
asymmetry generation, which can be grouped into three classes: hydro-
phobic insertion, scaffolding by bent hydrophilic macromolecular 
complexes, and protein crowding77. However, these mechanisms are 
not sufficient to cause scission by themselves. Indeed, dynamin, which 
uses guanosine-5′-triphosphate (GTP)-powered oligomerization, is 
required to constrict the neck and complete scission.

In contrast, the number of different types of protein responsible 
for caveola formation and scission in mammalian cells appears to be 
limited to just three. Caveolins and cavins form a complex covering the 
surfaces of caveolar bulbs, and oligomers of the dynamin family protein 
EHD2 are found at bulb necks41,78. Moreover, expression of caveolin-1 in 
bacterial membranes, which lack endogenous caveolae, has revealed 

Caveola

Clathrin-coated pit

Disordered outer lipid leaflet
enriched in cholesterol and SM ATP-dependent curvature

restriction by EHD2

Cavins

GTP hydrolysis-dependent
scission by dynamin

Clathrin-coated vesicle

Internalized caveola

Transmembrane
protein cargo

Lipid sorting and curvature equilibrium controlled by coassembly of lipids and coat components 

EHD2

Ω-shaped caveola
(60 nm)

Fusion with
PM or endosomes
with retained coat

Coat dissassembly
prior to fusion with
endosomes

Clathrin-coated pit
(80 nm)

Recruitment of cytosolic 
coat components

Dynamin

Integral membrane coat
(Cav1 oligomers)

Recruitment of cytosolic 
coat components

Flat caveola Pre-scission state?

Initiation

Scission
Cargo recruitment

Membrane bending

Protein sorting and membrane curvature driven by the clathrin coat components 

Lipid sequestering Lipid sequestering

Fig. 2 | Comparison of caveolae and clathrin-coated pits. Schematic 
illustration of the budding process, as well as the key lipid and protein 
components, associated with caveolae and clathrin-coated vesicles. Clathrin-
coated vesicle formation includes well-described sequential steps that 
involve receptor-dependent recruitment of a peripheral coat, which drives 
membrane curvature to the stage where the vesicle is released by dynamin-
mediated scission. In comparison, the caveolae membrane unit consists of 

an intramembrane lipid–protein core held together by a peripheral cavin 
coat. Membrane curvature is influenced by lipid composition and membrane 
tension; this generates a specialized domain with a unique lipid composition 
that can adopt different levels of curvature. Scission of caveolae is restricted 
by EHD2 rings at the neck region. Far less is known regarding the scission and 
subsequent endocytosis of caveolae compared to clathrin-coated vesicles. SM, 
sphingomyelin.
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the formation of caveola-like membrane structures called heterologous 
caveolae (h-caveolae) that have a similar degree of curvature to regular 
caveolae74. This suggests that caveolin alone is sufficient to induce 
this range of curvature. Remarkably, knowledge regarding the mecha-
nisms driving the curvature of clathrin-coated vesicles does not help 
us understand the caveolar curvature. The challenge originates from 
multimers of the integral membrane protein caveolin, termed 8S com-
plexes, for which there is no analogous complex in clathrin-mediated 
endocytosis. The 8S complex comprises 11 monomers forming a disc 
(~14 nm in diameter) with one hydrophobic and one hydrophilic flat 
surface and a central β-barrel56. The thickness of the hydrophobic rim 
of the disc (a few nanometres) suggests that it embeds into the cytosolic 
membrane leaflet spanning the whole leaflet thickness, displacing ~250 
lipid molecules, such that its flat hydrophobic face touches the bottom 
surface of the extracellular membrane leaflet (Fig. 1). This predicted 
mode of association of a caveolin disc with the plasma membrane56 
has been supported by the results of molecular dynamic simulations58.

Importantly, because, according to the originally published 
structure56, a caveolin disc is flat and spans the entire thickness of the 
cytoplasmic leaflet, it does not create any up–down asymmetry of the 
leaflet structure. Therefore, the physical mechanism by which caveolin 
discs generate membrane curvature must be fundamentally different 
from those discussed above in the context of clathrin-mediated endo-
cytosis. A mechanism has been proposed assuming that the forces 
driving the membrane curvature originate from the energy of the 
contact interaction between the caveolin disc and the lipid molecules 
of the external membrane leaflet57. It has been assumed that contact 

between the lipid molecules of the external leaflet of the plasma mem-
brane and the hydrophobic face of the caveolin disc is energetically 
unfavourable compared to their contact with the lipidic regions of the 
cytoplasmic leaflet. Due to this differential contact energy, the system 
tends to minimize the number of lipid molecules of the external leaf-
let, which cover the hydrophobic face of the caveolin disc embedded 
in the cytosolic leaflet. This leads to tilting, with respect to the disc 
plane, of the lipid molecules that face the disc boundary in the external 
leaflet, and the subsequent emergence of the intramembrane strains 
and elastic stresses of lipid tilt and splay. These stresses drive overall 
membrane kinking along the edges of the caveolin discs57. As a result 
of this kinking, the membrane adopts an overall bent shape, whose 
curvature is set by the differential contact energy and the distance 
between the caveolin discs along the membrane plane57 (Fig. 3). The 
intramembrane strains predicted by this model were confirmed by 
numerical simulations58.

This model can be extended to account for the model proposed in 
a recent preprint that describes an effect on the curvature generation 
of the patterning of the hydrophobic residues along the outer rim of 
a caveolin disc79. Because the hydrophobic residues can be seen as 
effectively attracting the hydrocarbon chains of lipid molecules, while 
the hydrophilic residues are effectively repelling, the hydrophobicity 
distribution across the rim of a caveolin disc can be described by an 
effective profile of the rim. If the hydrophobicity changes across the 
rim thickness, the effective profile of the rim is tilted with respect to 
the caveolin disc plane. This imposes a tilt on the lipid molecules of the 
cytoplasmic leaflet adjacent to the rim79, which, in turn, induces the 
intramembrane distribution of tilt and splay strains and stresses. The 
transmembrane interplay between the stresses induced by the differ-
ential contact energy and those generated by the tilted rim profile can 
either enhance or inhibit—or even redirect—the membrane curvature, 
depending on the tilt direction of the disc rim profile.

This model for curvature generation also predicts that if several 
caveolin discs are clustered in close proximity, this would result in the 
generation of a membrane bulb. Each caveolae is estimated to con-
tain 144 caveolin-1 proteins, equivalent to ~12 caveolin-1 discs, which 
would account for curvature generation in the range of 50–60 nm if 
the inter-disc distance is in the range of a few nanometres. We propose 
that clustering and spacing of these caveolin discs is facilitated by 
cavin proteins. Recruitment of cavins is dependent on the presence of 
PI(4,5)P2 and phosphatidylserine at the inner lipid leaflet, and makes 
up the actual protein coat of caveolae55,61–63. In addition to clustering 
caveolin discs, cavins are also proposed to bend membranes via both 
hydrophobic insertion and protein crowding38,39. This can contribute to 
the high curvature of caveolar domains in vertebrate cells that express 
cavins as compared to caveolin domains lacking cavins80,81.

Besides identifying the differential contact energy as the major 
driving force for membrane bending by caveolin discs, the mecha-
nistic model addresses the role of lipids in modulating the amount of 
emerging curvature. Lipids such as cholesterol and diacylglycerol have 
effective molecular shapes of truncated cones82. They can thus facilitate 
caveolin-driven curvature generation by repartitioning into the regions 
of membrane kinking in the vicinity of the edges of the caveolin discs 
and enabling a partial relaxation of the membrane stresses57. This would 
explain why lowering of cholesterol concentration in cells results in 
caveolae flattening26, and why increased concentrations of cholesterol 
give rise to caveolae with smaller diameters and thinner necks73. The 
model also indicates that the role of cholesterol can be played by other 
molecules that have an effective molecular shape of a truncated cone. 
For example, diacylglycerol may substitute for cholesterol during the 
formation of h-caveolae in sterol-free bacterial membranes74.

It is important to emphasize that the amounts of cholesterol 
needed for the membrane curvature modulation predicted by our 
model are substantially smaller than those predicted by simula-
tions and resulting from direct atomistic caveolin–cholesterol 

BOX 1

Methods to study caveola 
endocytosis
The lack of extracellular markers that are completely specific 
to caveolae and that could be used to track their endocytosis 
has necessitated the development and application of a range of 
complementary techniques, each with advantages but also caveats. 
This includes tracking of caveolin fused to fluorescent proteins 
using live fluorescence microscopy. Note that the fluorescent 
proteins are larger than the caveolin protein, so researchers have 
endeavoured to ensure that the fusions are non-perturbing (see, for 
example, careful quantitative characterization in ref. 6). It has also 
been important to avoid high expression levels of these markers, 
as they are linked to organelle perturbation2,96 and toxicity97. 
Therefore, genome-edited cells have provided a powerful tool. 
Tracking of cavin1, which associates with endocytic caveolae 
that fuse with the early endosome4, provides an additional tool 
to ensure that caveolae, rather than caveolin-1, is being followed. 
Note that caveolin-1 can be endocytosed through an alternative 
dynamin-independent CLIC/GEEC (clathrin‐independent carriers/
glycosylphosphatidylinositol‐attached protein‐enriched endosomal 
compartments) pathway in the absence of cavin198. Mutant proteins 
that perturb the disassembly of the caveolar coat provide additional 
tools for dissection of the process38. Furthermore, although 
EM provides a snapshot of the cell rather than a live view, it has 
served as an important validation of other techniques. Finally, 
use of a surface marker, which can be rapidly endocytosed and 
then localized under conditions where the remaining pool at the 
surface has been removed, has been an important step in directly 
identifying endocytic caveolae that have separated from the plasma 
membrane5,41,72,99, particularly when combined with immunogold 
labelling of the caveolar proteins99.
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interactions58,83. Therefore, our model accounts only partially for the 
cholesterol involvement in caveola formation.

In our model for scission, the cavin-driven clustering of caveolin 
discs, assisted by the local concentration of cholesterol, drives mem-
brane bending towards formation of a closed spherical shape, which is 
accompanied by formation of a progressively narrowing hourglass-like 
caveolar neck (Fig. 3). Such a narrowing membrane neck will be intrin-
sically unstable due to the accumulating membrane bending stress, 
which could lead to membrane fission when the neck waist reaches the 
predicted cross-sectional diameter of a few nanometres84. Therefore, 
oligomerization of EHD2 into rings of a certain radius around the waist 
of the neck must stop the neck narrowing, progression of the cluster-
ing of caveolin discs and, hence, the budding. Without the restriction 

of this curvature-generating mechanism by EHD2 ring formation, 
scission would occur in agreement with the results from cells41. Thus, 
the balance between curvature-driving clustering of caveolin and the 
constraining effect of EHD2 rings controls the fission of caveolae. The 
proposed fission mechanism is distinct from that of clathrin-coated 
pits and is made possible by the unique protein–lipid core of caveolae, 
whereby increasing the curvature angles between caveolin discs is suf-
ficient to induce scission without insertion of extra proteins. EHD2 is a 
key factor in this model and provides control over the budding process. 
Membrane binding and oligomerization of EHD2 is controlled by an 
adenosine triphosphate (ATP)-dependent mechanism that facilitates 
the assembly of EHD2 rings of varying diameters85,86. EHD2 is also 
associated with flat caveolae, where it appears to form a ring around 
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Fig. 3 | Model of membrane bending and scission caused by the 
intramembrane protein–lipid core of caveolae, with EHD2 preventing 
scission. a, Schematic representation of a cross-sectional slice of the 
plasma membrane without curvature. Asymmetry is highlighted by specific 
lipids colour-coded as indicated (left) with their relative distribution 
highlighted (right)87. SM, sphingomyelin; GSL, glycosphingolipid; PI(4,5)
P2, phosphatidylinositol 4,5-bisphosphate; PS, phosphatidylserine; PC, 
phosphatidylcholine. b, Schematic representation of cross-sectional slices of the 
plasma membrane containing one caveolin-1 (Cav1) 8S complex (caveolin disc) 
after relaxation leading to curvature (top) and after relaxation in the presence 
of an increased concentration of cholesterol leading to higher curvature 
(bottom). The Cav1 8S complex is shown as a 10-nm central slice of the surface 
representation of the atomic model (PDB 7SC0), and phospholipids are colour-
coded as described in a. The leaflet opposing the caveolin disc is predicted to 

primarily contain cholesterol and sphingomyelin due to the high affinity of 
cholesterol towards both caveolin and sphingomyelin and due to the  
cholesterol repartitioning driven by relaxation of the membrane elastic  
energy. In this way, the ratio between cholesterol and sphingomyelin in the  
outer leaflet is predicted to influence the degree of caveolar curvature and 
scission. c, Approximate number of lipids in the inner and outer leaflets of a 
caveola based on the geometry of a 60-nm sphere and incorporation of 13 Cav1 
8S complexes in the inner leaflet. Lipids that are enriched in comparison to the 
surrounding plasma membrane are indicated. A schematic illustration is shown 
of the proposed curvature change, leading to scission of a caveola in response to 
an altered cholesterol:sphingomyelin ratio in the outer leaflet. The membrane is 
shown in light grey, cavins (cavin oligomers) in grey, EHD2 oligomers (EHD2-ring) 
in dark grey and Cav1 8S complexes in turquoise.
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the edge of a caveola50. Taken together, this suggests that EHD2 might 
serve as an adjustable outer rim that limits the number of caveolin discs 
and prevents the scission of caveolar buds.

So why do caveolae undergo scission in a mammalian cell? Based 
on current knowledge, we predict that lipid composition is the main 
modulator of caveola endocytosis. The plasma membrane has a dis-
tinct asymmetric lipid composition, with the outer layer enriched in 
sphingomyelins (10–20%), cholesterol (40%) and glycosphingolipids 
(1–5 mol%), and glycerophospholipids being more abundant in the 
inner leaflet87 (Fig. 3). Outer-leaflet cholesterol is found in a dynamic 
equilibrium between a ‘free’ pool and a pool complexed to sphingomy-
elin due to the high affinity between these lipids88. The concentration 
ratio between cholesterol and sphingomyelin appears to have a major 
influence on caveola scission73. This is in agreement with our mecha-
nistic model for scission, whereby increased plasma-membrane cho-
lesterol levels would result in increased bending and fission, whereas 
increased levels of sphingomyelins would reduce membrane bending 
by limiting the enrichment of cholesterol in the leaflet opposing the 
caveolin disc. This mechanism is facilitated by the high affinity between 
cholesterol and sphingomyelin and the difference in the contact energy 
that limits the number of lipids opposing the caveolin disc (Fig. 3). 
Further evidence that cholesterol influences caveola scission comes 
from studies of the endocytosis inhibitory compound Dyngo-4a89. 
Membrane insertion of Dyngo-4a at the position of cholesterol has 
been found to prevent caveola budding and lateral diffusion, and 
could be counteracted by artificially increasing plasma-membrane 
cholesterol levels89.

Our model predicts that caveolae scission is sensitive to fluctua-
tions in lipid concentrations that can outcompete the constraining 
force of EHD2. In this way, the scission of caveola provides a means to 
monitor the concentration of outer-leaflet lipids of the plasma mem-
brane, which cannot be sensed and endocytosed via an intracellular 
protein coat. This raises the question of how much lipid concentrations 
fluctuate within the plasma membrane over time. Taking into account 
the constant de novo synthesis and trafficking of lipids, the concentra-
tions are likely to vary, but currently there are no experimental studies 
addressing this due to methodological challenges. Interestingly, acute 
cholesterol concentration changes, in the range of 0.1 mol% for the 
total plasma membrane, have been found to influence the frequency 
of caveolae scission73. This suggests that even small concentration 
fluctuations can indeed be reflected in the degree of caveolae curva-
ture and scission. As an extension of this model, the functional role of 
caveolae endocytosis might be more related to the remaining lipid 
concentrations in the plasma membrane (that is, to preserve integrity) 

than the actual internalized lipids themselves. This also provides a plau-
sible explanation as to why caveolae so frequently are found as highly 
invaginated structures and that scission appears temporally random 
and of varying frequency in different cell types. Rather, caveolae are 
preformed entities that respond to lipid-concentration differences 
by changes in curvature leading to either flattening or scission. This 
is analogous to and in agreement with the observation that caveolae 
have been shown to respond to mechanical stretching by flattening23. 
Our model does not explicitly address the effects of alterations in 
membrane tension on caveola formation and scission. However, the 
model predicts that caveolae would function as entities that can sense 
properties of the plasma membrane and buffer mechanical and chemi-
cal stresses by either flattening or scission. In summary, we propose 
a lipid-centric equilibrium model for the curvature regulation and 
scission of caveolae that could serve as means to monitor and control 
the concentration ratio of outer-leaflet lipids89.

Future perspectives
A lipid-driven model for caveola endocytosis raises new questions 
regarding the regulation, dynamics and function of this pathway 
(Box 2). First, do lipids transiently trigger scission of caveolae in cells 
and tissues, and, if so, under what conditions does this occur. Second, 
what is the function of this lipid-controlled pathway? Observations of 
cells in culture show that caveola endocytosis occurs spontaneously 
over the entire cell surface. Does this represent sites of lipid fluctua-
tion, which cause an imbalance in bilayer lipids and scission, or reflect 
regulation of the lipid-driven process by accessory proteins such as 
EHD2 (Box 3)?

Regarding the functions of caveolae in lipid regulation, an attrac-
tive idea is that a plasma domain that excludes transmembrane pro-
teins but is enriched in specific lipids would provide a distinct system 
for sensitive control of lipid composition without altering levels of 
transmembrane proteins.

Loss of caveolae due to genetic disorders is known to cause dys-
trophy of cells and tissues where caveolae are normally very abundant 
(for example, lipodystrophy in adipose tissue90). The cause of this is 
currently not known, but lack of surveillance of the outer-leaflet lipid 
composition might contribute to the reduced resilience of the plasma 
membrane. Dysregulation of cholesterol has also been observed in 
a number of different cellular systems in response to modulation of 
caveolae91–93. Loss of caveolae or overexpression of mutant caveo-
lin proteins disrupts specific plasma-membrane microdomains in a 
cholesterol-dependent manner94,95 and causes changes in phosphati-
dylserine clustering in the inner leaflet of the plasma membrane94. Inter-
estingly, these effects are also observed upon the acute disruption of 
caveolae upon osmotic stress-induced changes in membrane tension94, 
pointing towards the importance of a functional caveolar domain, 
not simply its protein components, in regulating plasma-membrane 

BOX 2

Key outstanding questions
	• How does a caveola undergo scission and how is this regulated 
in vivo?

	• Are there tissue-specific differences in caveola endocytosis in 
different cells and tissues, and do some populations of caveolae 
show stable association with the plasma membrane?

	• Do lipids transiently trigger scission of caveolae in cells and 
tissues and, if so, under what conditions does this occur and 
what is the function of this lipid-controlled pathway?

	• Are there a set of cargoes that are dependent on caveolae for 
entry into cells, or is the major function related to control of the 
plasma-membrane lipid balance?

	• Are transmembrane proteins excluded from caveolae or is there 
flexibility in the caveolar domain that allows incorporation of 
membrane proteins?

BOX 3

Key points of the proposed 
model

	• The model proposes a fundamentally different mechanism 
for the formation and scission of clathrin-coated vesicles and 
caveolae.

	• Transmembrane protein exclusion from surface caveolae argues 
against a role as an alternative endocytic pathway for protein 
receptors and ligands.

	• Lipids drive curvature and scission of caveolae.
	• The ratio between cholesterol and sphingomyelin is crucial.
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lipid distribution. Furthermore, loss of caveolae has been shown to 
have widespread effects on the levels of specific glycosphingolipids, 
as revealed by lipidomic analyses94. In addition, cells lacking caveolae 
show differences in the trafficking of glycosphingolipids; here, excess 
plasma-membrane-incorporated gangliosides were found to be sorted 
to the endoplasmic reticulum and Golgi, where they can be metabolized 
in wild-type cells but missorted to lysosomes in cells lacking caveolae6. 
This suggests a role of caveolae in the trafficking of glycosphingolipids 
to specific cellular destinations. Dysregulation of cholesterol has also 
been observed in a number of different cellular systems in response to 
modulation of caveolae91–93. We propose that considering the role of 
caveolae in responding to, and regulating, membrane lipids will prove 
crucial in understanding their complex roles in physiological cellular 
processes, as well as their dysfunction in disease.
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