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Introduction
The fluid-mosaic model of the plasma membrane, proposed by Singer
and Nicolson in the early 1970s (Singer & Nicolson, 1972), has pro-
vided a powerful driving force for understanding the structure of the
cell membrane. Studies of the temporal and spatial architecture of the
plasma membrane have indicated that it consists of compartments,
which are probably maintained through their interaction with the
underlying cortical cytoskeleton meshwork (Edidin, 2003; Kusumi 

et al, 2005). The membrane raft hypothesis was originally proposed by
Simons and van Meer to explain the segregation of lipids and mem-
brane proteins during their delivery and distribution in polarized
epithelium (Simons & van Meer, 1988). This hypothesis—according to
which specific lipids dynamically associate with each other to form
platforms that are important for membrane-protein sorting and the for-
mation of signalling complexes—was then integrated with the
observed compartments (Simons & Toomre, 2000). Subsequently, this
type of compartmentalization was related to studies of artificial mem-
branes showing phase segregation behaviour, in which lipids in a 
fluid bilayer separate into domains containing molecules that display
more or less ordered organization in terms of correlation with the 
orientation of neighbouring molecules (Simons & Vaz, 2004).

This conference focused on lipid rafts and caveolar domains that
occur in biomembranes. There are many models for lipid rafts,
ranging from lipid shells and nanoscopic domains to the predomi-
nantly ordered plasma membrane (Anderson & Jacobson, 2002;
Edidin, 2003; Hancock, 2006). However, many questions about
lipid rafts remain, including the structure of these domains, their
size and distribution in the membrane, their mechanism of forma-
tion and their functional significance, if any. In this report, we discuss
new developments in the understanding of the lateral segregation
of lipids that have been obtained from studies using artificial mem-
branes and the parallel efforts to visualize lipid-dependent protein
assemblies in living-cell membranes. We also report on new infor-
mation regarding the various roles of lipid rafts in many cellular
processes, such as membrane trafficking and signal transduction,
the anchorage of rafts to the actin cytoskeleton, and the involvement
of caveloae and caveolin-1 in cell function.

New perspectives in biophysics of lipid domains
The physics of phase segregation is a relevant subject for discus-
sion considering that the plasma membrane is a lipid bilayer.
Several groups have focused on exploring the phase diagram of
multi-component membrane systems in terms of the co-existence
of liquid-ordered (lo) and -disordered (ld) domains (Edidin, 2003;
Simons & Vaz, 2004), and its relationship to what occurs at the cell
membrane (Silvius, 2006).
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The phase behaviour of cholesterol-containing membranes was
described by S. Veatch (Vancouver, BC, Canada)—formerly of 
S. Keller’s group (Veatch & Keller, 2005)—and J. Silvius (Montréal,
QC, Canada). They have used the lateral distribution of fluorescent
probes (Silvius and Veatch) and line broadening of proton nuclear
magnetic resonance (Veatch) to study the co-existence of lo and ld
phases in ternary mixtures of cholesterol-containing model mem-
branes in giant unilamellar vesicles. The data suggest that there is a
critical point in the phase diagram near equi-molar concentrations
of cholesterol, sphingomyelin and phosphatidylcholine at standard
temperature (30–33°C). At or near the critical point, there could be
wide fluctuations in phase behaviour in membranes, which could
result in nanoscopic domains or domains with diverse shapes
(Veatch). The implication for cell plasma membrane structure was
explored with reference to the idea of nanoscale domains (Sharma
et al, 2004) and that large-scale domains might be induced from
nanoscopic domains if the membrane is held at or near the critical
point. In this context, it is worth noting that nanoscopic domains
also form near phase boundaries (Tokumasu et al, 2003), suggesting
that the plasma membrane might be held at or near the critical point
of an equilibrium phase diagram.

Silvius described a new method by which proteins that are linked
to artificial lipid anchors of varying structure can be incorporated into
the plasma membrane of living mammalian cells. Silvius illustrated
the potential use of these probes to study the functional significance of
raft formation by comparing the abilities of protein–lipid conjugates
with lo- and ld-domain-preferring lipid anchors to trigger intracellular
signalling in Jurkat T cells. Antibody-mediated crosslinking of such
lipid–protein conjugates triggers signalling responses in Jurkat cells
that closely resemble those induced by crosslinking of endogenous
glycosylphosphatidylinositol (GPI)-anchored proteins or ganglioside
GM1. Surprisingly, however, the signalling abilities of the exogenous
lipid–protein conjugates were entirely independent of the degree of
saturation of their acyl chains, and hence of their relative affinities for
lo and ld domains. These results suggest that rafts might not mediate the
signalling responses induced by crosslinking of glycosphingolipids or
GPI-anchored proteins in Jurkat cells (Silvius, 2006), but Silvius 
cautioned that these results should not be generalized to all examples
of raft-based signalling systems.

S. McLaughlin (Stony Brook, NY, USA) reported that lipid domains
could form on the inner leaflet of the plasma membrane, owing to
electrostatic interactions between the positively charged myristoylated
alanine-rich C-kinase substrate (MARCKS) proteins and the surface
charges of phosphatidylserine and phosphatidylinositol 4,5-bisphos-
phate (PIP2). Theoretical modelling of molecular interaction potentials
and the inclusion of the effect of the hydrophobic patch on MAR-
CKS—and other proteins—indicates that these regions could dramati-
cally influence the local equilibrium structure and composition of
domains on the inner leaflet (McLaughlin & Murray, 2005).
McLaughlin also discussed the possibility that inclusion of PIP2 at
physiological levels could result in slower protein diffusion, possibly
owing to the inclusion of cholesterol in these regions.

Many of the presentations on the functional organization of mem-
brane rafts in living cells were devoted to the structure of domains
formed by inner and outer leaflet lipid-anchored proteins and glycans.
S. Mayor (Bangalore, India) presented data on the spatial distribution
of nanoclusters of GPI-anchored proteins as visualized by 
fluorescence resonance energy transfer (FRET)-based imaging of fluo-
rescently tagged GPI-anchored proteins in living cells (Sharma et al,

2004). The data suggest that the spatial distribution of nanoscale clus-
ters is actively maintained by the actin cytoskeleton. Remarkably,
these results were mirrored by the distribution of nanoclusters of green
fluorescent protein (GFP), which were anchored to the inner leaflet by
the H-Ras–lipid signal. J. Hancock (Brisbane, QLD, Australia) and col-
leagues have visualized the same length-scale and concentration-
independence characteristics for inner leaflet lipid-tethered proteins
using completely different techniques. They used a statistical analysis
of gold-particle-identified protein species—visualized in rip-offs made
from intact living cells—to identify nanoclusters of H-Ras and K-Ras
proteins with differential sensitivity to actin. Mathematical modelling
suggests that the scale of clustering is important for regulating the 
optimal functions of these domains (Nicolau et al, 2006). 

T. Fujimoto (Nagoya, Japan) examined the distribution of GM1
and GM3 in cell membranes by immuno-electron microscopy
using quick-frozen and freeze-fractured specimens. This method
physically immobilizes molecules in situ and minimizes the possi-
bility of artefactual perturbation. Through a point pattern analysis of
immunogold labelling, GM1 formed clusters of less than 100 nm in
diameter in normal mouse fibroblasts (considering the spacer
length, they could be as small as about 64 nm). Cholesterol deple-
tion or lowering the temperature reduced clustering of both
endogenously and exogenously loaded GM1, but the distribution
showed regional heterogeneity in the cells. GM3 showed similar
cholesterol-dependent clustering, and these aggregates were not
coincident with the GM1 clusters in most cases, suggesting the
presence of heterogeneous microdomains. The results further sup-
port the use of such electron-microscopy-based high-resolution
methodology to study the domain structure of cell membranes.

Transmembrane proteins also seem to be assembled in reversible
cholesterol-sensitive clusters of a few proteins (<4). Using fluores-
cence intensity correlation analysis (FICA), L. Pike (St Louis, MO,
USA) and colleagues showed that the epidermal growth factor
receptor is present in a pre-clustered distribution that is sensitive to
cholesterol and is altered on ligand activation. These results suggest
that functional domains in cell membranes are assembled from pre-
existing nanoscale lipid-sensitive complexes, as proposed recently
(Mayor & Rao, 2004), much like small individual kites that come
together when several kite-holders congregate (Fig 1).

Linkers between the actin cytoskeleton and lipid domains
Several reports have identified molecules that participate in tether-
ing lipid rafts to the actin cytoskeleton, including actin-binding proteins
such as the ezrin-radixin-moesin (ERM) proteins talin and vinculin,
which have been found associated with detergent-resistant mem-
branes and PIP2. PIP2 accumulates in membrane rafts, where it 
promotes the recruitment and activation of various signalling com-
ponents. In addition, PIP2 is one of the main regulators of actin
polymerization by modulating the activity of Rac and Cdc42. Thus,
rafts contain part of the elements involved in the regulation of 
F-actin rearrangements; conversely, the actin cytoskeleton can 
participate in inducing and sustaining raft polarization.

Several talks reported progress in identifying new linkers between
rafts and the cytoskeleton. K. Jacobson (Chapel Hill, NC, USA)
showed that by deliberately crosslinking several GPI-anchored pro-
teins with antibody-conjugated 40-nm gold particles, transient
anchorage of the gold-labelled clusters occurred for periods ranging
from 300 ms to 10 s in a manner completely dependent on cholesterol
and Src family kinases (SFKs). He called these transient anchorage
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zones (TAZs), which are distinct from the transient confinement zones
(TCZs) that his group previously observed for GPI-anchored proteins
that have been deliberately crosslinked to different degrees (Dietrich
et al, 2002). The TAZs are less mobile, longer-lived segments in the 
trajectory of the crosslinked GPI-anchored protein. Jacobson’s work-
ing model suggests that crosslinking GPI-anchored proteins lead to
transient anchorage in an induced, caveolin-1- and cholesterol-
dependent nanodomain. This promotes an SFK-regulatable linkage
between the transmembrane protein Csk-binding protein (Cbp),
which senses the clusters and the cytoskeleton.

A role for actin in controlling raft dynamics in lymphocytes was
suggested by N. Gupta (San Francisco, CA, USA) and A. Viola (Padova,
Italy). In B cells, ligation of the B-cell antigen receptor (BCR) induces
raft coalescence (Pierce, 2002). Gupta showed that BCR engagement
induced the dissociation of ezrin from rafts, presumably through its
dissociation from the raft-resident transmembrane protein Cbp, threo-
nine dephosphorylation of ezrin and its concomitant detachment from
actin. Expression of constitutively active ezrin chimaeras inhibited the
BCR-induced coalescence of rafts (Gupta et al, 2006). Gupta thus pro-
posed that ezrin acts as a linker between the actin cytoskeleton and
Cbp, and that ezrin regulates raft dynamics in B cells.

Similar to B cells, T lymphocytes must undergo functional polariza-
tion to accomplish immune function. At the plasma membrane, 
T-cell polarization is accompanied by assemblies of domains with the
characteristics of lipid rafts. One hypothesis is that small rafts in the
plasma membrane of unstimulated cells migrate through the bilayer in
an F-actin-dependent manner, to form large raft clusters in discrete
regions on the cell surface. In resting T cells, CD28 co-stimulation
induces selective recruitment of raft markers to the T-cell-receptor trig-
gering site (Viola et al, 1999). Similarly, CD28 stimulation mediates
major actin rearrangements at the T-cell immunological synapse. Viola
presented data indicating a role for the actin-binding protein filamin A
in concentrating and trapping rafts at the T-cell immunological
synapse. Filamins are large cytoplasmic proteins that crosslink cortical

actin into a dynamic three-dimensional structure and, by interacting
with functionally diverse proteins, might represent versatile signalling
scaffolds. After physiological stimulation, CD28 recruited filamin A
into the immunological synapse, and filamin A knockdown inhibited
raft accumulation at the immunological synapse. Notably, a lack of
raft accumulation at the immunological synapse selectively affected
CD28 signalling and co-stimulation, leaving T-cell-receptor-induced
T-cell activation unperturbed (Tavano et al, 2006).

Lipid domains in endocytosis and trafficking
The participation of rafts in processes such as endocytosis and vesicu-
lar trafficking has been recognized for some time. Several endocytosis
pathways through which lipid rafts are internalized have been docu-
mented in different cell types. In his keynote address, A. Helenius
(Zurich, Switzerland) presented an up-to-date summary of the various
endocytic pathways used by viruses to enter cells (Marsh & Helenius,
2006). Viruses seem to use eight putative endocytosis pathways in ani-
mal cells. He cautioned that several of these pathways might represent
variations of the same pathway and that the differences could stem
from using different cell types, endocytosis markers and inhibitors, or
be induced by the virus. A need for a standardized set of markers and
inhibitors is therefore clearly apparent. Helenius went into more detail
about the modes of entry of SV40 and polyoma viruses, the latter of
which seem to use a novel pathway through their receptor, the gan-
glioside GD1. This pathway is independent of clathrin, caveolin,
dynamin, kinase and Arf6, but is dependent on actin.

D. Brown (Stony Brook, NY, USA) reported preliminary findings
on ErbB2 internalization. ErbB2 is unique among epidermal growth
factor receptor family members in that constitutive binding to the
chaperone Hsp90 is required for its stability. The antibiotic gel-
danamycin causes dissociation of heat-shock protein 90 (Hsp90)
from ErbB2, leading to internalization and degradation of the protein.
On geldanamycin treatment, ErbB2 is transported to early endo-
somes where it accumulates in the internal vesicles of multivesicular

Fig 1 | Kites as a model for rafts. Individual brown kites (lipid-based nanoclusters) come together by as yet ill-defined mechanisms. These might constitute a functional

‘raft’, in which the characteristics of the large yellow kites (proteins) that associate with these domains can change.
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bodies. Brown reported that ErbB2 is internalized largely by a non-
clathrin-mediated pathway that requires cholesterol but not dynamin
or tyrosine kinase activity in geldanamycin-treated SKBr3 cells. After
internalization, ErbB2 is delivered rapidly to early and then late 
endosomes, and finally to lysosomes for degradation.

Membrane cholesterol has an important role in human immuno-
deficiency virus-1 (HIV-1) particle production and infectivity, suggest-
ing that rafts are involved in HIV infectivity (Ono & Freed, 2005). 
E. Freed (Frederick, MD, USA) showed that a cholesterol-binding poly-
ene fungal antibiotic, amphotericin B methyl ester (AME), potently
inhibits the replication of a highly divergent panel of HIV-1 isolates.
AME causes profoundly impaired viral infectivity, as well as a defect in
virus particle production. Freed selected for and characterized AME-
resistant HIV-1 variants. Mutations responsible for AME resistance
map to a highly conserved and functionally important endocytosis
motif in the cytoplasmic tail of the transmembrane glycoprotein gp41.
Truncation of the gp41 cytoplasmic tail in the context of either HIV-1
or a simian immunodeficiency virus also confers resistance to AME.
These results support the concept that cholesterol-binding compounds
should be pursued as anti-retrovirals to disrupt HIV-1 replication.

W. Lencer (Boston, MA, USA) gave a progress report on his group’s
work on the role of rafts in the internalization and trafficking of cholera
toxin, a prototype for the toxins that have the AB5 domain structure
(Lencer, 2004). Cholera toxin binds through its B subunit to GM1,
which transports the toxin from the plasma membrane to the trans
Golgi and the endoplasmic reticulum, a phenomenon known as the
retrograde pathway. In most cells, only the ceramide-based glycol-
ipids that have a strong affinity for partitioning into rafts internalize the
AB5 toxins through this pathway. The wild-type toxin can simultane-
ously bind up to five gangliosides through its five B-chains, possibly
providing a scaffold to stabilize or cluster raft microdomains. Lencer
therefore introduced mutations into the B-chain to remove three or
four of the five binding sites. These mutant toxins bound stably to GM1
on the cell surface but exhibited a decrease in endocytosis and toxi-
city. Lencer also showed that conversion of apical plasma membrane
sphingomyelin to ceramide by sphingomyelinase attenuated cholera
toxin toxicity. This effect is reversible, is specific to toxin entry through
the apical surface of epithelial cells, and is recapitulated by cell load-
ing with long-chain ceramides. The attenuation of toxicity is associated
with a dramatic change in the apical cortical F-actin cytoskeleton,
lipid domain structure and apical endocytosis.

Caveolin-1 and lipid domains in signal transduction
The ability of lipid domains to compartmentalize cellular processes
suggested that lipid rafts (Simons & Toomre, 2000) and, in particular,
caveolae (Shaul & Anderson, 1998) can act as signalling platforms for
many pathways, and much evidence has been provided to support
this hypothesis. Several presentations highlighted an important role
for tyrosine-14-phosphorylated caveolin-1 (pYcav-1) in signal trans-
duction. P. Insel (La Jolla, CA, USA) provided evidence that, in 
cardiac fibroblasts, adenylyl cyclase localizes at focal adhesions
together with pYcav-1 (Swaney et al, 2006). Activation of adenylyl
cyclase stimulates protein tyrosine phosphatase 1B, which, in turn,
triggers both increased caveolin-1 phosphorylation and decreased
focal adhesion kinase (FAK) phosphorylation. Both pathways then 
contribute to disrupting actin polymerization, which is crucial for the
transformation of cardiac fibroblasts into myofibroblasts. These
results provide an example of caveolin-1 acting as a scaffolding pro-
tein outside caveolae, namely at the sites of focal adhesions. 

C. Mastick (Reno, NV, USA) also noted the localization of pYcav-1 at
focal adhesions where it acts as a scaffold to bind, recruit and activate
carboxy-terminal Src kinase (Csk), a negative regulator of SFK (Cao 
et al, 2002). Mastick pointed out the importance of the upstream
kinase regulating tyrosine 14 phosphorylation of caveolin-1. Phospho-
rylation by SFK results in a Csk-dependent attenuation of the kinase,
which could be required for actin remodelling. However, phosphory-
lation by Abl, which is insensitive to Csk, results in stable caveolin-1
phosphorylation and permanent inhibition of SFK through Csk,
which could negatively regulate actin turnover. Mastick also
described six species of phosphocaveolin-1, depending on the num-
ber of serine residues that are phosphorylated. Together, these results
highlight the importance of the stimuli inducing caveolin-1 phospho-
rylation, with specific consequences for different downstream sig-
nalling outcomes. M.A. del Pozo (Madrid, Spain) also noted a crucial
role for pYcav-1 in inducing the endocytosis of lipid domains, which
is important for integrin signalling and anchorage-dependent cell
growth (del Pozo et al, 2005). After loss of anchorage to the extracel-
lular matrix, the subsequent uncoupling of integrins from intracellu-
lar mediators releases caveolar endocytosis of lipid domains, shutting
down the Rac–Pak, Ras–Erk and phosphatidylinositol-3-kinase–Akt
growth regulatory pathways. Lipid domain internalization requires
pYcav-1; del Pozo also described the implications of this mechanism
in regulating actin cytoskeleton architecture and cell migration.

Caveolar endocytosis was also discussed by A. Choudhury from 
R. Pagano’s group (Rochester, MN, USA). He showed that inhibition
of syntaxin 6, a t-SNARE (target membrane soluble N-ethylmaleimide
attachment protein receptor), specifically blocked caveolar endo-
cytosis, but not other endocytic pathways (Choudhury et al, 2006).
Under these conditions, the presence of caveolin-1, caveolae, GM1
and GPI-GFP at the plasma membrane was reduced, as were the total
levels of pYcav-1. Intriguingly, the addition of GM1 restored the nor-
mal levels and distribution of these components, as well as caveolae
uptake, suggesting that syntaxin 6 regulates caveolar endocytosis by
controlling the delivery of essential membrane microdomain con-
stituents to the cell surface. Elucidating the molecular mechanism of
this function will be an interesting topic for investigation.

R. Anderson (Dallas, TX, USA) synthesized the work of several
laboratories showing that caveolins are found in lipid droplets
(Beckman, 2006) with his own proteomics analysis of these struc-
tures (Liu et al, 2004) to propose the name ‘adiposome’ for these
organelles, highlighting their metabolically active status. Anderson
showed that there is GTP- and Rab-dependent trafficking from early
endosomes to adiposomes, although the specific Rab involved was
not identified. He concluded that these organelles are much more
complex than previously thought and that further research is needed
to identify the molecules regulating membrane traffic to and from
the adiposome.

Evidence of a role for rafts in antigen receptor signalling in
lymphocytes has largely come from studies using detergent solubility
to identify rafts. Using live-cell FRET imaging, S. Pierce (Rockville,
MD, USA) presented evidence that within seconds of antigen-
induced clustering, the BCR transiently and selectively associates
with raft lipids. This association is prolonged by the engagement of
activating co-receptors and is blocked by inhibitory co-receptors
(Sohn et al, 2006). Pierce proposed that BCR–lipid raft interactions
are important in the initiation of BCR signalling because they facilitate
BCR interactions with signalling components, but that protein–protein
interactions quickly dominate the signalling process.
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Concluding remarks
On the last day of this conference there was an ad hoc session that
attempted to reach a consensus definition of ‘membrane rafts’ (see
Pike, 2006). This attempt at definition highlights the idea—repeated
in many of the talks—that cell membranes are heterogeneous in their
lipid and protein composition, and that local control of composition,
size, dynamics and lateral segregation of membrane microdomains
remain open questions (Hancock, 2006). Emerging from this meeting
was the suggestion that the actin cytoskeleton might have a more
prominent role in the construction of rafts. It is hoped that new probes
to examine local lipid order, such as laurdan or di-4-ANEPPDHQ
(Gaus et al, 2005; Jin et al, 2006) that were presented by T. Magee
(London, UK), new techniques, such as fluorescence correlation
spectroscopy (Elson, 2004; Haustein & Schwille, 2003) introduced at
the meeting by Pike, B. Baird (Ithaca, NY, USA) and E. Gratton (Irvine,
CA, USA), and nanoscale patterning of cell substrates to examine the
construction of local signalling processes (Senaratne et al, 2006) will
help to answer these unsolved questions.
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