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Abstract

A number of recent studies have provided new insights into the complexity of the endocytic pathways originating at the plasma membrane
of mammalian cells. Many of the molecules involved in clathrin coated pit internalization are now well understood but other pathways are
less well defined. Caveolae appear to represent a low capacity but highly regulated pathway in a restricted set of tissues in vivo. A third
pathway, which is both clathrin- and caveolae-independent, may constitute a specialized high capacity endocytic pathway for lipids and fluid.
The relationship of this pathway, if any, to macropinocytosis or to the endocytic pathways of lower eukaryotes remains an interesting open
question. Our understanding of the regulatory mechanisms and molecular components involved in this pathway are at a relatively primitive
stage. In this review, we will consider some of the characteristics of different endocytic pathways in high and lower eukaryotes and consider
some of the common themes in endocytosis. One theme which becomes apparent from comparison of these pathways is that apparently
different pathways can share common molecular machinery and that pathways considered to be distinct actually represent similar basic

pathways to which additional levels of regulatory complexity have been added.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It is now accepted that lipids and lipid—protein interactions
play a crucial role in the functional compartmentalization of
the plasma membrane into microdomains. The term ‘lipid
raft’ has been used to define highly ordered lipid micro-
domains caused by the interaction of sterols and sphingoli-
pids [1—4]. The existence of lipid rafts in vivo still remains an
area of some debate [5] but the cholesterol-dependent
clustering of a number of lipid-anchored proteins into
submicroscopic microdomains in vivo has now been shown
using a number of different approaches [6—8]. In addition, the
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lipid raft hypothesis provides an attractive explanation for
findings in a number of different systems in which plasma
membrane compartmentalization is important [2,9].

Of interest to the current review are a set of observations
suggesting that the partitioning of certain macromolecules
into lipid rafts facilitates their endocytosis via a pathway
which is distinct from the classical well-studied clathrin
coated pit pathway. This has perhaps been best characterized
for internalization of glycosylphosphatidylinositol (GPI)-
anchored proteins [6,10], bacterial toxins bound to surface
glycolipids [11], and cytokine receptor subunits [12,13]. In
these examples, lipid-based sorting as well as sensitivity to
cholesterol perturbation have been shown to be important
for the uptake process. In other cases, lipid raft endocytosis
has often been defined operationally as an endocytic
pathway that is sensitive to cholesterol perturbation. How-
ever, this crude definition covers a wide range of endocytic
events, with a diverse set of receptors and ligands seemingly
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utilizing an array of different pathways to gain entry into the
cell. Care must be taken in optimizing conditions to
selectively inhibit specific pathways rather than perturbing
general membrane properties as severe cholesterol depletion
can even inhibit clathrin coated pit endocytosis [14,15].
Recent studies have revealed that caveolae budding,
clathrin-mediated endocytosis, and clathrin-independent
pathways can also use similar protein components, such as
actin, dynamin, intersectin, cortactin, and epsin [13,16—18].
In fact, the reoccurrence of certain protein components
through almost all of the lipid raft endocytic pathways raises
the possibility that there might be basic common mecha-
nisms that are regulated differently within each pathway or
cell type. Another intriguing question raised by the disco-
very of multiple lipid raft endocytic mechanisms is how do
these different pathways coordinate or interact with each
other? It appears that the same ligand/receptor complexes
can be internalized through distinct uptake mechanisms
resulting in different signaling outcomes [19]. Before
considering the complexity of the multiple endocytic path-
ways operating in mammalian cells, we will first summarize
current knowledge of endocytosis in a lower eukaryotic
system, the yeast Saccharomyces cerevisiae.

2. Endocytosis in yeast: evidence for lipid-based
endocytosis

Lower eukaryotes have proven useful model systems to
dissect fundamental aspects of membrane traffic. Many
proteins first identified in yeast screens have orthologues
that have been shown to be essential for endocytosis in
higher eukaryotes. In S. cerevisiae receptor and fluid phase
endocytosis is dependent on the yeast sterol, ergosterol (the
major sterol of the yeast plasma membrane), suggesting
similarities to cholesterol-dependent endocytosis in mam-
malian cells. The yeast plasma membrane contains a high
fraction of sphingolipids (30%) relative to phospholipids
[20] and ergosterol has been shown to have a higher
propensity to form lipid rafts than cholesterol [21]. Thus, it
is not surprising that a large number of yeast membrane
receptors partition into detergent resistant domains consis-
tent with the suggestion that a major part of the yeast plasma
membrane is made up of lipid rafts [22,23].

Endocytosis in yeast has mainly been studied through the
use of three markers, the membrane-impermeable fluid
phase fluorescent dye lucifer yellow carbohydrazide (LY),
the membrane dye FM4-64, and the internalization of
mating-factor receptors. Haploid cells of the a mating type
express the mating-factor receptor sterile2 (Ste2p), which
binds «-factor peptide and activates signal transduction
pathways that arrest cell division and are required for cell—
cell fusion during mating [24]. The binding of «-factor to
Ste2p causes a 5- to 10-fold increase of Ste2p internalization
and degradation [25], demonstrating that Ste2p uptake can
be regulated. Hyperphosphorylation of Ste2p is required for

ubiquitination, which is in turn necessary for the internal-
ization of the receptor [26,27]. One caveat is that
developmental changes are occurring that may affect the
internalization of the receptor over the time course of the
mating signaling cascade.

The genetic tractability of yeast makes it a powerful tool
for functional screens to identify mutants defective in
specific cellular functions [28—30]. Screening for endocytic
mutants revealed a large number of genes involved in
regulation of the actin cytoskeleton. This included End7/
Actl (actin) [31], End4/Sla2 (huntingtin interacting protein)
[32], and End9/Arc35 (component of the Arp2/3 complex)
[33,34]. Furthermore, actin organizing proteins such as
Las17p/Beelp and Vrplp (Wasp and wasp interacting
protein) have been shown to affect endocytosis [34,35].
Though the precise actin structures that are involved in
endocytosis seem controversial [36—38], a fundamental role
of actin in endocytosis has been established [39,40].
Evidence for a more direct role of actin patches in
endocytosis has been provided by elegant studies of the
dynamic association of actin and actin-associated proteins
with putative endosomal structures [36,41]. The dynamic
association of actin and associated proteins was shown to
coincide with a change of motility and proposed fission and
transport of early endocytic carriers to the interior of the
cell. This dynamic recruitment of actin and role in the
formation of early endocytic carriers from the plasma
membrane within yeast has many similarities to that
reported in mammal cells [16,42].

Other proteins identified in endocytic screens include
orthologues of proteins identified in the clathrin coated
pathway of mammalian cells including amphiphysin
(End6p/ Rvsl6lp, Rvsl67p) [29,43] and EH domain-
containing proteins similar to Epsl5 (End3p/Panlp) [44,
45]. Yet there are apparently significant differences between
endocytosis in yeast and the classical mammalian clathrin-
coated pit pathway. Yeast has a single gene for clathrin
heavy chain CHC! and clathrin light chain CLC/. Deletion
of these genes resulted in receptor-mediated internalization
still occurring but with slower kinetics [46—48]. Homo-
logues of the adaptor complex subunits are not required for
endocytosis, although they may not interact with clathrin
[49,50]. Additionally, yeast has no classical dynamin
homologue [51] but has three dynamin-like proteins. Two
of these are involved in mitochondria morphology and
inheritance [52,53] but Vpslp is involved in protein
trafficking [54-57]. VpsIA yeast have a mild endocytic
defect resulting from an abnormal actin cytoskeleton
[57,58]. The absence of a fundamental involvement of these
proteins in yeast endocytosis may indicate that there may be
similarities between yeast endocytosis and clathrin-inde-
pendent forms of endocytosis in mammalian cells.

If yeast endocytosis has similar characteristics to
clathrin-independent endocytosis, could there be an involve-
ment of lipid rafts in endocytosis of membrane receptors?
Certainly, a number of observations provide support for the
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hypothesis that lipids play an important role in endocytosis
in yeast. Firstly, it has been shown that one endocytic
mutant end8 or Ilch-100 is defective in sphingolipid
synthesis, [59]. Second, the transbilayer lipid arrangement
of sphingolipids to phospholipids is important for endocy-
tosis, as mutations in Dnfl and Dnf2, which code for
aminophospholipid translocases, cause a defect in endocytic
vesicle budding [60,61]. Third, specific mutations in
enzymes involved in the biosynthesis of ergosterol disrupted
the total amount of sterols in the plasma membrane and also
the composition of the sterol species. This blocked both
fluid-phase and receptor-mediated endocytosis although the
membrane dye FM4-64 was still internalized but with
delayed kinetics [62]. Interestingly, structural determinants
shown to be important in endocytosis were also sterols that
influence sphingolipid/cholesterol ‘lipid raft’ domain for-
mation in artificial membranes [21,62,63]. Taken together,
these studies suggest that lipids, and possibly lipid raft
domains, play an important role in yeast endocytosis.

What role might lipid rafts play in the endocytic process?
An intriguing possibility is that the specific lipid composi-
tion is important in the generation of budded endocytic
vesicles but more indirect roles in endocytosis are perhaps
more likely. For example, the kinases, Ycklp and Yck2p,
are involved in the hyperphosphorylation of the membrane
tail of Ste2p, which is required for ubiquitination and
internalization of the receptor. Ycklp and Yck2p require
palmitoylation for plasma membrane localization [64—66],
and in mutants defective in ergosterol synthesis Ste2p is not
phosphorylated. In addition, the reduced receptor endocy-
tosis caused by defects in sphingolipid synthesis could be
overcome by over-production of kinases Pkhlp, Pkh2p, or
Yck2p [67]. Accordingly, the lipid raft domain may provide
a platform to colocalize receptor and kinase to the same area
of the plasma membrane.

Currently, it is unclear whether there are multiple
endocytic mechanisms in yeast as in mammalian cells or
one mechanism used to mediate all endocytosis. Uptake of
FM4-64 in cells defective in the synthesis of ergosterol,
where fluid phase and receptor-mediated endocytosis was
inhibited, could in theory occur by a distinct pathway.
Although to address the question of whether there are
multiple endocytic mechanisms in yeast, new endocytic
markers such as a GPI-anchored proteins, which undergo
internalization, may need to be developed. In summary,
studies of yeast have provided evidence for a clathrin- and
dynamin-independent pathway, which is dependent on
sterols. This raises the question of whether an equivalent
pathway exists in higher eukaryotes.

3. New insights into clathrin-independent endocytic
pathways

Evidence for a clathrin-independent pathway in mamma-
lian cells has accumulated over many years from the study

of a range of different endocytic markers but the endocytic
vehicles involved have been a matter of some debate. The
observation of uncoated flask-shaped invaginations cover-
ing the surface of many types of animal cells [68,69]
suggested that such structures could represent a possible
alternative endocytic carrier. The morphology of these
structures, now termed caveolae, is certainly suggestive of
‘vesicles’ poised to bud. But caveolae are not essential for
non-clathrin lipid raft endocytosis and few markers have
been shown to be dependent on caveolae for uptake
[11,70,71] (reviewed in [72]). It is well established that
lipid rafts are present in cells without caveolae (some
neuronal cells and lymphocytes, e.g. [2,73], and lipid raft
endocytosis occurs in these cells. Moreover, recent evidence
suggests that lipid raft caveolae-independent endocytosis
also occurs in cells with abundant caveolae [70]. In this
section, we will therefore consider this non-caveolar
endocytic pathway, which we believe may represent a more
universal primordial endocytic pathway, before considering
the more specialized form of tissue-specific endocytosis
mediated by caveolae in Section 4.

Some of the first studies to suggest a clathrin-indepen-
dent endocytic pathway came from the pioneering studies of
van Deurs and Sandvig. A series of elegant studies defined
an endocytic pathway mediating the uptake of the plant
toxin, ricin, which binds to glycolipids and glycoproteins.
This pathway was shown to be insensitive to inhibitors of
clathrin-mediated endocytosis and was also dynamin-
independent [74]. The pathway originating at the apical
surface of epithelial cells was particularly well studied.
Caveolae are virtually absent at the apical surface of these
cells [75] providing additional evidence that they were not
responsible for the clathrin-independent uptake of ricin. A
series of experiments showed that endocytosis was regu-
lated by protein kinase C [76], protein kinase A [77],
trimeric G proteins, and arachidonic acid [78]. Despite the
apparently distinct uptake pathway, the clathrin-independent
pathway converged with the clathrin pathway at the early
endosome.

In other studies, evidence for a clathrin-independent non-
caveolar pathway has come from analysis of cells express-
ing a temperature-sensitive mutant form of dynamin [79].
Interestingly, blocking clathrin- (and presumably caveolae-)
mediated endocytosis caused an initial block in fluid phase
internalization followed by a gradual compensatory
increase. After 30 min fluid phase uptake returned to the
same level as before the temperature shift while receptor-
mediated endocytosis remained blocked [79]. Morpholo-
gical analysis of the uptake pathway revealed vesicular,
tubular and ring-shaped structures labeled after 10 min of
uptake at the non-permissive temperature. Morphologically,
similar structures were observed in studies of clathrin-
independent endocytosis in the above studies of ricin
internalization (e.g., [76]). Taken together, these studies
suggested that clathrin and dynamin are not required for all
types of endocytosis in mammalian cells.
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Further insights into a clathrin-independent pathway
have come from the study of the uptake of GPI-anchored
proteins, classical markers of lipid raft domains. The GPI-
anchor was shown to be required for internalization via an
apparently novel clathrin- and dynamin-independent endo-
cytic pathway, which was sensitive to cholesterol depletion
[10]. Immediately after internalization GPI-anchored pro-
teins were evident within labile tubular structures, termed
GEECs (GPI-enriched endosomal compartments), which
lacked markers of the clathrin pathway. Again, the GPI-
anchored protein pathway and the transferrin clathrin-
dependent pathway were then shown to converge in
endosomes [10]. The Rho family GTPase cdc42, but not
RhoA or Racl, were shown to regulate this pathway that
was again independent of caveolae. Other studies have
supported the conclusion that GPI-anchored proteins are
internalized via a lipid raft-dependent process into novel
endosomes and implicated the GTP-binding protein,
ARF6, as well as phosphatidylinositol (4,5) bisphosphate
(PtdIns(4,5)P»), in this process [80]. An endogenous GPI-
anchored protein was shown to be internalized together
with major histocompatibility protein class 1 (MHC1) in a
cholesterol-dependent manner into ARF6-labeled endo-
somes before appearing in common endosomes containing
a clathrin coated pit-internalized marker [80,81]. Further
analysis of the role of ARF6 in this process should provide
further insights into the mechanisms involved in this
pathway. As ARF6 has also been implicated in macro-
pinocytosis [82] and clathrin coated pit-mediated endocy-
tosis [83], the specificity of endogenous ARF6 for this
pathway remains to be established.

These and many other studies clearly indicate that
clathrin-independent pathways exist in mammalian cells.
Interestingly, in Drosophila hemocytes endocytosis of fluid
and GPI-anchored proteins can also occur via a clathrin- and
dynamin-independent pathway [84] suggesting that this is
an evolutionarily conserved endocytic pathway. Since many
of the clathrin-independent pathways are also dynamin-
independent, or at least are not inhibited by dynamin
mutants which block clathrin- (and caveolae-) mediated
endocytosis, this raises a number of interesting questions
about the molecular mechanisms operating in this pathway.
What is the molecular machinery which generates these
endocytic carriers, how is specific cargo concentrated in the
carriers, and how are the carriers budded in the absence of
clathrin and dynamin? As a starting point, a detailed
analysis of the very first carriers involved in this pathway,
the functional equivalent of the clathrin coated pit, is clearly
required.

A recent study has started to address this question by
using electron microscopy to examine the initial carriers
involved in the uptake of the bacterial toxin, cholera toxin
[70]. Cholera toxin (CT) binds via its binding (B) subunits
to the lipid raft marker, the ganglioside GM1, and can be
used as a general marker of internalization. While CT has
been claimed to be a caveolar marker in some studies,

postembedding (i.e., non-perturbing) EM labeling has
shown that GM1 is present over the entire cell surface,
including clathrin-coated pits, and is only slightly enriched
in caveolac [85]. CTB can be internalized by clathrin-
coated pits and by caveolae [86] but a significant fraction is
internalized via a clathrin- and dynamin-independent path-
way [70]. By using cells lacking caveolae, their contribu-
tion to CTB endocytosis could be ruled out and the initial
vehicles mediating CTB entry were examined using a novel
electron microscopic assay. After binding CTB to the cell
surface and warming the cells for just 15 s, CTB could be
detected in clathrin-coated pits, consistent with significant
internalization by this pathway, but most interestingly, CTB
was also observed in tubular and ring-shaped endocytic
structures (see Fig. 1A). Labeling of these structures, but
not clathrin-coated vesicles, was sensitive to cholesterol
depletion suggesting that they were not related to the
clathrin-coated pit pathway but constituted a novel interna-
lization pathway. The short timescale of these experiments
(to minimize interaction of budded structures with other
organelles) suggested that the observed structures budded
directly from the plasma membrane. No coat structures
were evident to give clues as to their possible formation
and they showed no detectable dynamin labeling consistent
with their association with a dynamin-independent pathway
[70].

Are these carriers (here termed CLICs for CLathrin-
Independent Carriers see Fig. 1A) the morphological
structures involved in clathrin-independent endocytosis in
many different systems, such as those described above, or
just one example of many different structures mediating
clathrin-independent entry into the cell? Importantly, both
fluid phase markers and GPI-anchored proteins were shown
to co localize extensively with CTB under these conditions
[70] linking these observations to previous studies of
GEECs [10]. This suggests that CLICs may represent the
first station in a major physiologically important internal-
ization route. If so, it is somewhat surprising that their
visualization has only now been reported. However, the
morphology of CLICs is quite similar to endosomal
structures as viewed by EM. They have also been reported
to be highly labile and so could be prone to fixation artifacts
[10]. The fusion of these structures with endosomal
compartments, shortly after budding, may also have con-
tributed to this problem. Many studies documenting a
clathrin-independent uptake pathway have, in fact, reported
morphologically similar structures but the very earliest
carriers were not defined [76].

Clearly, the detailed characterization of these structures is
a major goal for the future. Could lipids drive formation and
sorting into these structures? The morphology of CLICs,
which are presumably incredibly dynamic structures, gives
few clues to their formation at present. Their high sensitivity
to cholesterol depletion, enrichment in GPI-anchored
proteins, and formation in a dynamin- and clathrin-
independent manner all suggest similarities to the endocytic
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pathway in yeast and could indicate that this represents a
primordial pathway for endocytosis.

Other lipid raft-dependent pathways clearly exist in
mammalian cells and this has been most clearly indicated
by their dependence on dynamin. Caveolae budding is
one such example, as will be discussed in the following
section. However, dynamin-dependent lipid raft-mediated
uptake has also been documented for non-caveolar carriers
[12,13]. This has been best characterized for the uptake of
the beta subunit of the interleukin (IL)-2 receptor and for
the yc cytokine receptor that are both internalized through
a dynamin-dependent process. Binding of IL-2 to the IL-2
receptor increases the association of the receptor with
lipid rafts and this is coupled to receptor internalization
[12]. Actin recruitment and the activity of RhoA were
shown to be involved in +yc internalization [13]. Interest-
ingly, the dynamin-binding protein, cortactin, which is
involved in clathrin-mediated endocytosis was required for
clathrin-independent +yc internalization suggesting that
cortactin can link both clathrin-dependent and -independ-
ent pathways to the actin cytoskeleton [13]. This pathway
is clearly distinct from the uptake of GPI-anchored
proteins; as well as differing in dynamin-dependence, this
pathway was inhibited by a dominant negative form of
RhoA but not cdc42 and resulted in delivery of the
internalized receptor to distinct early endosomal elements
[10,12].

Taken together, these studies suggest that dynamin is
required for some clathrin-independent pathways but not
others. Lipid-based sorting, as judged by sensitivity to
cholesterol-depleting agents and by association of internal-
ized components with lipid rafts, appears to be an important
feature of many of these pathways suggesting similarities to
endocytic pathways of lower eukaryotes. These pathways
may therefore represent a relatively primitive endocytic
pathway. This makes an interesting comparison with more
specialized endocytic pathways such as those involving
caveolae (see Fig. 1B).

4. Caveolar endocytosis: a specialized regulated
endocytic pathway

Caveolae are an abundant feature of many mammalian
cells including adipocytes, endothelial cells, smooth muscle,
and fibroblasts but are not detectable in all mammalian cells
[73]. The formation of caveolae is dependent on the

expression of caveolin-1 (Cavl) in non-muscle cells [87]
and caveolin-3 in muscle cells [88]. Cells that do not
express caveolins have no caveolae and transient expression
of Cavl causes the de novo formation of caveolae [89].
Caveolae have been considered to be a specialized form of
lipid raft domain with a unique morphology generated by
caveolin. Cavl is an integral membrane protein with an
unusual topology, a 33-amino acid intramembrane domain is
believed to insert into the plasma membrane to form a
hairpin loop with both N and C terminal regions of the
protein cytoplasmic [90,91]. Cavl directly interacts with
cholesterol [92,93] and cholesterol depletion of the plasma
membrane causes caveolae to flatten [94].

In endothelial cells, caveolae endocytosis has been well
studied and appears to be a constitutive dynamin-dependent
process [95—97]. In other cell types, caveolac endocytosis
has been a controversial topic for some years but a
consensus is now developing that budding of caveolae from
the plasma membrane is a regulated process. However,
unlike clathrin endocytosis, there is only a basic under-
standing of the machinery involved (summarized in Fig.
1B). Caveolae endocytosis is dependent on dynamin, which
is localized to the neck of caveolae either constitutively in
endothelial cells [96], or is recruited in response to specific
signals [16]. In addition, a number of studies have
implicated actin in caveolae endocytosis [16,98,99]. Studies
of the uptake of the virus SV40, which binds to GM1 and
enters cells at least partly through caveolae, have been
particularly illuminating. Live cell imaging of SV40 uptake
revealed the transient recruitment of dynamin, a burst of
actin polymerization to form an actin tail, and the movement
of caveolae (Cav1-GFP-labeled structures) into the cell [16].
This sequence of events is similar to that observed in
clathrin endocytosis. Live cell imaging of actin at sites of
clathrin endocytosis revealed that the inward movement of a
vesicle occurred immediately after the transient requirement
of actin assembly [42]. The transient recruitment of actin in
endocytosis seems to be conserved within yeast [36], and
thus it is feasible that this might be a universal mechanism
in endocytosis.

Phosphorylation also plays an important part in caveolae
budding. Inhibition of tyrosine kinase activity inhibits
caveolae endocytosis, and okadaic acid a phosphatase
inhibitor stimulates caveolae internalization [16,99]. The
precise role of phosphorylation is presently unclear.
Expression of both dominant negative Src and protein
kinase Ca constructs, and the use of pharmacological

Fig. 1. The visualization of the first endocytic carriers involved in dynamin independent endocytosis, and a comparison of different modes of endocytosis. (A)
Mouse embryo fibroblasts isolated from Cav1-null mice were allowed to internalize cholera toxin subunit B conjugated to HRP (CTB-HRP) for 15 s. Only
internally localized CTB-HRP was visualized by using a combination of ascorbic acid and DAB histochemistry on live cells [70]. The majority of the internal
structures visualized by EM were tubular and ring-like structures, proposed to be the earliest (plasma membrane-derived) carriers in a non-clathrin non-caveolar
pathway. (B) A diagram illustrating features of the alternative endocytic pathways. Many components are common to a number of different pathways.
Abbreviations: CTB, Cholera toxin subunit B; Anthrax-PA, Anthrax protective antigen; LacCer, lactosylceramide; IL-2, interleukin 2; GPI-AP,
glycosylphosphatidylinositol anchored proteins; CLIC-D, dynamin-dependent clathrin-independent carriers; CLIC-DI, dynamin-independent clathrin-

independent carriers [135—158].
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inhibitors of these kinase families, inhibit caveolae-stimu-
lated endocytosis [100—102]. However, the requirement for
phosphorylation of Cavl in endocytosis has only been
addressed indirectly. Src family kinases can phosphorylate
both Cavl and dynamin [100,103] and the latter has been
shown to be directly involved in caveolae internalization
[16,95,104].

These studies suggest that caveolae internalization is a
highly regulated process. Of particular interest in view of
studies linking caveolae and caveolins to lipid regulation
[105,106] is the recent finding that caveolae budding can be
stimulated by specific lipids. Treatment of cells with
lactosyl ceramide caused a dramatic stimulation of caveolae
internalization [70,102,107]. The precise mechanism
through which the lipid treatment stimulated caveolae
internalization is unclear, although Src kinase activity was
required [102]. A range of lipids could stimulate endocy-
tosis, including cholesterol. Somewhat surprisingly, the
sugar residue or the acyl chain length of the glycosphingo-
lipids had no effect on the stimulatory properties of the
lipids added but phosphatidylcholine, which does not
contain a ceramide group, did not induce caveolae budding
[108]. Whether these treatments also affect non-caveolar
lipid raft endocytosis is not yet known.

As highlighted in Fig. 1B and in the text above, caveolae
endocytosis shares many common features with clathrin-
dependent pathways, including the same dynamic require-
ment of molecular machinery in the fission process.
However, there are clearly striking differences between the
dynamic association of clathrin with the plasma membrane
and the stable association of caveolin. Unlike the transient
association of clathrin with the plasma membrane [42],
Cav1-GFP formed highly stable microdomains, with a slow
rate of turnover similar to that of E-cadherin in junctional
complexes [109,110]. However, the mobility and turnover
of Cav1-GFP could be stimulated [109]. More recently, this
finding have been confirmed through the use of a novel EM
approach that distinguished internal caveolae structures
from those connected to the plasma membrane [70].
Approximately 2% of surface caveolae appeared within
the cell after warming for 1 min under control conditions but
this could be increased using okadaic acid or lactosyl
ceramide adding quantitative ultrastructural data to the light
microscopic observations described above.

In summary, caveolae appear to be extremely uniform
carriers poised to bud in response to a specific signal. An
intriguing possibility is that specific subsets of caveolae or
individual caveolae, in specific regions of the cell are
triggered to bud in response to specific triggers. The
physiological signals which regulate this budding and the
role of caveolae endocytosis in vivo is yet to be determined.
One system which has attracted recent attention is the
endocytosis of transforming growth factor (TGF-beta)-
receptors via two endocytic pathways, one involving
caveolae and leading to degradation, and the other involving
clathrin coated pits and leading to productive signal

generation [19]. However, recent studies have questioned a
role for caveolae in TGFbeta-receptor internalization [111].
In the absence of studies showing that specific markers are no
longer endocytosed in cells lacking caveolae, the role of
caveolae endocytosis in vivo remains an open question.

The fact that lipid raft internalization can occur through
multiple pathways raises many questions. What factors
determine entry into a specific pathway? What is the
biological importance of one entry route over another?
And how do these pathways interact with one another? In
the next sections, links between these pathways will be
described and possible alternative regulation discussed.

5. Links between caveolar and non-caveolar
clathrin-independent pathways

Both CTB and the virus SV40 can be internalized by
caveolae but in a cell lacking caveolae endocytosis of these
markers still occurs (apparently via CLICs; [70,112]). In
fact, comparing SV40 uptake in cells with and without
caveolae, the rate of SV40 uptake is reduced in cells with
caveolae [112]. A striking finding is that many of the
characteristics of internalization are the same for uptake of
SV40 via caveolae and via the non-caveolar pathway. For
example, both pathways are sensitive to Src kinase
inhibitors, and to cholesterol perturbation and lead to a
novel endosomal compartment termed a caveosome [112].
This suggests that the two pathways share mechanistic
similarities and some components of the same machinery.
However, they do differ significantly in their dependence on
dynamin; dynamin mutants inhibit caveolar internalization
of SV40 but do not inhibit uptake in cells lacking caveolae
[112]. This raises the possibility that the basic mechanisms
involved in these two pathways are the same but caveolin
and dynamin add an additional level of complexity, which
allows further regulation of the pathway.

This idea can be expanded further by considering the
effect of caveolin re-expression on endocytosis. Transient
overexpression of Cavl, which induces caveolae formation,
has a pronounced negative effect on lipid raft endocytosis in
several different systems [70,101,113,114]. This somewhat
paradoxical observation (at least from the viewpoint of
caveolae as essential endocytic carriers) can be rationalized
if one regards caveolin as a stabilizing component that
restricts endocytosis from lipid raft domains (see [115]).
One interesting possibility, which is consistent with this
inhibitory effect of caveolin on endocytosis, is that caveolin
acts as a ‘brake’ to inhibit internalization that can only be
overcome by activation of dynamin. Caveolin and dynamin
therefore act together to add a further level of regulation to
an inherently endocytic structure. In this model, the
formation of non-caveolar raft domains poised to bud could
be due to an inherent property of the lipid raft domain [116—
118]. These structures would normally undergo fission to
produce endocytic carriers but in the presence of caveolin
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these domains would be stabilized on the plasma membrane
unless dynamin triggers their budding. Evidence for this
comes from the observation that in transformed cells with
few caveolae, expression of the dominant negative form of
dynamin not only inhibits caveolae endocytosis but also
causes an increase of caveolae-like vesicles at the plasma
membrane [113,115]. Within some cell types, such as
adipocytes, caveolaec can make up to 30% of the total
membrane. The presence of static caveolae could stabilize
large areas of the membrane and act as a negative regulator
of membrane dynamics.

6. New insights into sorting into clathrin-independent
carriers

Lipid raft inclusion appears to be important for many
surface components to be internalized via clathrin-inde-
pendent carriers as outlined above (see Table 1). Recent
studies suggest that ubiquitin might represent another
sorting signal. Modification of plasma membrane proteins
by monoubiquitination provides a signal for internalization
of proteins and subsequent sorting to lysosomes for
degradation. To test the role of ubiquitin in internalization,
a chimeric model protein of GFP and ubiquitin was targeted
to the plasma membrane through myristoylation and
palmitoylation signals [119]. The hybrid protein was
internalized through a clathrin-independent pathway. Inter-
nalization occurred independently of dynamin suggesting

that it involves a non-caveolar pathway. Internalization
required interaction of ubiquitin with epsin. This intriguing
result suggests links between clathrin-dependent and inde-
pendent internalization as epsin is well characterized as a
clathrin binding protein. In fact, it appears that the
interaction of epsin with ubiquitin is regulated by the
interaction of epsin and clathrin. A recent study provided
further insights into monoubiquitination of the EGF receptor
as a signal influencing the mechanism of internalization
[18]. High concentrations of EGF were shown to be
endocytosed through a clathrin-independent lipid raft-
dependent route. A hybrid containing EGF extracellular
and transmembrane domains fused to ubiquitin was also
internalized through a clathrin-independent but dynamin-
dependent, apparently via caveolae. Espin and epsl5
proteins were implicated in recognition of the ubiquitin
signal. These two studies provide interesting new avenues
of research that should provide further insights into the links
between clathrin-dependent and independent pathways.

7. Macropinocytosis of lipid raft markers

The final endocytic pathway to be considered here is
macropinocytosis, which involves the internalization of large
areas of plasma membrane together with significant amounts
of fluid. Macropinocytosis occurs when membrane protru-
sions fuse back with the plasma membrane to generate large
(>1 pm) irregular vesicles called macropinosomes. Actin

Table 1
Examples of lipid raft involvement in the internalization of surface components
Surface Lipid raft dependence Uptake Actin Dynamin Tyrosine Other Possible
component/ligand  determined by sensitive to  involved involved  kinase mechanism
cholesterol dependence of uptake
depletion
Cannabinoid DRM (0.5% Triton X-100) Yes [159] - - Yes [159] Colocalized by Caveolae or
Anandamide [159] LM with Cavl [159] CLIC
CD36/oxidized DRM (1% Triton X-100) - - - - Colocalized by CLIC
low density [160] LM with GPI-AP [160]
lipoprotein
Glucagon-like DRM (1% Triton X-100) Yes [161] - No [161] No [161] - CLIC-DI
peptide-2 [161]
receptor/
Glucagon-like
peptide-2
Proteoglycan - Yes [162]  Indirectly: No [162] - Receptor clustering CLIC-DI and
syndecan-4/ Racl cdc42 required [162] macro-
Fibroblast involved [162] pinocytosis
growth factor 2
Al adenosine Caveolae enriched Yes [164] - - - Co-immunoprecipitation Caveolae
receptors (detergent free isolation [163]) with Cavl Colocalized
[164] by LM with Cavl [164]
Norepinephrine DRM (1% Triton X-100) Yes [165] - No [165] — Induced internalization Macro-
transporters [165] by PKC activation [165] pinocytosis
CLIC-DI
Bradykinin B2 Caveolae enriched [166] - - No [168] Localized by EM to caveolae CLIC-DI

receptor (detergent free isolation [167])

like structures [169]

Abbreviations: DRM, detergent resistant membrane; CLIC, clathrin independent carrier; D, dynamin dependent; DI, dynamin independent; LM, Light

microscopy; EM, electron microscopy.
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ruffles caused by extensive actin rearrangement are a
fundamental part of this process and factors that trigger
membrane ruffling stimulate macropinocytosis. For example,
stimulation of the Rho-family GTPase Racl by platelet
derived growth factor or protein kinase C activation by
phorbol esters stimulates membrane ruffles and micropino-
some formation. Though it has not been demonstrated that
macropinosomes differ in the composition to the membrane
from which they are derived, membrane ruffles are apparently
enriched in specific lipid rafts and phosphoinositides [120].
Lipid rafts have been implicated in macropinosome forma-
tion by the finding that cholesterol depletion inhibits both
membrane ruffling and macropinocytosis [121]. Localization
of Racl to the plasma membrane, but not activation, was
inhibited by cholesterol depletion. Whether Racl requires
lipid rafts to localize to the plasma membrane through direct
interactions with the membrane or through additional
protein—protein interactions is unclear. Cholesterol-depend-
ent binding of Racl to artificial liposomes could not be
observed in this study [121] but was observed in a subsequent
investigation [122]. The small GTPase, ARF6, which has
been implicated in localizing Rac to the plasma membrane,
also showed reduced localization to the plasma membrane
upon phorbol ester treatment of cholesterol-depleted cells
[121]. The specificity of the cholesterol depletion is unclear
in this system as the effect on other endocytic processes was
not examined. These findings, and in general, any experi-
ments using cholesterol depletion, should be considered in
light of studies showing a global effect on the actin
cytoskeleton through the redistribution of PtdIns(4,5)P, at
the plasma membrane [123]. PtdIns(4,5)P, has a role in the
organization of the actin cytoskeleton, stabilizing cortical
actin and influencing the turnover of cytoplasmic stress
fibers. Whether cholesterol disrupts specific PtdIns(4,5)P,
microdomains or whether the effect on PtdIns(4,5)P, is a
secondary consequence due to the loss of lipid rafts and thus
protein—lipid organization of the plasma membrane is
unclear. With the caveat mentioned above, these studies
suggest that macropinocytosis can be added to the list of lipid
raft-dependent endocytic processes.

8. Conclusions

It is now clear that multiple endocytic pathways exist in
mammalian cells. These pathways vary in their dependence
on clathrin, dynamin, and caveolin, but examination of the
other machinery involved in these apparently distinct
pathways suggests that other machinery can be shared.
Cells with and without caveolae may appear to utilize
fundamentally different endocytic machinery but in fact
these pathways may represent slight modifications of a basic
endocytic mechanism, perhaps analogous to the primordial
endocytic pathway.

What is the evidence for a primordial mechanism? The
endocytic mechanism within yeast has many similar features

to the CLIC pathway, such as the requirement for sterols and
independence of clathrin and dynamin function. The uptake
of GPI-anchored proteins through a CLIC pathway has also
been described in Drosophila [84]. In other metazoans, such
as trypanosomes, GPI-anchored proteins make up a large
percentage of the total surface protein [124,125]. In the
bloodstream form of Trypanosoma brucei, there is a high
level of endocytosis causing rapid GPI-anchored protein
uptake [126]. There is now convincing evidence that this
occurs through a pathway dependent on clathrin and actin
but, interestingly, this extremely rapid high capacity path-
way is independent of dynamin and the AP2 complex [127—
130]. In the procyclic stage, the endocytic pathway is
simplified and the rate of endocytosis is reduced [131]. At
this stage, no coated endocytic structures are observed
[131—-133]. At the present time, it is therefore difficult to
define the primordial endocytic pathway in terms of cargo
and essential cellular components. A better understanding of
the CLIC pathway and the molecular machinery utilized in
this pathway are now required to compare lipid raft marker
uptake in mammalian cells with other eukaryotes. Interest-
ingly, a very recent study has provided new insights into
dymanin-independent endocytosis [134]. This study impli-
cated the CtBP-BARS protein in dynamin-independent
trafficking pathways including fluid phase marker endocy-
tosis [134].

Clathrin-independent pathways are now amenable to
detailed analysis using the approaches that have proved so
successful in studies of clathrin coated pits. The ability to
characterize clathrin-independent carriers by electron micro-
scopy, follow their dynamics and precise protein—protein
interactions in real-time by light microscopy, and manipu-
late their molecular machinery through large-scale down-
regulation of defined components should allow rapid
insights to be gained into this poorly-understood process.
Most importantly, we are now in a position in which we can
start to examine the role of lipid—lipid and lipid—protein
interactions in the generation of lipid raft-dependent carriers
and to attempt to reconstitute such processes in vitro.
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