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Abstract Caveolae are specialised vesicular microdo-
mains of the plasma membrane. Using freeze-fracture
immunogold labelling and stereoscopic imaging, the
distribution of labelled caveolin 1 in caveolae of 3T3-L1
mouse fibroblast cells was shown. Immunogold-labelled
caveolin structures surrounded the basolateral region of
deeply invaginated caveolae like a belt whereas in the
apical region distal to the plasma membrane, the cave-
olin labelling was nearly absent. Shallow caveolar
membranes showed a dispersed caveolin labelling. After
membrane cholesterol reduction by methyl-ß-cyclodex-
trin treatment, a dynamic re-distribution of labelled
caveolin 1 and a flattening of caveolar structures was
found. The highly curved caveolar membrane got totally
flat, and the initial belt-like caveolin labelling disinte-
grated to a ring-like structure and later to a dispersed
order. Intramembrane particle-free domains were still
observable after cholesterol depletion and caveolin re-
distribution. These results indicate that cholesterol
interacting with caveolin structures at the basolateral
part of caveolae is necessary for the maintenance of the
deeply invaginated caveolar membranes.

Keywords Caveolin Æ Caveolae Æ Freeze-fracture
immunolabelling Æ Cholesterol depletion Æ Stereoscopic
imaging

Introduction

Caveolae are invaginations of the plasma membrane
with a round flask shape and a diameter in the range of
50–100 nm (Yamada 1955). Caveolae are present in

most animal cell types. They are abundant in fibroblasts,
adipocytes, type 1 pneumocytes, endothelial cells and
smooth and striated muscle cells (Couet et al. 1997).
They are attached to the plasma membrane via a short
caveolar neck, but they may also appear as shallow pits
(Severs 1988). Many different cellular functions are
attributed to caveolae, such as cell-surface signal-trans-
duction, mechano-transduction, potocytosis, endocyto-
sis and intracellular cholesterol transport (for reviews,
see Parton 1996; Anderson 1998; Simons and Toomre
2000; Stan 2002). In electron microscopical studies,
caveolae appear as more or less static invaginations of
the plasma membrane. Studies in endothelial cells
(Schnitzer et al. 1994) and fibroblasts (Parton et al. 1994)
showed that caveolae are dynamic structures
(Kurzchalia and Parton 1996). They can bud from the
plasma membrane, and their internalisation is regulated
by the molecular transport machinery of vesicle bud-
ding, docking and fusion (Schnitzer et al. 1995; Schnitzer
et al. 1996). Caveolae contain special lipids, such as
phosphoinositides (Hope and Pike 1986) and ganglio-
sides (Montesano et al. 1982; Parton 1994). It has been
shown that the plasmatic surface of caveolae is covered
by a characteristic ‘‘striated coat’’ formed by filamen-
tous structures in a spiral arrangement (Peters et al.
1985; Rothberg et al. 1992). It is supposed that the
protein caveolin is a structural component of the cave-
olar ‘‘coat’’ (Rothberg et al. 1992).

Caveolin is an integral membrane protein of 21–
23 kDa (Kurzchalia et al. 1992). It can be palmitoylated
on multiple cysteine residues (Dietzen et al. 1995) and
binds cholesterol (Murata et al. 1995). Caveolin forms a
hairpin-like structure in the membrane with amino and
carboxyl termini on the cytoplasmatic side flanked by a
hydrophobic intramembrane domain (Dupree et al.
1993; Monier et al. 1995). A sequence of amino acids
called the scaffolding domain interacts with many sig-
nalling proteins (Li et al. 1996). In vivo, caveolin has a
homo-oligomeric structure. It forms high molecular
mass complexes (350–400 kDa; Monier et al. 1995;
Sargiacomo et al. 1995) and is insoluble in non-ionic
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detergents such as Triton X-100 (Kurzchalia et al. 1992).
The expression of caveolin 1 in caveolin-free lympho-
cytes leads to de novo formation of caveolae (Fra et al.
1995). These findings suggest that caveolin is necessary
for the structure and function of caveolae.

It has been shown that cyclodextrins [ß-cyclodextrin
and methyl-ß-cyclodextrin (MßCD)] remove cholesterol
from cultured cells (Ohtani et al. 1989; Klein et al. 1995).
We used MßCD because it was found to be more effi-
cient than ß-cyclodextrin (Klein et al. 1995). Cyclo-
dextrins are cyclic glucose oligomers that have the ability
to include lipophilic substances in their pores; MßCD, in
particular, forms water-soluble inclusion complexes with
cholesterol (Pitha et al. 1988; Irie et al. 1992).

In the present study, we localised caveolin 1 by freeze-
fracture electron microscopy using the SDS freeze-frac-
ture immunogold-labelling technique (Fujimoto 1995)
and stereoscopic interpretation. We analysed the effect
of cholesterol depletion on the caveolar structure and
showed a re-distribution of caveolin 1 in the plasma
membrane.

Materials and methods

Cells and cell culture

In order to examine a cell line with high numbers of
caveolae, 3T3-L1 mouse fibroblasts were grown to
confluence at 37�C and 10% CO2 in DMEM (Dul-
becco’s modified Eagle’s medium) containing 10% bo-
vine serum. Three cell culture dishes were prepared per
experiment. One culture was directly prepared for the
freeze-fracture procedure, the second was incubated for
15 min and the third for 30 min with 15 mM MßCD in
serum-free culture medium. Then, the cells were washed
with phosphate-buffered saline (PBS, 75 mM NaCl,
12.5 mM NaH2PO4, 67 mM Na2HPO4, pH 7.2) and
physically fixed by rapid freezing.

Electron microscopy

Freeze-fracture preparation

Confluently grown 3T3-L1 fibroblast cells were washed
twice with PBS at growth temperature and carefully
abraded from the culture dishes. Aliquots of the chem-
ically unfixed cell suspension were enclosed between two
0.1-mm thick copper profiles, as used for the sandwich
double-replica technique. The sandwiches were physi-
cally fixed by rapid plunge freezing in liquid ethane/
propane mixture cooled by liquid nitrogen. Freeze
fracturing was performed in a BAF400T freeze-fracture
unit (BAL-TEC, Liechtenstein) at �150�C using a
double-replica stage. The fractured samples were shad-
owed without etching with 2–2.5 nm platinum/carbon
(Pt/C) at an angle of 35�. The evaporation of Pt/C with
electron guns was controlled by a thin-layer quartz
crystal monitor.

Freeze-fracture immunogold labelling of caveolin

For freeze-fracture immunogold labelling and sub-
sequent electron microscopy, the freeze-fracture replicas
were transferred to a ‘‘digesting’’ solution (2.5% SDS in
10 mM Tris buffer pH 8.3 and 30 mM sucrose) and
incubated overnight according to Fujimoto (1997). The
replicas were washed four times in PBS to remove SDS
and treated for 30 min with PBS +1% BSA (bovine
serum albumin), then they were placed on a drop of an
1:50 diluted solution of the anti-caveolin 1 antibody
(polyclonal rabbit IgG, Santa Cruz Biotechnologies,
Santa Cruz, USA) in PBS with 0.5% BSA for 1 h. The
replicas were washed subsequently four times with PBS
and placed on an 1:50 diluted solution of the second
gold-conjugated antibody (goat anti-rabbit IgG with
10 nm gold, British Biocell International, Cardiff, UK) in
PBS with 0.5% BSA for 1 h. After immunogold label-
ling, the replicas were immediately rinsed several times in
PBS, fixed with 0.5% glutaraldehyde in PBS for 10 min
at room temperature, washed four times in distilled water
and finally picked onto Formvar-coated grids for viewing
in an EM 902 A electron microscope (Zeiss, Oberkochen,
Germany) or a Philips-CM 120 electron microscope
(Philips, the Netherlands). Freeze-fracture micrographs
were preferentially mounted with the direction of the
platinum shadowing from bottom up.

Stereoscopic imaging

Stereo pairs and tilt series of samples were taken with a
tiltable Gatan 626-DH cryo holder (Gatan GmbH
Munich, Germany). For stereoscopic views, a tilt angle
of 5� was set. For tilt series, a sequence of micrographs
of up to 22 in steps of 5� were taken with a FastScan-
CCD-Camera 1,024·1,024 (TVIPS GmbH, Munich,
Germany). The image shift of the stereo pairs was cal-
culated by means of cross-correlation using the software
EMMENU V.3.Q (TVIPS GmbH). The two micro-
graphs of a stereo pair were mounted with a tilt angle of
5� using the software 3D-FotoStudio 1.2 (M. Filkorn
Software, Germany).

Results

The distribution of caveolin 1 in 3T3-L1 mouse fibro-
blast cells was analysed using freeze-fracture replica
immunolabelling (Fujimoto 1997). This method is an
extension of the freeze-fracture electron microscopy. It
allows the in situ visualisation of molecular composition
and characteristics of biomembranes. Performing the
detergent-digestion freeze-fracture labelling procedure,
chemically unfixed 3T3-L1 cells were rapidly cryofixed
and then freeze fractured. The fracture plane was
physically stabilised by evaporated Pt/C (replica). The
replicas were cleaned from cellular components by SDS-
detergent digestion (Fujimoto 1997) whereas biomole-
cules that were in direct (i.e. ‘‘adsorptive’’) contact with
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the Pt/C replica film, like membrane lipids and mem-
brane-bound proteins, were kept bound at the replica.
After re-naturation, the replica-bound membrane mol-
ecules can be immunolabelled (Takizawa and Robinson
2000).

Figure 1 shows a non-stereoscopic freeze-fracture
view of the protoplasmic fracture face (PF) of the plas-
ma membrane of 3T3-L1 mouse fibroblast cells after
immunolabelling of caveolin 1. These cells were not
treated with MßCD and were rapidly frozen in a
chemically unfixed state. The caveolae are not randomly
distributed on the plasma membrane of the fibroblast
cells; they are clustered in distinct membrane patches. In
confluently grown 3T3-L1 fibroblast cells, the number of
caveolae in a patch of caveolae varied between 10 and
200, with densities of 15–22 caveolae/lm2 .

On freeze fractures of the PF of the plasma mem-
brane, caveolae normally appear as round, invaginated
pits with diameters between 60 nm and 80 nm (Fig. 1,
arrows). The freeze-fracture micrograph in Fig. 1 is
mounted with the direction of the platinum shadowing
(35� angle) from bottom up so that the dark-appearing
platinum decoration is found at the upper side of the
caveolar pits (Fig. 1; arrows, Fig. 4). The bottom of
deeply invaginated caveolar structures appears white
because of the absence of platinum decoration. When
the deeply invaginated caveolar membranes are not
fractured out, the fracture plane crosses the ice of the
caveolar pori (Fig. 1, arrowheads). In some cases, the

caveolae do not appear as deeply invaginated structures
but as shallow pits (Fig. 1, asterisks).

The 10-nm gold particles indicate immunolabelled
caveolin-1 molecules. The density of gold particles
within a cluster of caveolae was 112±21 particles per
micrometre squared counted on six different areas. The
gold label surrounds the deep caveolar invaginations in a
ring-like arrangement (Fig. 1, arrows and inset). In cases
when the highly curved caveolar membrane is not split
(Fig.1, arrowheads), no caveolin labelling can be found
at the plasma membrane bordering the cross-fractured
caveolar pori. It is remarkable that the dimensions of
these cross-fractured pori in the case of unfixed cells (up
to 80-nm diameter) are in the range of caveolar bulbs. A
dispersed caveolin labelling is found on shallow caveolar
structures having larger diameters (80–110 nm) than
deeply invaginated caveolae (60–80 nm) (Fig. 1, aster-
isks). Observing the membrane (PF-fracture face) of the
shallow caveolae, it is striking that these domains are
almost free of intramembrane protein particles.

Figure 2 shows four stereoscopic images (5� tilt) of
caveolae with immunolabelled caveolin 1. For better
visualisation, the stereo images were mounted in a way
that caveolae appear as elevations. In stereoscopic view,
it is clearly observable that whole caveolar vesicles are
replicated and stabilised only by the carbon layer. The
stereoscopic views of deeply invaginated caveolae
(Fig. 2a–c) show that most of the label is located like a
belt in different heights at the basolateral region of the
caveolae, with an increased density proximal to the bulk
plasma membrane. The apical parts of the caveolar
vesicles distal to the plasma membrane almost lack
caveolin-1 labelling. The stereoscopic view of shallow
caveolae (Fig. 2d) exhibits a dispersed caveolin labelling
located in one level on the replicated membrane. Some
single gold particles could be determined as a ‘‘false-
positive’’ labelling (Rash and Yasumura 1999); they are
adsorbed at the wrong side of the replica film (white
arrows in Fig. 2a, b, d). Rough estimations of false-
positive to positive located gold grains (signal:noise)
resulted in 1–5 false-positive gold particles per hundred.
Detail views of a densely labelled caveola (about 20 gold
particles) are given in Fig. 3. Figure 3a and c again
clearly show that the whole caveolar bulb is replicated
and stabilised by the carbon layer. In order to visualise
the spatial arrangement of the caveolin-1 labelling, the
replica of one and the same caveola was tilted in
the electron microscope from �55� to +55� inclination.
The tilt series exhibits a caveolin-1 labelling surrounding
the basolateral region of the caveola whereas the apical
region indicated by the black arrow is free of caveolin-1
labelling. In Fig. 4, we try to summarise the structural
data of the stereo and tilt analysis in a model for a deep,
invaginated, caveolin-1 freeze-fracture immunolabelled
caveola.

In order to analyse the caveolin distribution in cells
after cholesterol depletion, we added 15 mM MßCD to
serum-free culture medium for 15 min. Figure 5 shows a
freeze-fracture micrograph of the PF with a cluster of

Fig. 1 Non-stereoscopic freeze-fracture micrograph of plasma
membrane caveolae in chemically unfixed 3T3-L1 mouse fibroblast
cells. The protoplasmic fracture face (PF) is immunolabelled with
caveolin-1 antibody. Caveolae appear as round deep membrane
depressions with diameters between 60 nm and 80 nm (arrows).
The gold-labelled caveolin-1 molecules are found in ring-like
structures surrounding the deeply invaginated caveolar pits (arrows
and inset). When the caveolar membrane is not fractured, no label
can be found at the remaining structures (arrowheads). A dispersed
caveolin label is also found on shallow caveolar structures
(asterisks). The shallow caveolae are nearly free of intramembrane
protein particles; they have diameters between 80 nm and 110 nm.
Bars: 100 nm
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plasma membrane caveolae in a 3T3-L1 fibroblast cell.
Already after 15 min of cholesterol depletion, the shape
of the caveolae in the 3T3-L1 cells changes dramatically.
No deeply invaginated caveolar pit with high membrane

curvature can be detected. All the caveolar membranes
are flattened to shallow pits (Fig. 5, arrows), and the
diameter of the caveolar structures increased from
60 nm to 80 nm for the deep caveolae to 80–110 nm for
the flattened caveolae. Caused by the change of the ca-
veolar shape, no cross-fractures through caveolar
openings occur. The arrangement of gold particles
indicating the distribution of caveolin molecules changes
from distinct rings or belts at the basolateral region of
deep caveolae to open circles or more dispersed rings in
one height level at the periphery of the flattened caveolae
(Fig. 5, arrows and inset). After 15 min MßCD treat-
ment, the density of gold particles within a cluster of
caveolae is 108±18 particles per micrometre squared
counted on six different areas. Looking at the intra-
membrane particle distribution, it can be seen that the
central parts of the flattened caveolae are almost free of
intramembrane protein particles.

Figure 6 shows the results of a freeze-fracture im-
munogold labelling of caveolin 1 after 30 min of cho-
lesterol depletion by MßCD. The caveolar domain
structures on the PF of the plasma membrane have
disappeared and the membrane looks nearly flat
whereas gold particles indicating immunolabelled
caveolin 1 are still present in a high density of 87±23
particles per micrometre squared, again counted on six
different areas within clusters of the caveolin label. The
distribution of the caveolin label on the PF is dispersed
(Fig. 6, inset); no more ring or circular structures can
be found. However, the caveolin label is not totally
randomly distributed. Clusters of 3–6 gold particles are
often found at the periphery of intramembrane particle-
free areas (Fig. 6, arrowheads). These more or less
circular intramembrane particle-free domains (Fig. 6,
asterisks) are still detectable after 30 min of cholesterol
depletion.

When MßCD-treated 3T3 cells (15 or 30 min) are
further grown for 1 day in normal MßCD-free serum
containing culture medium, the process of caveolar
flattening and re-distribution of caveolin is reversed
(data not shown). The freeze-fracture morphology,
structure and caveolin distribution of the caveolae did
not differ significantly from that of cells without MßCD
treatment given in Fig. 1.

Discussion

The morphology of caveolae viewed in electron micro-
graphs has been known since the first ultrastructural
descriptions of cells (Palade 1953; Yamada 1955), but
the functions and dynamics of caveolae have not been
explored until now. Compared with coated vesicles
where the structure-determining coat protein clathrin
exists (Pley and Parham 1993), in caveolae membrane
lipids, such as cholesterol and sphingolipids together
with oligomerised caveolin molecules form a structural
framework (Rothberg et al. 1992; Murata et al. 1995).
Caveolae are detergent-resistant membrane domains

Fig. 2 Stereoscopic images of caveolae with immunolabelled
caveolin 1 on the protoplasmic fracture face (PF) of 3T3-L1 mouse
fibroblast cells. Stereo pairs of micrographs were taken with tilt
angles of 5�. The stereo pairs in a, b and c show the distribution of
caveolin 1 in deeply invaginated caveolae; the stereo pair in d shows
that distribution in a shallow caveola. The images are mounted in
such a way that caveolae appear as elevations. Deeply invaginated
caveolae (a, b, c) are labelled mostly at basolateral levels whereas
apical levels are nearly free of gold labelling. Shallow caveolae (d)
are labelled in one height level on the replicated membrane. False-
positive labelling is indicated by white arrows (a, b, d). Bar: 100 nm
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(Brown and London 1998), which were found to depend
on membrane cholesterol for preserving their structure
and function. The aim of this work was to show the
distribution of caveolin molecules in native plasma
membrane caveolae of intact cells before and after
depletion of membrane cholesterol. We applied methods
of stereoscopic and tilt series image analysis to immu-
nolabelled freeze-fracture replicas of caveolae. To our
knowledge, this is the first time these methods have been

applied. We found differences in caveolin-labelling pat-
terns between deep and shallow caveolae. The great
importance of stereoscopic analysis of freeze-fracture
labelled samples has already been demonstrated by Rash
and Yasumura (1999).

The cells used for the freeze-fracture labelling were
cryofixed and not chemically fixed. Cryofixation is re-
garded as the most reliable method of preserving cellular
ultrastructure without aggregation and shrinkage arte-
facts for electron microscopic analysis because it is both
fast (milliseconds) and avoids the use of harmful
chemicals on living cells (Dubochet and Satori Blanc
2001; Murk et al. 2003). After freeze-fracture analysis of
chemically fixed cells most of the caveolar structures are
fractured across their neck region, and the caveolar bulb
is not replicated (Severs 1988; Westermann et al. 1999).
Severs (1988) performed freeze-fracture preparation of
chemically unfixed, directly frozen, endothelial plasma
membranes. These unfixed preparations showed only a
few caveolae fractured across their neck whereas in most
cases, the caveolar vesicles were replicated. Severs (1988)

Fig. 5 Freeze-fracture immunolabelling of plasma membrane
caveolin 1 in chemically unfixed 3T3-L1 mouse fibroblast cells.
The cells were incubated for 15 min with 15 mM methyl-ß-
cyclodextrin (MßCD) in culture medium. The protoplasmic
fracture face (PF) was immunolabelled with caveolin-1 antibodies.
The caveolar structures are flattened to dimensions of 80–110 nm
in diameter. The gold particles indicating caveolin are found more
dispersed in the periphery of shallow caveolar pits (arrows), often in
a ring-like shape (inset). Bar: 100 nm

Fig. 3 Tilt series of one caveola with a dense label of caveolin 1 on
the protoplasmic fracture face (PF) of 3T3-L1 mouse fibroblast
cells. The micrograph shown in (a) is a �55� tilt view, in (b) a 0�
view and in (c) a + 55� view. The tilt series shows that only the
basolateral region of the caveola is labelled around with gold grains
whereas the apical region (black arrow) is free of caveolin-1
labelling. For better visualisation of the carbon layer, an area of
thin platinum decoration was chosen. Bar: 100 nm

Fig. 4 A schematic cross-sectional view of a caveolin-1 immuno-
labelled freeze-facture replica of a deeply invaginated caveola. This
model is drawn almost to scale and tries to summarise the data of
the stereo and tilt analysis of caveolin-1 immunolabelled replica.
The whole caveolar vesicle is replicated by the carbon layer whereas
platinum/carbon (Pt/C) decorates only one side due to the 35�
evaporation angle indicated by the black arrow. The caveolar
opening is obviously not constricted. It has nearly the same
diameter of about 80 nm like the vesicular invagination. The
caveolin-1 label is found to surround the caveolar pit like a belt
proximal to the plasma membrane whereas the apical region distal
to the plasma membrane is nearly free of caveolin labelling
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also found deep and shallow caveolae, which is a vari-
ation in the degree of invagination. His suggestion was
that this variation represents different stages in vesicle
formation and fusion. Similar data were shown by
Fujimoto et al. (2000). They performed freeze-fracture
labelling of caveolins and found that deeply invaginated
caveolae were preferentially labelled by antibodies
against the caveolin-1 isoform a over the shallow ones,
indicating a different molecular composition of deep and
shallow caveolae. Our stereoscopic and tilt series anal-
ysis showed that the total caveolar vesicle is replicated
by the carbon layer whereas Pt/C only decorates one
side due to the 35� evaporation angle used. The shape of
replicated deeply invaginated caveolae in unfixed cells is
not flask-like with a constricted neck region but more
cup-like without a stricture below the basal opening
(Fig. 4, schema).

The reason for the formation of a constriction at the
caveolar opening after chemical fixation may be a cross-
linking of proteins surrounding the caveolar opening,
resulting in an artificial shrinkage in this area. Our re-
sults showed a belt-like caveolin-1 labelling basolateral
at deeply invaginated caveolae whereas the apical region
was almost free of caveolin labelling. Thorn et al. (2003)
also localised caveolin 1 and 2 in TEM and SEM studies
at the constricted neck region of caveolae in chemically
fixed adipocytes. Circular arrangements of intramem-
brane protein particles surrounding the caveolar open-
ings were shown by Westermann et al. (1999) on fracture
images of deep caveolae in 3T3-L1 cells and on isolated
caveolin-rich vesicles. They were also found by Severs

and Simons (1986) surrounding the openings of caveolae
in vascular smooth-muscle cells, and Oh et al. (1998)
found dynamin rings at the neck of caveolae, mediating
GTP-induced fission and budding of caveolae.

Our stereoscopic and tilt series results indicate in the
case of unfixed cells a broad belt-like caveolin distribu-
tion at the basolateral part of deeply invaginated
caveolae (Fig. 4, schema) instead of a ring-like or dis-
persed distribution, which was found in shallow caveo-
lae or flattened caveolar domains after cholesterol
depletion. There were observations of a ‘‘filamentous
coat’’ attributed to spirally arranged caveolin-1 fibres
covering the cytoplasmatic surface of caveolae (Peters
et al. 1985; Rothberg et al. 1992). Fernandez et al. (2002)
analysed the mechanism of caveolin filament assembly
using recombinant caveolin. They proposed that a-heli-
ces of seven caveolin molecules through lateral interac-
tion form oligomers 11 nm in diameter. These 11-nm
sub-units are able to assemble to 50-nm-long filaments
that match the morphology of the filaments of the ca-
veolar coat. Analysing the caveolin immunogold label at
deeply invaginated caveolae in 3T3 fibroblast cells
(Figs. 1, 2, 3), we frequently found a broad belt of
caveolin-1 indicating gold particles at the basolateral
region of caveolae. The arrangement of caveolin coat
filaments given in Rothberg et al. (1992) and Fernandez
et al. (2002) is not completely in opposition to our
findings. Two or three twists of 10-nm caveolin filaments
covering the basolateral region of deep caveolae might
cause this belt-like caveolin label. Furthermore, the ra-
pid-freeze deep-etch micrographs (Rothberg et al. 1992)
often show that 10-nm caveolin filaments do not cover
the whole caveolar structure. Caveolin filaments spiral in
two or three windings over the caveolar surface, but in
some cases, especially after cholesterol depletion, they
do not cover an area of 20–30 nm of the central part.

We used MßCD, a specific cholesterol-binding agent
that—in contrast to nystatin or filipin—neither binds or
inserts into the plasma membrane nor decreases the
number of caveolae (Rothberg et al. 1990; Schnitzer
et al. 1994). In contrast to Rothberg et al. (1992), our
cholesterol-binding experiments were performed on liv-
ing cells and not on isolated membrane fragments at-
tached to a solid glass face. During the MßCD treatment
of the cells, membrane components together with cave-
olin structures can move laterally freely in the plane of
the membrane. Rothberg et al. (1992) found that the
frequency of caveolin indicating the gold label on un-
treated rapid-freeze, deep-etched membranes was too
low to determine positively whether the antibody was
directly labelling the coat. They overcame the problem
by incubating the membrane in the presence of nystatin
to unravel the coat before applying the immunogold
reagents. In contrast, the new freeze-fracture immu-
nolabelling method showed high densities of caveolin
labelling on untreated as well as cholesterol-reduced
membranes of intact cells.

Our antibody is specific for the caveolin-1 isoforms a
and ß and indicates a more or less dispersed caveolin

Fig. 6 Freeze-fracture immunolabelling of plasma membrane
caveolin 1 in chemically unfixed 3T3-L1 mouse fibroblast cells.
The cells were incubated for 30 min with 15 mM methyl-ß-
cyclodextrin (MßCD). The caveolar pits on the protoplasmic
fracture face (PF) are now flattened and decomposed. The PF is
immunolabelled with caveolin-1 antibodies. Gold-labelled caveolin
molecules are still found in the plasma membrane in a dispersed
(inset) order. The caveolin label is not randomly distributed;
clusters of 4–6 gold particles are often found (arrowheads) and flat
intramembrane particle-free domains (asterisks) with dimensions of
80–110 nm in diameter remain. Bars: 100 nm

618



label on shallow caveolae in contrast to the distinct
basolateral belts on deep caveolae. The function of these
cholesterol-binding caveolin belts at deep caveolae may
be the stabilisation of the membrane curvature and the
segregation of caveolar lipids and proteins like a
boundary zone from the surrounding bulk plasma
membrane. It is assumed that lipids of caveolae form
gel-like domains in the ‘‘liquid-ordered’’ phase state
(Ahmed et al. 1997; Brown and London 1997), and it is
known that sterol-containing model lipid systems in the
‘‘liquid-ordered’’ gel-phase state show membrane cur-
vatures in dimensions of caveolar bulbs (Meyer et al.
1998). This suggests that caveolin indirectly causes the
shape of deep caveolae and that the lipids, especially
cholesterol, play an important role in caveolar structure
formation.

When the cholesterol content is reduced by MßCD
treatment, the caveolar membrane structure flattens, but
the protein caveolin remains in the plasma membrane
and the primary belt-like caveolin distribution in deep
caveolae disintegrates to a ring-like and finally to a
dispersed order. The obvious absence of intramembrane
protein particles in freeze-fracture views of the caveolar
bulb was already shown in longitudinally fractured
caveolae (Severs 1988; Westermann et al. 1999). Our
work exhibits the new finding that these particle-free
domains remain and are still distinguishable from the
bulk plasma membrane even after cholesterol depletion
and caveolin redistribution. The remaining caveolin la-
bel is found in most cases at the periphery of the intra-
membrane protein-particle-free domains. In summary,
the results indicate that cholesterol interacting with a
belt of caveolin proteins at the basolateral region of
caveolae is essential for the formation of deeply invagi-
nated caveolar structures.
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