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Summary
The plasma membrane consists of a mosaic of functional microdomains facilitating a variety of
physiological processes associated with the cell surface. In most cells, the majority of the cell
surface is morphologically featureless leading to difficulties in characterising its organisation and
microdomain composition. The reliance on indirect and perturbing techniques has led to vigourous
debate concerning the nature and even existence of some microdomains. Recently, increasing
technical sophistication has been applied to study cell surface compartmentalisation providing
evidence for small, short-lived clusters that may be much less than 50nm in diameter. Lipid rafts
and caveolae are cholesterol-dependent highly ordered microdomains that have received most
attention in recent years, yet their precise roles in regulating functions such as cell signalling
remains to be determined. Endocytosis of lipid rafts/caveolae follows a clathrin-independent route
to both early endosomes and non-classical caveosomes. The observation that a variety of cellular
pathogens localise to, and internalise with these microdomains provides an additional incentive to
characterise the organisation, dynamics and functions of these domains.
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Introduction
There is a general consensus that the plasma membrane is compartmentalised into functional
microdomains that facilitate processes such as cell signalling, cell adhesion and membrane
trafficking. As discussed later, microdomains may consist of anything from a short-lived
cluster of several protein and lipid molecules to large, stable, organised domains many tens
or hundreds of nanometers in diameter. The key problem in this area of research is imaging
resolution; there is no substitute for actually being able to see compartments to convince us
of their existence and to help to provide models for their organisation and function. Gross
cell surface compartmentalisation such as apical and basolateral domains of epithelial cells
have been well characterised, partly due to the clearly defined boundaries between the
compartments that are visible at the light microscope level. Similarly, microdomains such as
caveolae and clathrin-coated vesicles, 50-150nm invaginations visible at the electron
microscope level, are well-characterised organelles. The key question is: how is the
remaining morphologically featureless plasma membrane organised? This area can represent
up to 90-95% of the cell surface in fibroblasts for example, and therefore may well represent
the site where many of the cell surface functions are occurring. This review will outline
some of the current models of plasma membrane organisation and the techniques being used
to probe the cell surface at high resolution. We have focussed in particular on the cholesterol
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rich microdomains: lipid rafts and caveolae, highlighting research into their organisation,
function and trafficking. A series of excellent recent reviews have been published in this
area including (Simons and Toomre, 2000, London, 2002, Edidin, 2003, Nichols, 2003,
Parton and Richards, 2003, Silvius, 2003, van Deurs et al., 2003, Vereb et al., 2003).

Plasma membrane microdomains
The Singer-Nicholson fluid mosaic model accurately predicted the general organisation of
proteins and lipids within membranes (Singer and Nicholson, 1972); however, one feature of
the model is undergoing reassessment. The model predicted free rotational and lateral
diffusion of proteins and lipids within the plane of the membrane resulting in their random
distribution. As discussed below, a number of lines of evidence suggest that the movement
of most proteins within the plasma membrane is partially restricted over the nanometre
scale; and that this lateral heterogeneity in membrane organisation is a result of protein-
protein, protein-lipid and lipid-lipid interactions.

Lipid rafts
A mechanism proposed to induce lateral heterogeneity is described by the lipid raft
hypothesis (Simons and Ikonen, 1997). Lipid rafts are envisaged to be enriched in
cholesterol and saturated lipids such as sphingolipids that are packed together to form a
highly ordered structure distinct from the surrounding sea of disordered, predominantly
unsaturated, lipid species. The raft hypothesis encompasses both leaflets of the plasma
membrane despite the fact sphingolipids are only found on the exoplasmic leaflet.
Glycosphingolipids typically possess a long chain fatty acid that is proposed to be able to
interdigitate with an inner leaflet raft structure enriched in saturated lipids, cholesterol and
peripheral proteins anchored with saturated acyl chains. The highly ordered nature of this
domain thus provides a mechanism for sorting proteins and lipids depending on their ability
to intercalate into this close-packed structure. Exofacial proteins tethered by
glycophosphatidylinositol (GPI)-anchors, cytofacial proteins anchored by saturated
palmitoyl or myristoyl groups and cholesterol-binding proteins are all predicted to
preferentially segregate into lipid rafts (Figure 1).

The hypothesis represented a synthesis of a number of important observations made over the
previous decade. Firstly, sphingolipids are enriched within the apical plasma membrane of
polarised epithelial cells (Simons and van Meer, 1988), and therefore a lipid-based sorting
mechanism was proposed to exist at the level of the Golgi complex (Simons and Wandinger-
Ness, 1990). Secondly, the highly ordered structure of lipid rafts renders them partially
insoluble in cold, non-ionic Triton X-100 detergent compared to the more disordered
surrounding plasma membrane (Brown and Rose, 1992). Thirdly, work with model
membranes containing mixtures of saturated lipids and cholesterol showed that cholesterol
promoted a ‘liquid-ordered’ state of tightly packed, but laterally mobile lipids (Ipsen et al.,
1987). These membranes exhibited detergent resistance analogous to that seen with intact
cells (Schroeder et al., 1994, Ahmed et al., 1997), suggesting that lipids alone mediate the
insolubility of cellular domains. Finally, cholesterol-depleting agents inhibited physiological
processes indicating a role for cell surface cholesterol in regulating signalling (Rothberg et
al., 1990).

Cholesterol-sensitive detergent-insolubility became the defining feature of lipid rafts and
together with the propensity of these microdomains to float in sucrose gradients, provided a
simple mechanism to isolate and characterise raft proteins and lipids. Raft residents defined
by these criteria include GPI-anchored proteins (Schroeder et al., 1994), many acylated
signalling proteins including Src family kinases (Song et al., 1997), G proteins (Song et al.,
1996, Melkonian et al., 1999, Moffet et al., 2000) and nitric oxide synthase (Shaul et al.,
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1996), growth factor receptors (Liu et al., 1996, Waugh et al., 1999), integrins (Baron et al.,
2003), and cholesterol-binding proteins including caveolin (Sargiacomo et al., 1993) and
Sonic Hedgehog (Rietveld et al., 1999). Recent systematic proteomic analysis of
cholesterol-sensitive detergent-insoluble fractions, revealed a 10-fold enrichment of
signalling proteins in rafts versus total membranes (Foster et al., 2003). Lipidomic analysis
revealed that in addition to enrichment for cholesterol, sphingolipids and saturated
phospholipids, they are specifically enriched in phosphatidylserine, phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) and arachidonic acid (Pike and Casey, 1996, Fridriksson et al.,
1999, Pike et al., 2002). The presence of many signalling proteins and lipid cofactors within
lipid rafts suggest a role as a signalling platform where their close proximity acts to increase
the efficiency, specificity and regulation of signalling cascades (Brown and London, 1998,
Simons and Toomre, 2000).

Illusive rafts?
Although there is a significant amount of literature citing raft localisation and raft
involvement in many physiological processes, controversy still surrounds the exact nature of
these domains (Edidin, 2003, Munro, 2003). This is due to the reliance to date on indirect,
perturbing techniques to study them and the apparent lack of consensus amongst other,
microscopy-based techniques in resolving their size and distribution. Of particular concern
is how closely detergent-insoluble fractions relate to putative lipid raft domains in vivo.
Several lines of evidence indicate the care that must be taken when interpreting detergent-
insolubility data. Firstly, not all detergent-insoluble proteins exhibit cholesterol-sensitive
insolubility (Foster et al., 2003); non-detergent based confirmatory experiments should be
routine. Secondly, detergent extraction is done on ice, this promotes more ordered lipid
phase behaviour than seen at physiological temperatures and probably results in increased
association of lipids with liquid-ordered detergent-insoluble domains (Shogomori and
Brown, 2003). Thirdly, detergent:lipid ratios have not been standardised and are not
typically well controlled, potentially resulting in differential solubilisation efficiencies
between experiments (Edidin, 2003, Shogomori and Brown, 2003). This may explain some
discrepancies in apparent raft localisation (McCabe and Berthiaume, 2001, Wang et al.,
2001). Related to this, a number of detergents are now being employed, some of which only
poorly solubilise putative non-raft domains, producing significant heterogeneity between
raft preparations (Schuck et al., 2003). In addition, partial mixing of raft proteins from
separate raft domains has been detected following Triton X-100 solubilisation (Madore et
al., 1999); this may be of relevance to immuno-precipitation studies where detergent
solubilisation may promote more extensive protein-protein interactions. Finally, work with
lipid raft model membranes has shown that Triton X-100 can induce domain formation,
implying that detergent-insoluble domains bear little resemblance to their original size,
distribution and conformation (Heerklotz, 2002). Evidence of this can also be seen with
microscopic examination of isolated fractions, which reveals a broad size range of 0.1-1 μm
diameter vesicles that are likely to represent a coalescence of smaller raft domains
(Shogomori and Brown, 2003).

The other pillar of raft identity is cholesterol dependence; cholesterol depletion is often used
to confirm raft localisation and function in a physiological process. Typically, acute
depletion is performed, however the effects are not restricted to disrupting raft function, it
has also been shown to inhibit clathrin-mediated endocytosis (Rodal et al., 1999, Subtil et
al., 1999), prevent exocytic SNARE complex formation (Lang et al., 2001), and delocalise
plasma membrane PI(4,5)P2 (Pike and Miller, 1998). The potential of this non-specificity
for causing misinterpretation of functional data was particularly highlighted in a recent study
that showed that sequestration of cell surface PI(4,5)P2, and the consequent reorganisation
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of the actin cytoskeleton, mimic many of the effects seen with acute cholesterol depletion
(Kwik et al., 2003).

As a result of these concerns, it became increasingly evident that new, more direct
techniques needed to be developed to monitor the organisation and dynamics of lipid rafts
and other cell surface microdomains within the context of an intact cell. As discussed later,
many of these new approaches together with research using model membrane systems, have
strengthened the case for the existence of lipid raft domains and support the usefulness of
detergents for preliminary experiments, by providing independent confirmation of protein
and lipid segregation as envisioned by the raft hypothesis.

Caveolae
Caveolae are specialized uncoated cell surface invaginations, typically 50-70 nm in
diameter, that were first identified 50 years ago using electron microscopy (Palade, 1953,
Yamada, 1955). Their relative abundance is cell type dependent, in lymphocytes and most
neurones they are absent, whilst in muscle, endothelia and adipocytes they are very abundant
representing up to 35% of the cell surface (Parton and Richards, 2003). In most cells,
caveolae are simple vesicular invaginations; however, they can also form extensive
branching networks within some cell types. The best characterised of these are found in
differentiating muscle where they may be involved in the biogenesis of the T-tubular
network (Ishikawa, 1968). Apart from their morphology, the other defining features of
caveolae are the presence of the protein caveolin (Kurzchalia et al., 1992, Rothberg et al.,
1992), and enrichment of many of the same molecular components present in lipid rafts,
resulting in similar detergent-insolubility and cholesterol dependence (Tran et al., 1987,
Rothberg et al., 1990). Due to their biochemical similarity to lipid rafts, caveolae can be
viewed as a specialised sub-type of lipid rafts.

Caveolin is a 21kDa, triply palmitoylated, cholesterol binding protein with unusual
membrane topology in that it forms an intra-membrane hairpin loop leaving both termini
extending into the cytosol (Figure 1). There are three isoforms; caveolin-1 and caveolin-2
are found in most caveolae-containing cell types, whilst caveolin-3 is restricted to muscle
cells (Parton, 1996). After synthesis in the endoplasmic reticulum (ER), caveolin
oligomerises as it traffics through the Golgi, becoming increasingly detergent-insoluble
before transport to the cell surface (Monier et al., 1995). Hetero-oligomerisation of caveolins
drives the formation of caveolae (Fra et al., 1995). Caveolin-1 is essential for this (Galbiati,
1998), whereas, caveolin-2 facilitates the process (Lahtinen et al., 2003, Sowa et al., 2003),
but is not essential since caveolae are still found in caveolin-2 null mice (Razani et al.,
2002b).

Many proteins reportedly interact with caveolin via the scaffolding domain, a 20 amino acid
region immediately N-terminal to the intramembrane loop, suggesting a general regulatory
or chaperone role (Okamoto et al., 1998). Many other functions have also been attributed to
caveolae and caveolin including endocytosis, endothelial transcytosis, regulation of cell
signalling processes and cholesterol transport and homeostasis (van Deurs et al., 2003).
Their role in signal transduction and endocytosis will be discussed in more detail in later
sections.

The biochemical similarities between caveolae and lipid rafts mean that they co-purify
together, and share many of the same molecular markers used for detection with
fluorescence microscopy. This has led to some confusion over the extent of the contribution
of caveolin and caveolae versus lipid rafts in regulating many of these processes,
particularly since their abundance is so variable between cell types. Recently, knockout mice
have been generated for all three caveolin isoforms. Perhaps the most significant observation
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is that none of these genes are essential for the development of viable and fertile adults,
(Hagiwara et al., 2000, Drab et al., 2001, Galbiati et al., 2001, Razani et al., 2001, Razani et
al., 2002b). Knockout mice did however show a series of severe abnormalities; for example,
caveolin-1 null mice exhibited a 50% reduction in life span (Park et al., 2003), cardiac and
pulmonary defects partly resulting from impaired nitric oxide and calcium signalling (Drab
et al., 2001), reduced albumin uptake (Schubert et al., 2001), increased serum triglyceride
levels (Razani et al., 2002a), and inefficient GPI-anchored protein transport (Sotgia et al.,
2002). The latter defects are consistent with proposed roles of caveolae and caveolin in
regulating fatty acid and cholesterol trafficking.

The role of caveolin in cholesterol transport and homeostasis is perhaps fundamental to
mechanisms involved in plasma membrane organisation. Caveolin binds to and its
expression is regulated by cholesterol (Murata et al., 1995, Bist et al., 1997, Trigatti et al.,
1999, Fra et al., 2000). Overexpression of caveolin-1 increases free cholesterol transport to
the plasma membrane (Smart et al., 1996, Fielding et al., 1999). Complexes of caveolin and
cholesterol have also been found in the cytosol (Uittenbogaard et al., 1998), further
intimating a role in intracellular cholesterol transport. This suggests that caveolin could play
an important role in regulating plasma membrane organisation and in particular the
distribution of both caveolae and lipid rafts. Support for this idea came in recent studies
using a dominant-negative N-terminally truncated caveolin-3 mutant, cavDGV. CavDGV

localises to and stimulates the formation of lipid droplets: organelles enriched in
triglycerides and cholesterol esters; and reduced the efficiency of cholesterol transport to the
cell surface (Pol et al., 2001). This mutant impairs lipid raft and caveolar organisation and
abundance and caused a specific inhibition of signalling from Ras proteins resident in lipid
rafts but not Ras proteins localised to non-raft microdomains (Roy et al., 1999). Therefore,
caveolin may play an important indirect role in many cellular processes by helping to
maintain cholesterol-dependent microdomains that, as discussed earlier, are concentrated
with a wide variety of regulatory proteins and lipids.

Membrane skeletons, picket fences and other microdomains
Recent work has demonstrated the importance of proteins in organising the cell surface
through modulating the diffusion of proteins and lipids within the plane of the membrane
(Ritchie et al., 2003). Single-particle tracking of fluorescently- or 40 nm gold-labelled
proteins or lipids allows direct observation of their diffusion characteristics within living
cells and the generation of 2-D spatial maps describing cell surface organisation. The key
findings are that firstly, the membrane cytoskeleton, consisting of actin and actin-binding
proteins, acts to partially corral membrane proteins within large macrodomains (Kusumi et
al., 1993, Edidin et al., 1994, Sako and Kusumi, 1994; Figure 1). Actin depolymerisation
tends to increase compartment size whereas actin stabilisation increases residency time
within these compartments (Fujiwara et al., 2002). Secondly, although this organisation is
generated on the inner plasma membrane leaflet, its effects are also seen on the external
leaflet. L-α-dioleoylphosphatidylethanolamine (DOPE), an unsaturated phospholipid probe,
displayed ‘hop-diffusion’ within the external leaflet of NRK cells similar to that seen for a
transmembrane protein and likewise relied on the integrity of the actin cytoskeleton
(Fujiwara et al., 2002). It was proposed that transmembrane proteins anchored to the
cytoskeletal framework could generate this type of compartmentalised diffusion by
providing obstacles that would impair escape from the macrodomain. In effect, proteins and
lipids randomly bounce around within the macrodomain until they find a gap to exit into the
neighbouring macrodomain. Modelling indicated that only 20-30% of the macrodomain
boundary would need to be occupied by anchored transmembrane proteins to recapitulate
the observed results (Fujiwara et al., 2002). With this additional level of cytoskeleton-based
membrane organisation, as proteins and lipids condense to form larger complexes, there
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would be a dramatic reduction in their ability to transit between macrodomains. This
mechanism for restricting rapid long-range diffusion of protein/lipid complexes and
microdomains involved in for example, signalling, cell adhesion or cytokinesis would help
to ensure retention of spatial information within these processes.

Other microdomains have also been detected using similarly direct analytical techniques.
Two studies, using either electron microscopy or fluorescence recovery after photobleaching
(FRAP) analysis, detected different Ras isoforms clustered in distinct non-cholesterol-
dependent signalling microdomains on the inner plasma membrane surface (Niv et al., 2002,
Prior et al., 2003). Galectin-1, a cytosolic protein-binding lectin, was required to stabilise
activated H-ras microdomains. In contrast, the polybasic domain of K-ras was postulated to
help to organise its own microdomains via electrostatic interactions with acidic
phospholipids, in a similar way to that proposed following biophysical studies using the
myristoylated and polybasic domain-containing MARCKS protein (Murray et al., 1997,
Murray et al., 1999). Similar cholesterol-independent, non-raft domains were also visualised
using fluorescence energy transfer (FRET) (Zacharias et al., 2002).

There are likely to be a range of interactions that modulate cell surface organisation. Whilst
the domain structure of lipids envisaged by the raft hypothesis may help to generate
segregation at one level, it is clear that protein-protein and protein-lipid interactions, such as
those just described, provide additional levels of organisation both inside and outside of raft
domains. The dynamics of these interactions and overall plasma membrane organisation
represent the new frontier for research in this field. In order to study them, new techniques
have had to be applied to study the cell surface at much higher resolution than simple
detergent-insolubility, sucrose gradients and immunofluorescence experiments.

High-resolution studies of the cell surface
A variety of new techniques have been used to study the cell surface and reconstitute the
interactions occurring within it. The aim of these techniques has been to resolve the size,
distribution and dynamics of microdomains that are typically predicted to be below the
resolution of the light microscope (<250 nm). Probably the most noticeable feature of the
many studies performed to date is that although most of them detect microdomains, there is
an apparent lack of agreement over their size and distribution (sizes range from <5nm up to
750nm diameter, Table 1). Possible reasons for this include: differences in imaging
resolution, sample complexity, activation state, assay temperature, cell type and association
dynamics of different microdomain markers.

Model membrane studies
Model membranes have shown the propensity for mixtures of sphingolipids and
phospholipids to segregate into domains consisting of gel states with little lipid mobility and
fluid domains with significant lipid mobility (London, 2002). Cholesterol acts to reduce the
ordering of the gel state to make them ‘liquid-ordered’ i.e. lipids are tightly packed but
exhibit rapid lateral diffusion (Ipsen et al., 1987).

Recent fluorescence-quenching experiments, have tried to reconstitute extracellular leaflet
composition to investigate the requirements for lipid raft formation. Membranes containing
cholesterol, unsaturated phospholipids and saturated phospholipids or sphingolipids
generated cholesterol-dependent microdomains enriched for cholesterol and the saturated
lipid species; whereas unsaturated lipids exhibited low affinity for these domains (Silvius et
al., 1996, Ahmed et al., 1997, Wang et al., 2000, Xu and London, 2000). Fluorescence
microscopy of similar model bilayers or giant unilamellar vesicles, revealed that these
domains were massive (>10μm diameter), relatively stable, cholesterol-dependent,
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detergent-insoluble, exhibited trans-bilayer coupling and accumulated GPI-anchored Thy-1
(Dietrich et al., 2001a, Dietrich et al., 2001b, Samsonov et al., 2001). These domains are
much bigger than anything seen in vivo and probably reflect the lack of complexity in the
system relative to the cell surface where for example, proteins may provide additional levels
of regulation. Perhaps for similar reasons, model membranes composed of inner leaflet
lipids, phosphatidylserine and phosphatidylethanolamine with physiological levels of
cholesterol, failed to generate microdomains (Wang and Silvius, 2001). The mechanisms
regulating inner leaflet raft formation remain to be elucidated.

Cellular studies
Biochemical and advanced microscopy techniques have been applied directly to cells to try
to determine the size and distribution of lipid rafts and other microdomains in native
membranes. Cross-linking extracellular leaflet membrane proteins in BHK or CHO cells,
revealed cholesterol-dependent clusters typically containing at least 15 molecules of GPI-
anchored folate receptor or recombinant GPI-anchored growth hormone, suggesting very
small (<5 nm) raft domains (Friedrichson and Kurzchalia, 1998). Small (20-30 nm) and
stable, cholesterol-dependent domains were also detected with photonic force microscopy
that measures the viscous drag exerted by the membrane on a laser trapped protein (Pralle et
al., 2000).

Rapid, close-range associations can be detected by FRET, this works by monitoring
fluorophore density-dependent changes in the efficiency of donor/acceptor fluorophore
interactions that occur within a range of <5-10 nm. Results using FRET have been
inconsistent, possibly due to differences in labelling efficiencies of domain markers.
Conventional hetero-FRET using antibody-bound or cholera toxin-bound fluorophores,
failed to detect FRET between lipid and protein markers of lipid rafts (Kenworthy and
Edidin, 1998, Kenworthy et al., 2000). In contrast, homo-FRET of GFP-tagged folate
receptor detected clustering in 70 nm, cholesterol-sensitive domains (Varma and Mayor,
1998). Subsequent sophisticated modelling of this and similar recent data dramatically
reduced the predicted size of these domains to <5nm and consisting of at most 4 molecules
(Sharma et al., 2004). The different homo- and hetero-FRET observations may reflect
differences in labelling efficiencies; there is a two-fold greater probability of getting
simultaneous labelling of a single domain in homo-FRET versus hetero-FRET. In addition,
using the intrinsic fluorescence of GFP-tagged proteins avoids the problems of relatively
low labelling seen with antibody labelling, giving greater power to detect very small or
unstable domains.

Recent two-photon analysis using the fluorescent probe Laurdan, investigated the extent of
membrane fluidity in cellular domains visible at the light microscope level (Gaus et al.,
2003). Laurdan has been extensively used in model membrane studies because it distributes
non-specifically throughout membranes and the wavelength of its fluorescent emission is
influenced by the extent of membrane fluidity in its immediate microenvironment. Gaus and
colleagues used this to show that stable (>30 seconds) cholesterol- and temperature-sensitive
raft domains typically occupied 10-15% of the macrophage cell surface at 37°C and were
particularly enriched within filopodia and sites of cell-cell contact. The study may have
partially underestimated the extent of lipid raft coverage since it was limited to the spatial
and temporal resolution of the two-photon microscope however it provides clear evidence
for the existence of membrane fluidity differences within the plasma membrane and the
necessary role of cholesterol in promoting more ordered lipid microdomain formation
consistent with the raft hypothesis.

Electron microscopy of fixed plasma membrane fragments coupled with statistical analysis
of the gold labelling patterns, detected a variety of inner leaflet microdomains (Prior et al.,
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2003). Microdomain markers and full-length Ras proteins were imaged using 2 nm and 5 nm
gold directly conjugated to antibodies. Both lipid raft and non-raft targetted GFP-tagged
peptides were detected in 34-44nm clusters. Clustering of the raft-localised protein was
cholesterol-dependent and modelling indicated that lipid rafts were typically 44nm in
diameter and occupied 35% of the BHK cell surface.

Single-particle tracking of phospholipids, GPI-anchored proteins and raft lipids has detected
a variety of compartment sizes ranging from 30-750 nm in diameter, dependent on cell type
and imaging rate (Ritchie et al., 2003). The hop-diffusion visualised in these studies was
shown to be actin dependent and generated the picket-fence model of plasma membrane
organisation described earlier. Recent studies looked at the dynamics of microdomain
association and found a hierarchy of stabilised states ranging from small, unstable rapidly
diffusing microdomains to stable, condensed signalling domains (Subczynski and Kusumi,
2003). The hop-diffusion of a raft-localised GPI-anchored protein slowed upon ligand
binding and occasionally became immobile consistent with a progression from a small/
unstable microdomain to a stabilised signalling microdomain upon ligand binding
(Subczynski and Kusumi, 2003). Similar transient confinement zones had been characterised
previously in a variety of cell types and were found to be cholesterol and actin-dependent
domains, stable for several seconds (Simson et al., 1995, Sheets et al., 1997, Simson et al.,
1998, Dietrich et al., 2002) and are believed to be sites of productive signalling (Subczynski
and Kusumi, 2003).

Whilst there is some variation in estimates of microdomain size and stability, most data
points towards small (<50nm) relatively unstable microdomains with a secondary
macrodomain organisation imposed by the cytoskeletal framework. Condensation of more
stable microdomains would be stimulated by protein interactions such as ligand binding and
this may temporarily restrict the lateral diffusion of these complexes.

Microdomains and cell signalling
Microdomains are believed to regulate signalling by providing concentrated
microenvironments enriched for lipid and protein components of signalling pathways.
Activation-induced aggregation and stabilisation of these microdomains together with
increased association of receptors and downstream effectors would then promote signal
integration (Simons and Toomre, 2000).

The difficulty in separating lipid rafts from caveolae has caused problems in determining
their respective roles in physiological processes. Immunoprecipitation experiments indicated
that many signalling proteins could interact with caveolin via its scaffolding domain, in
many cases inhibiting their activity and suggesting a direct regulatory role for caveolin
(Lisanti et al., 1994). Perhaps the best evidence for this kind of direct regulation is seen with
endothelial nitric oxide synthase (eNOS) signalling, discussed below. However, localisation
studies found less than expected enrichment of signalling proteins in caveolae and suggested
that in most cell types non-caveolar lipid rafts may represent the predominant location of
these proteins (Huang et al., 1997, Nomura et al., 1997, Ringerike et al., 2002). The
microdomain requirements for some signalling pathways are described below; whilst lipid
rafts and caveolae are implicated in all of these, more research is needed to define what role
they play in facilitating signalling.

Lymphocyte signalling
Lymphocytes possess no caveolae and represent the best example of a system with a specific
requirement for lipid rafts in facilitating signalling. Immunoglobulin E (IgE) receptor and T
cell antigen receptor (TCR) signalling in T-cells both involve the formation of multisubunit
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immune recognition receptor complexes that associate with raft-localised downstream non-
receptor tyrosine kinases. Binding of multivalent IgE induces cross-linking of IgE receptors
resulting in increased detergent insolubility and redistribution of GPI-anchored proteins and
raft lipids so that they all co-localise in patches visible by immunofluorescence (Thomas et
al., 1994, Stauffer and Meyer, 1997, Sheets et al., 1999), downstream signalling is inhibited
by cholesterol depletion (Field et al., 1995). Similar events occur in T cell signalling
following activation of TCR. Crosslinking of lipid rafts or TCR increases TCR detergent
resistance, recruits downstream adaptors and effectors to these domains and promotes TCR
signalling (Montixi, 1998, Xavier et al., 1998, Janes et al., 1999). Palmitoylation and raft
targetting of downstream adaptors and effectors are essential for TCR signalling (Kabouridis
et al., 1997, Zhang et al., 1998). However, the role of lipid rafts in modulating TCR receptor
signalling has been called into question (Germain, 2001), primarily due to the indirect
techniques used. Recent microscopic and cell fractionation experiments found that raft
markers were not enriched with TCR signalling complexes (Harder and Kuhn, 2000, Bunnel
et al., 2002). This suggests that lipid rafts may be required for initiation rather than
maintenance of receptor clusters, or that raft-localised signal complexes segregate away
from the general raft population forming a specialised signalling raft subcompartment.

EGF receptor (EGFR) and Ras signalling
Another example of reversible association with signalling microdomains can be seen in the
EGFR-Ras-Raf signalling pathway. Caveolae, lipid rafts and non-cholesterol dependent
microdomains have all been implicated in regulating this pathway. EGFR is found in
caveolae and lipid rafts (Ringerike et al., 2002); an extracellular juxtamembrane sequence
elements is required for this association (Yamabhai and Anderson, 2002). EGFR signalling
is enhanced by cholesterol depletion, possibly due to the increase in cell surface associated
EGFR (Furuchi and Anderson, 1998, Ringerike et al., 2002). Downstream Ras signalling is
also hyperactivated by cholesterol depletion (Furuchi and Anderson, 1998), although an
analysis of Ras isoform specific signalling revealed that cholesterol depletion specifically
inhibited H-ras but not K-ras signalling (Roy et al., 1999). Further analysis using
biochemical and microscopic approaches showed that K-ras predominantly signals from
non-raft microdomains (Prior et al., 2001, Niv et al., 2002, Prior et al., 2003). In contrast, H-
ras is present in cholesterol-dependent and non-raft microdomains; activation shifts the
equilibrium in favour of residence in non-raft signalling domains distinct from K-ras
domains (Figure 3; Prior et al., 2001, Niv et al., 2002, Prior et al., 2003). Therefore,
activated EGFR is found in lipid rafts/caveolae and aspects of Ras signalling rely on these
microdomains, but association is reversible and subsequent signalling predominantly occurs
in non-cholesterol dependent microdomains.

eNOS signalling
Caveolae are particularly abundant in endothelial cells and caveolin has been proposed to be
an important negative regulator of eNOS activity (Figure 3). eNOS generates nitric oxide
(NO), a short lived second messenger that regulates vascular tone, vascular permeability and
angiogenesis. Several lines of evidence support the role of caveolae in facilitating eNOS
signalling. Plasma membrane eNOS is predominantly targetted to caveolae by N-terminal
myristoylation and palmitoylation (Shaul et al., 1996), although some evidence suggests that
cell confluence can influence the extent of eNOS-caveolin co-localisation (Fleming and
Busse, 2003). Calcium-calmodulin is an important positive regulator of eNOS activity and
caveolae are sites of concentrated calcium influx (Isshiki and Anderson, 1999). The caveolin
scaffolding domain (CSD) of caveolin-1 interacts with eNOS, antagonising calmodulin
binding and inhibiting its activity (Garcia-Cardena et al., 1997), reducing vascular
permeability and vasodilation in vivo (Bucci et al., 2000). Caveolin-1 knockout mice
exhibited enhanced basal and stimulated eNOS activity further confirming a role for
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caveolin in regulating eNOS activity (Drab et al., 2001, Razani et al., 2001). However, the
general reliance of many studies on detergent-insolubility and gradient purification and the
putative role of caveolin in cholesterol transport and therefore indirectly regulating cell
surface organisation means that more work needs to be done to unequivocally assign a role
for caveolin in direct regulation of eNOS.

Lipid raft and caveolar endocytosis
Internalisation of lipids rafts and caveolae mediates entry of glycosphingolipids, GPI-
anchored proteins, ligands such as folic acid, albumin and growth hormone and various
pathogens including cholera toxin, and viruses such as SV40 and HIV (Parton and Richards,
2003). Lipid raft/caveolar endocytosis is clathrin-independent and relies on src-family
kinases, actin reorganisation and dynamin-2 (Parton et al., 1994, Oh et al., 1998, Pelkmans
et al., 2002). An alternative pinocytic pathway trafficking GPI-anchored proteins has also
been identified that is constitutive and dynamin-independent (Sabharanjak et al., 2002, Nabi
and Le, 2003).

Caveolae and lipid rafts are biochemically similar suggesting that they should internalize via
a common pathway (Nabi and Le, 2003). FRAP studies using caveolin-1-GFP indicated that
only a minor pool of cell surface caveolae are actively endocytosing (Thomsen et al., 2002).
In addition, lowering or increasing caveolin-1 expression respectively promotes or retards
endocytosis of caveolar/raft-localised autocrine motility factor (Le et al., 2002). These data
are consistent with the proposal that caveolin-1 is a negative regulator of lipid raft
endocytosis by stabilising raft domains on the cell surface (Le et al., 2002). The relative
contributions of caveolae versus lipid rafts in mediating non-clathrin dependent endocytosis
remains to be accurately determined.

The intracellular itinerary and function of these non-clathrin dependent pathways is
currently the subject of intense investigation. Cholera toxin and SV40 virus have been
extensively used to map the intracellular itinerary of caveolar/raft endocytosis. Video
microscopy showed that after SV40 binding to MHC class I molecules on the cell surface,
there is extensive actin reorganisation before recruitment of dynamin and budding of
caveolin-labelled SV40 vesicles (Pelkmans et al., 2001, Pelkmans et al., 2002). The virus
initially traffics to a ‘caveosome’, a neutral pH compartment that contains no fluid phase
markers indicative of constitutive uptake, or EEA1 and transferrin - markers for the early
endosome and the clathrin-mediated endocytic pathway. The virus subsequently sorts away
from caveolin-GFP into tubular extensions that detach and traffic along microtubules to the
ER where it translocates into the cytosol (Pelkmans et al., 2001).

Cholera toxin has been used as a marker for caveolar endocytosis because the B subunit of
cholera toxin binds to the sphingolipid GM1, a lipid raft/caveolae resident lipid (Holmgren,
1973) and early electron microscopy studies showed labelling in caveolae (Montesano et al.,
1982). However, it was also found that the toxin can also be internalised by the clathrin-
dependent pathway (Nichols et al., 2001, Torgersen et al., 2001), and cholera toxin was
found in EEA1-positive early endosomes (Montesano et al., 1982, Tran et al., 1987, Parton
and Richards, 2003). It is now believed that cholera toxin internalises via both clathrin-
mediated and caveolae-mediated routes and that they generally traffic to separate
destinations because only caveolar-mediated endocytosis generated toxic cholera toxin
(Orlandi and Fishman, 1998). This was supported by a recent study that directly compared
SV40 and cholera toxin internalisation. Following inhibition of clathrin-mediated uptake,
cholera toxin localised to caveolin-1 positive caveosomes (Nichols, 2002).

Recent work has provided strong evidence for integration of the caveolar/raft endocytic
pathway with the classical endocytic pathway. Fluorescent glycosphingolipids are
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internalised by a clathrin-independent, dynamin-2-dependent pathway; at early time points
these lipids co-localize with caveolin whereas, later they co-localise with transferrin-
containing endosomes (Sharma et al., 2003). In some cells there is a partial overlap of EEA1
and caveolin-1 staining indicating that caveolin may also occupy sub-compartments within
the classical endocytic system (Parton and Richards, 2003). Together these data reveal that
whilst clathrin-mediated endocytosis is specifically targeted to early endosomes, caveolar/
raft endocytosis is targeted to both the caveosomes and classical early endosomes (Figure 4).
The mechanisms determining sorting and which organelle is preferentially targetted remain
to be determined. Finally, a non-clathrin, non-dynamin dependent endocytic pathway
mediating raft-localised GPI-anchored protein uptake has also been characterised
(Sabharanjak et al., 2002). This pathway probably represents a pinocytic uptake pathway
and targets to perinuclear recycling endosomes (Figure 4).

Conclusions and future directions
Investigations into cell surface compartmentalisation are still at an early stage; microscopy
and model membrane techniques have detected a variety of microdomains and provided
insights into their organisation. The intrinsic properties of some lipids provide the capacity
to segregate within the plane of the membrane, proteins provide additional regulation of this
phenomenon and also may be able to directly generate their own microdomains.
Cholesterol-rich microdomains, have been implicated in regulating a wide variety of cellular
processes however it is still not clear exactly how lipid organisation and caveolin regulate
many of these phenomena. It seems likely that combinations of protein and lipid interactions
are required for the formation, stabilisation and regulation of these domains and the actin
cytoskeleton appears to play an important role in many of these steps. The small size and
apparent transient nature of microdomains have provided severe technical challenges, and
new protocols are still needed for selectively manipulating the organisation and function of
specific types of microdomain. However, new techniques are already allowing lipid rafts,
caveolae and other microdomains to be discriminated from each other in intact cells
providing new avenues for research into their individual functions. It will be especially
interesting to determine functions and mechanisms regulating the recently identified, non-
cholesterol dependent microdomains. Finally, the non-clathrin-dependent internalisation of
lipid rafts and caveolae is the preferred route of some pathogens, characterising this pathway
further remains an important challenge. Whilst the focus has been on cell surface
microdomains, recent research has also begun to understand the importance of similar scales
of compartmentalisation within intracellular organelles for regulating cell processes.
Discovering the precise role that membrane compartmentalisation plays in regulating
physiological processes represents the key challenge for all future studies.
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Figure 1.
Plasma membrane compartmentalisation.
Plasma membrane microdomains exist within a secondary macro-organisation imposed by
the actin cytoskeleton and anchored transmembrane proteins. A variety of types of
microdomain have been identified, however their size, organisation and distribution remain
to be accurately determined. Caveolae and lipid rafts are cholesterol-dependent
microdomains whose organisation is proposed to facilitate sorting of proteins and lipids that
can intercalate into the highly ordered structure. Caveolin drives the formation of caveolae
and is proposed to interact with a wide variety of proteins via the caveolin scaffolding
domain. This Figure is reproduced in colour in Molecular Membrane Biology on-line.
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Figure 2.
Electron microscopic imaging of microdomains
Electron microscopy of isolated plasma membrane sheets provides nanoscale resolution for
characterising microdomains. Caveolae (A) possess distinctive morphology but in most cell
types the majority of the cell surface is morphologically featureless (B, C). Single (B) or
double gold labelling (C) of microdomain markers and proteins of interest coupled with
spatial statistical analysis of clustering patterns allows the size and abundance of
microdomains and the degree of protein co-localisation to be determined (Prior et al., 2003).
Bars = 50nm.
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Figure 3.
Compartmentalised cell signalling.
Ras isoform signalling is regulated by precise microlocalisation. Disruption of fibroblast
lipid rafts/caveolae inhibits H-ras but not K-ras signalling. H-ras activation promotes
migration from caveolae and lipid rafts to non-raft signalling microdomains that are distinct
from K-ras signalling domains. eNOS signalling is regulated by caveolin; cell stimulation
promotes calcium entry and eNOS/caveolin dissociation allowing eNOS activation and
nitric oxide (NO) production. Many regulators and targets of eNOS/NO have been localised
to caveolae/lipid rafts. This Figure is reproduced in colour in Molecular Membrane Biology
on-line.
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Figure 4.
Endocytosis of caveolae and lipid rafts.
After internalisation lipid raft and caveolae-derived vesicles fuse with caveosomes where
their cargo is sorted for delivery to the endoplasmic reticulum (ER), Golgi and the classical
endocytic system. The connections between caveosomes and the classical endocytic sytem
are poorly defined; studies of glycosphingolipid (GSL) trafficking represent the best
example of a putative link. Unlike the other pathways, pinocytosis is dynamin-independent
and represents an alternative route for GPI-anchored protein endocytosis; this pathway
ultimately merges with the classical endocytic system in perinuclear recycling endosomes.
Abbreviations: Cholera Toxin, CTx; Transferrin, Tfn. This Figure is reproduced in colour in
Molecular Membrane Biology on-line.
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Table 1

Techniques used to study cell surface microdomains

Technique Marker Microdomain Domain size Reference

Hetero-FRET GM1, Folate Receptor (FR),
CD59, 5′NT

raft/caveolae 0 Kenworthy et al. (1998, 2000)

Cross-linking FR, GPI-Growth Hormone raft/caveolae <5nm Friedrichson and Kurzchalia (1998)

Homo-FRET FR raft/caveolae <5nm, 70nm Sharma et al. (2004),
Varma and Mayor (1998)

Electron
 microscopy

GFP-Ras, GFP-Ras-
targetting domains

non-raft
raft

34nm
44nm

Prior et al. (2003)

Laser trap Placental alkaline
phosphatase, haemagglutinin

raft/caveolae 50nm Pralle et al. (2000)

Single particle
 tracking

CD44, DOPE
Thy-1, GM1

actin macrodomains
raft/caveolae

41-750nm
260-370nm

Ritchie et al. (2003)
Sheets et al. (1997)

Single dye
 tracking

DMPE raft/caveolae 700nm Schutz et al. (2000)
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