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Abstract. Caveolae are small, functionally important
membrane invaginations found on the surface of
many different cell types. Using electron microscopy,
caveolae can be unequivocally identified in cell
membranes by virtue of their size and the presence of
caveolin/VIP22 proteins in the caveolar coat. In this
study we have applied for the first time scanning force
microscopy (SFM), to visualize caveolae on the sur-
face of living and fixed cells. By scanning the mem-
branes of Chinese hamster ovary cells (CHO), using
the tapping mode of the SFM in fluid, we could vis-
ualize small membrane pits on the cell membranes of
living and fixed cells. Two populations of pits with
mean diameters of around 100 nm and 200 nm were
present. In addition, the location of many pits visu-
alized with the SFM was coincident with membrane
spots fluorescently labeled with a green fluorescent
protein-caveolin-1 fusion protein. Scanning force
microscopy on cells treated with methyl-b-cyclodex-
trin, an agent that sequesters cholesterol and disrupts
caveolae, abolished pits with a measured diameter of
100 nm but left pits of around 200 nm diameter in-
tact. Thus, the smallest membrane pits measured with
the SFM in CHO cells were indeed very likely to be
identical to caveolae. These experiments show for the
first time that SFM can be used to visualize caveolae
in intact cells.
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Introduction

Techniques such as conventional or scanning electron
microscopy have made it possible to investigate the
fine structural organization of the cell surface. For
some time it has been known that the membranes of
many cells are rich in flask-like invaginations that
have been named caveolae (Yamada, 1955; Ander-
son, 1998). These structures appear to be distinct
from other types of membrane invaginations such as
endocytotic vesicles or clathrin-coated vesicles by
virtue of their size, lipid and protein composition
(Anderson, 1998). Caveolae tend to be uniform in size
with an opening diameter of between 50–70 nm when
observed with the electron microscope (Rothberg
et al., 1992;2 Maxfield & Mayor, 1997; Brown &
London, 1998; Westermann, Leutbecher & Meyer,
1999). The caveolins, a family of integral membrane
proteins, have been shown to be integral components
of the caveolar coat (Rothberg et al., 1992; Kurz-
chalia et al., 1994). This caveolar3 coat in turn appears
to be especially rich in cholesterol and glyco-
sphingolipids (Fra et al., 1995; Murata et al., 1995).
Caveolins are cholesterol-binding proteins and are
capable of forming stable oligomers in the membrane
(Monier et al., 1996).

Caveolae have been attributed various functions
in cells, including membrane transport, regulation of
intracellular calcium and signal transduction (An-
derson, 1998). Several studies have shown that
physiologically important signaling molecules might
be clustered in or near the caveolae in intact cells
(Okamoto et al., 1998; Kurzchalia & Parton, 1999).
The hypothesis that caveolae also participate directly
in the regulation of different signal-transduction
events has recently been tested. Thus, a direct role for
caveolin-1 and the caveolae system in Ras-mediated
signal transduction in vivo was recently shown
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(Roy et al., 1999; Scheel et al., 1999). In addition,
analysis of a caveolin-1 knockout mouse has proven
that this protein has an essential signal-transduction
function in endothelial cells (Drab et al., 2001). The
ever more compelling evidence that caveolae are
physiologically important increases the need to de-
velop new methods to study these organelles in intact
cells.

The use of electron microscopy techniques is the
only way to unambiguously identify and visualize
caveolae in cell membranes. The very small size of the
flask-like invaginations in the cell membrane (�50–70
nm diameter of the pore, 80–120 nm of the flask
body; Westermann et al., 1999) has necessitated the
use of the electron microscope. A complementary and
less invasive approach has been to use immunofluo-
rescence methods to visualize the caveolin protein
that is predominantly localized in caveolae. Such
studies reveal punctate fluorescence on the surface of
cells that presumably reflects the presence of caveolae
(Mayor et al., 1994).4,54,5 A third method has been to use
preparative biochemical methods to isolate mem-
brane fractions that are resistant to detergent treat-
ment and are often described as caveolin-rich
fractions. However, the identity of such caveolin-rich
membrane fraction with morphologically identifiable
caveolae is still controversial (Kurzchalia & Parton,
1999).

In the present study, we have evaluated a novel
method, scanning force microscopy (SFM), for the
identification and visualization of caveolae in intact
cells. This method relies on the measurement of force
interactions between a very fine tip and the cell
membrane and under ideal circumstances can be used
to measure the surface features of living cells to a
resolution of 10 nm (Bustamante, Rivetti & Keller,
1997; Lesniewska et al., 1998). This technique has
been used very successfully to study the architecture
and dynamics of fusion pores in secretory cells such
as pancreatic acinar cells (Schneider et al., 1997; Cho
et al., 2002a), pituitary cells (Cho et al., 2002b) and
endothelial cells (Goerge et al., 2002). However, there
have been no studies published so far that have fo-
cused on the question of whether caveolae can be
identified on the surface of cells with scanning force
micrsocopy. We have used the SFM in tapping mode
to image the surface of cultured Chinese hamster
ovary (CHO) cells in culture. These cells are known
to be rich in5 caveolae (Mayor et al., 1994; Lobie et
al., 1999) and consequently topographical features on
the cell surface indicative of caveolae might be ob-
served using the SFM technique. Therefore, features
imaged on the surface of both living and fixed CHO
cells resembling pits were measured and quantified.
In order to try and identify the molecular constitu-
ents of the surface pits, SFM was used on cells where
a green fluorescent protein-tagged caveolin-1 fusion
protein was simultaneously imaged on the cell

surface. Additionally, we show that the smallest
surface pits observed in our experiments disappeared
after depletion of membrane cholesterol, indicating
that they are identical to caveolae. This is the first
evidence that caveolae can be observed in living cells
with scanning force microscopy and introduces a new
methodology for the study of these membrane
structures.

Materials and Methods

CELLS AND PREPARATION

CHO cells were seeded on glass coverslips treated with Cell Tak

(Beckton-Dickenson) and incubated in DMEM medium with 10%

FCS and the following supplements: 2 mM Glutamine; 0.34 mM (45

lg/ml) Asparagin, 0.15 mM (17 lg/ml) Proline; and 100 units/ml

Penicillin, 100 lg/ml Streptomycin. After the cells had attached,

flattened and developed filopodia (about 20–24 h later), they were

fixed with 3% PFA for 15 min at 20�C followed by a 3 · 5 min wash
in PBS and stored at 4�C until measurements with the SFM were

made. In parallel experiments, living cells were then scanned im-

mediately with the SFM at room temperature.

CLONING AND TRANSFECTION

Caveolin-1 (VIP-21) bearing EGFP at its N-terminus was produced

as follows: GSVIPGS (Monier et al., 1996) was digested with

BamHI and KpnI. To obtain pEGFVIP, the fragment was cloned

into pEGFP-C1 (Clontech) cut with BglII and KpnI. For inducible

expression, the Ecdysone-inducible expression system (Invitrogen)

was utilized. PEGFVIP was digested with nhe and BclI and sub-

cloned into pIND (Invitrogen) cut with NheI and BamHI-

producing pINDEGFPVIP.
CHO EcR cells were maintained in Ham’s F12 medium sup-

plemented with 10% FC, 2 mM L-glutamine, antibiotics and 250 lg/
ml Zeocin. After transfection with pINDEGFPVIP, using the

calcium phosphate precipitation method, permanently transfected

clones were selected by adding 0.5 mg/ml G418 to the growth

medium. Expression of EGFPVIP was induced by addition of 5 lg/
ml muristerone A.

One clone of the CHO cell line (CHO ECR pINDEGFPVIP)

was seeded as above in the same medium containing in addition

0.36 mM (250 lg/ml) Geneticin G418 (SIGMA) and 0.22 mM (250

lg/ml) Zeocin (Invitrogen).6 Ten hours after plating, between 1 lM
and 5 lM Muristerone A (SIGMA) solution in medium was applied

to switch on GFP expression. Between 40 to 60 hrs later, when the

cells showed fluorescence, protein synthesis was stopped with the

addition of 35 lM (0.1 mg/ml) Cycloheximide (SIGMA) for 2 hrs.

This ensured that most fluorescent caveolin protein was present on

the membrane and not in the trans-Golgi. Cells were fixed as de-

scribed above before the SFM experiments were carried out.

CHOLESTEROL DEPLETION EXPERIMENTS

CHO cells were seeded on a 60 mm plastic Petri dish (Peske) and

divided with a DakoPen line (DAKO) into halves; 20–24 hrs after

seeding, the cells were washed twice with serum-free medium. One

part was treated with 10 mM methyl-b-cyclodextrin (SIGMA) in

serum-free medium for 1 h at 37�C, 5% CO2, followed by two

washes in PBS at 37�C, and finally fixed as described above. Each
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half (control and experimental) was treated identically except for

the cyclodextrin treatment.

SCANNING FORCE (SFM) AND OPTICAL MICROSCOPY

SFM measurements were carried out using NanoScope IIIa (Dig-

ital Instruments, Fremont, CA) combined7 with an optical micro-

scope Zeiss Axiovert 135, equipped with a CCD-Camera

QuantiCam (PHASE, Lübeck, Germany).
Fluorescence microscopy was performed using a Leica Micro-

scope DM RBE (Leitz, Wetzlar, Germany) equipped with a CCD

camera (Hamamatsu C4742-95, Japan), image analysis was carried

out using Openlab vers. 1.7.7 package (Improvision, Coventry,

UK). Using the deconvolution software of the Open lab suite,

images collected were routinely8 subjected to a digital confocal al-

gorithm before alignment with the SFM images (see below).
The SFM measurements of membrane topography were carried

out exclusively using the tapping mode of the instrument. Our

experience of imaging fixed cells indicated that the results achieved

in contact mode were never as good as those in tapping mode. The

same was observed when imaging living cells. In all the experiments

described here, V-shaped oxide-sharpened silicon-nitride cantilev-

ers of type DNP-S, 0.38 N/m (Digital Instruments) were used. The

optimal scanning speed ranged from 0.6 to 1.6 Hz for scan fields

less than 16 lm2. The amplitude decay of tip oscillation was set to

about 20–30 nm for fixed and 5–15 nm for living cells when ap-

plying an oscillation voltage of 0.4–1.6 Vrms. Quadrates of the

membrane of living cells were scanned twice (up-down or vice

versa). Thus, only objects recognizable in both images were ac-

cepted. Each selected cell was scanned at high resolution at several

different positions between the edge of the cell and the nucleus.

DATA PROCESSING

SFM images were processed using the NanoScope III software

(vers. 4.23r3, 1997). Data was subjected to 1-D flattening, partially

2-D in scan direction and 3 · 3 Median filtering, to suppress streaks

in the scan direction. The pit measurement was mostly carried out

on zoomed subimages. For all membrane invaginations, which we

will refer to in this paper as ‘‘pits’’, we measured the size (diameter

or area-equivalent diameter if not perfectly spherical) and depth.

This analysis was carried out using the section-analysis suite of the

software. The diameter of a pit was measured as the horizontal

distance at half-value level of the pit’s profile, and the depth as it’s

full depletion. Although depth information was collected, we did

not further analyze this data.
The alignment of SFM images and fluorescence-labeled cave-

olin-1 spots was done using two different approaches. In the first

case, a montage of high-resolution scans (6–8 lm) was assembled
into a low-resolution scan of the same cell region (16–20 lm). Cell
contours as well as the edges of the cell were used as landmarks for

alignment. For digital confocal microscopy, a series of fluorescent

images was collected at 0.1-lm intervals, using a computer-

controlled focus drive. This stack of images at different focal planes

through the cell was then9 subjected to digital confocal analysis.

From the fluorescence image stack, the membrane part that had

been scanned using SFM was cut out and re-scaled. From each of

the 0.1-lm layers of the stack, the ‘‘upper’’ fluorescence spots were

transferred to an additional ‘‘membrane spot’’ layer. This layer

represents the projection of the spatial fluorescence-spot distribu-

tion within or close to the cell-membrane surface. Spots present

over several (more than three) layers were not included, as they

were presumed to originate from structures within the cytoplasm

(e.g., Golgi apparatus). This membrane fluorescence-spot layer was

aligned with the SFM images, using additional information from

the phase contrast picture. Finally, the fluorescence-spot layer

(together with the contour) was overlaid onto the SFM image

montage and rotated and shifted by eye until its contour fitted the

SFM image contour, using the Corel Draw 7.0 software.
In later experiments, fluorescence images were captured simul-

taneously with the SFM scans of the same membrane area. This

was achieved by using an oil objective to capture an image of the

fluorescent membrane spots at a focal plane coincident with the

pre-engaged SFM tip on the surface of the cell. This tip was then

used to scan a quadrant of membrane that could then be aligned

with a cropped area of the fluorescence image.
Statistical analysis was carried out using the STATISTICA

software package10 (version. 5.1, J, StatSoft Inc. Tusla, OK). As data

in the experiments (fixed—living and treated—control) were sta-

tistically independent samples with clearly non-normal distribu-

tions (Figs. 4 and 6), we applied the non-parametric Mann–

Whitney U and the Kolmogorov-Smirnov-two-sample tests.
Furthermore, we fitted the size distributions of pits with a user-

defined nonlinear estimation to ask whether the populations of

measured pits consisted of two or more normally distributed sub-

populations. First, the original data was fitted with a model de-

scribed by a closed function. Deciding on the basis of Q–Q- and P–

P-plots (StatSoft, 1997), the log-normal model proved to be the

best fit for both populations. This model served as reference in

estimating the histograms by a combination of user-defined func-

tions, taking the squared residuals as losses. An approximation by

two (or three) normal distribution functions was found to be the

most appropriate model (see Results).

Results

The CHO cells were grown on the surface of glass
covers slips (or in later experiments, on plastic). The
cover slips were placed on the stage of an inverted
microscope equipped with the scanning force micro-
scope. Cells with a flattened morphology were imaged
from above in fluid with the scanning force probe and
the same cell could always be simultaneously ob-
served under phase-contrast optics during scanning.
It was important to be able to observe the cells during
imaging, as the forces exerted on the cell by the tip
could sometimes be enough to damage or move
poorly adhered cells from the surface of the cover
slip. Only data obtained from cells that remained
intact during the course of the imaging experiment
were included in this study.

SIZE DISTRIBUTION OF MEMBRANE PITS IN

LIVING AND FIXED CELLS

Randomly selected regions of the membrane were
chosen and scanned at high and low resolution in
fluid. High-resolution scans of the surface of cells
(scan areas from 4 by 4 lm to 2 by 2 lm) revealed
small circular pits or indentations of various sizes in
the membrane. These pits were observed on the sur-
face of both fixed and living CHO cells (Fig. 1). In
order to study whether some of these structures might
have a size and spatial arrangement similar to
caveolae, we took a more quantitative approach. This
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consisted of measuring the exact size of a large
number of pits at different cellular locations on many
different cells, both living and fixed. For each exper-
iment, at least 330 pits were measured on the surface
of at least 10 different cells (see Table 1). The char-
acteristics of the pits measured on different cells were
very consistent. Qualitatively, the membranes of the
scanned cells exhibited a variable number of pits that
tended to be clustered together on the membrane in
groups of 2 to 10 (Fig. 1). This clustering of the

surface pits is very reminiscent of the observation that
caveolae also appear to be orientated in elongated
clusters on the surface of MDCK cells (Rothberg et
al., 1992).

Pits were randomly selected from the processed
images and their dimensions measured with the aid of
the section-analysis tool of the digital instrument
software. Using this tool, the diameter of the pit and
the depth were measured. Pit diameter did not appear
to vary according to the location of the pit on the cell

Fig. 1. Examples of membrane topography from the surface of

CHO cells acquired in tapping mode with the SFM. The same

region of the cell membrane is shown in 2-D (top) as well as in a 3-

D projection (bottom). The images shown on the left were acquired

from an intact living CHO cell, whereas that on the right is taken

from a lightly fixed cell. In both 3-D images, one cluster of pits is

indicated with an asterisk placed over each member of the cluster.

Note that in each image more pits are present than indicated by

asterisks. The resolution of the topographic images was, as shown

here, typically much better with lightly fixed cells.

Table 1. Summary of data obtained from CHO cells

Experiment I Experiment II

Fixed Living b-Cyclodextrin-treated cells Untreated Cells

Preparations 3 3 3 3

Cells 12 14 13 10

Pits total 595 331 552 463

Pits in groups 491 272 530 452
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surface, for example, near the edge of the cell or near
the centrally located nucleus. Pits tended to be more
numerous at the leading edge of the cells. Pits were
divided, using subjective criteria, into clusters con-
sisting of 2–10 pits. The criteria for assigning pits to
groups was that the pit was within a maximum of 1
lm of a member of the group and that the total
distance was less than twice that between any two
members of the apparent group. Using these criteria,
the most common group size was between 3–5 pits.
Interestingly, this clustering of pits was essentially the
same when the pits were measured in fixed or in living
preparations (Fig. 2). We next asked if pits of a
uniform size tended to have a characteristic group
size. This did not appear to be the case, as the size
distribution of pit diameter was the same for all
groups consisting of between 2 and 10 pits (data not
shown). Single pits not associated with nearby clusters
of pits proved the exception, as the size distribution
of these pits was very broad and unimodal with a
mean diameter of 350 nm. In contrast, the size dis-
tribution of pits observed in clusters was clearly
multi-modal (see below). We took this observation to
indicate that these single pits could at least in part be
random topographical features of the surface, ex-
hibiting features similar to pits or that they represent
another type of surface organelle. We have excluded
the measurements of single pits from the statistical
analysis described below. These single pits made up
only a very small part of the total data set (see Table
1) and when they were included in the analysis, the
major results described below were not altered (data
not shown).

The size distribution of measured pit diameter on
the surface of lightly fixed and living cells is plotted in
Figure 3. It is clear that both size distributions look
very similar and a statistical analysis indicated that
the distributions were not significantly different

(Kolmogorov-Smirnov test, p > 0.10, Mann–
Whitney U test, p = 0.52). Thus it is likely that the
pits measured in both living and fixed cells are es-
sentially the same. For both living and fixed cells it is
clear that the pit diameter size distribution is not a
normal one. Instead, there appear to be at least two
and possibly three distinct peaks in the diameter
distribution. In other words, the entire distribution
may be explained by two or three kinds of pits with

Fig. 2. Frequency of pit group size. The relative frequency with

which pits were observed to occur as singles or in groups of 2–10 is

plotted. The definition of a group can be found in the methods. It

can be seen that the tendency for most pits to congregate in groups

of 3–5 is the same in living and fixed preparations.

Fig. 3. Size-frequency histograms of pits measured with the SFM.

(A) Size distribution of pits measured in living CHO cells. (B and

C) Corresponding data plotted for CHO cell imaged after light

fixation. In A and B the raw data has been fitted to two normal

distributions plotted on top of the raw data. It can be seen that the

two normal distributions with approximately the same means for

living and fixed cells described the data well. In A, data were taken

from living cells, the means are 96 and 195 nm for the two fitted

distributions. In B, data were taken from fixed cells; the means of

the two fitted normal distributions was 88 and 186 nm. In C, the

same data from fixed cells was fitted to three normal distributions,

which had means of 89, 186 and 279 nm.
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diameters that are themselves normally distributed. A
statistical analysis of the residuals (sum of squares of
deviation) obtained with a closed-function log-nor-
mal fit of the raw data and a user-defined function
assuming two or more normal distributions was then
carried out. The data from fixed and living cells was
used in the statistical analysis, although individual
peaks appeared to be better resolved in the fixed cells
(Figure 3). A closed log-normal function described
the data well with a residual of 1063; however, a
much better fit was obtained using a user-defined
function that assumed two underlying normal distri-
butions (residual 669). The fit was only slightly better
when an underlying distribution of three normals was
assumed (residual 571). When we used the same
general equation to fit the data with two normal
distributions, it was interesting to note that the mean
diameter estimates from living cells, 96 nm and 195
nm, was very similar to that from fixed cells, 88 nm
and 193 nm. The use of three normal distributions for
the fixed-cell data did not significantly alter the di-
ameter estimation of the pits falling into the small
and middle population (smallest 89 nm, middle 186
nm and largest 279 nm). This analysis also clearly
indicated that the proportion of pits that were large,
was very small (<10%) compared to the small and
medium-sized pits. If the two main populations of
pits are biologically distinct entities, the smallest pits
appear to make up approximately 60% of the total
with the medium-sized pits, diameter 186–195 nm, the
remaining 40%.

COLOCALIZATION OF GFP-CAVEOLIN FUSION

PROTEINS WITH PITS IMAGED WITH SCANNING

PROBE MICROSCOPY

In order to ask whether a subset of membrane pits
observed with scanning-probe microscopy were in-
deed caveolae, we used a CHO cell line stably ex-
pressing an inducible caveolin-1 GFP fusion protein.
Between 40 to 60 hours after addition of the steroid
hormone muristerone, GFP-labeled caveolin-1 pro-
tein can be observed with the fluorescent microscope
in the Golgi and in small spots in the plasma mem-
brane. This technique has the key advantage that
caveolae are fluorescently labeled without the need to
use antibodies, which would involve permeabilization
and thereby loss of membrane integrity. We took the
spots on the plasma membrane to be identical to

endogenous caveolae, where the GFP-caveolin-1
protein is localized. We wished to ask whether these
fluorescent spots could be mapped to pits in the
membrane imaged with11 scanning-probe microscopy
on the same cell. The spatial resolution of the fluo-
rescent microscope in conjunction with digital con-
focal microscopy is, however, much worse than the
resolution obtained with scanning-probe microscopy.
We thus decided to ask if the pattern of fluorescent
caveolin spots could be mapped to the pattern of pits
obtained with the SFM image from the same cells. In
theory, the coordinates of every fluorescence spot
cannot be accurately mapped to individual pits, as the
resolution of the two techniques is not compatible.
However, if the two-dimensional pattern of fluores-
cent spots can be aligned approximately with the
SFM-imaged pits this would indicate that molecu-
larly tagged caveolae are indeed imaged as pits in the
SFM image. An overlay from such an experiment is
shown in Fig. 4. In this experiment, several consec-
utive image layers are captured and the fluorescence
image deconvolved (digital confocal) using the
Openlab image analysis software. Because the surface
features of the cell are not flat in each image, the
uppermost fluorescent spots (optical section 0.1 lm)
represent surface spots on only part of the cell. The
spots that were judged to be on the surface were
therefore gathered together in one image that was
aligned with the composite SFM scan of the same
cell. The edge of the cell, outlined from the phase
contrast image, was used to help in aligning the SFM
image and the fluorescent image (details in Materials
and Methods). Because an absolutely accurate
alignment is impossible, it was difficult to make any
conclusions about the size of the pits that might be
colocalized with the fluorescent spots. However, in all
three cells examined it was possible to make an
alignment similar to that shown in Fig. 4. What was
immediately noticeable after detailed examination of
the alignment was that the majority of the fluorescent
spots (shown in green) were found near or on top of
single pits or clusters of pits. Very few of the spots
were found in topographical locations lacking pits.

In later experiments, this approach was further
refined so that the SFM image and the fluorescence
image could be more directly compared. First, an
image of fluorescent spots was captured using a high-
power oil immersion objective. The SFM tip was pre-
positioned onto the membrane surface so that scan-
ning could commence after an image of the tip was

Fig. 4. Colocalization of GFP-labeled caveolin with membrane

topography. In A, two deconvolved fluorescent image layers (6

and 7) are shown from the SFM-scanned cell. The fluorescent

spots that appeared in no more than three consecutive 0.1-lm
thick layers from the surface of the cell were merged together for

alignment with the SFM images. In B, the composite fluorescent

image has been placed over and aligned with the SFM topog-

raphical image. The bottom half of the latter SFM image is a

montage of several smaller high resolution scans of the mem-

brane. It can be seen that the green caveolin-positive spots tend to

be localized with pits in the SFM image. Examples are circled

with a yellow dotted line.

c
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focused and captured using epifluoresence illumina-
tion (tip engaged but scan field set to zero). The flu-
orescent image could then be rescaled to correspond
to the SFM scan size and the two images then directly
superimposed. Lateral displacement of the two im-
ages probably occurred due to slippage of the speci-
men during the SFM scan; we estimated this error to
be in the order of 0.5 lm. This procedure worked well
in some cases but was often fraught with difficulties,
as the quality of the fluorescence images was often
good but the SFM scan was not successful or vice
versa. An example of such a scan is shown in Fig. 5,
in this particular case, a very good correlation was
found between surface fluorescence spots and pits in
the SFM scan. It often appeared that intense and
large regions of fluorescence did not correlate so well
with surface pits and this may be because most of the
caveolin-GFP was in this case in intracellular com-
partments. In summary, although good correlation
between the localization of caveolin-1-GFP and sur-
face pits was observed, this technique still did not
allow us to unequivocally identify the surface features
so that we can designate pits as caveolae.

EFFECTS OF CHOLESTEROL DEPLETION ON

MEMBRANE PITS

The bimodal size distribution of pit diameter found on
CHO cell membranes suggested that two functionally
distinct membrane organelles might underlie this dis-
tribution. It was striking that our data indicated that a
population of small membrane pits with a mean di-

ameter of around 90 nm might exist in the CHO cell
membrane. This is very similar to the diameter of
caveolae estimated from electron microscopy experi-
ments. It is known that treatment of cells with agents
that deplete cholesterol from the membrane disrupt
these organelles (Rothberg et al., 1990; 1992; Schnitzer
et al., 1994). Treatment of cells with methyl-b-cyclo-
dextrin is an efficient way of sequestering cholesterol
from the plasma membrane (Ohtani et al., 1989; Kils-
donketal., 1995;Keller&Simons, 1998)and is effective
in disrupting caveolae (Rodal et al., 1999). In order to
determine whether one of the two populations of pits
we describe was dependent on membrane cholesterol,
we treated one set of cells with methyl-b-cyclodextrin
and measured cell surface features in the same way as
described above in parallel with untreated cells from
the same culture. As a control we also treated the CHO
cell line expressing inducible GFP-caveolin-1 with
methyl-b-cyclodextrin after induction of GFP-caveo-
lin-1. Fluoresence microscopy experiments showed
that membrane-associated GFP-caveolin-1 was effi-
ciently disruptedone hour after treatmentwithmethyl-
b-cyclodextrin (data not shown).

A summary of the data collected in this second set
of SFM imaging experiments is shown in Table 1. The
gross morphology of cells after treatment for one hour
with the methyl-b-cyclodextrin was unchanged com-
pared to untreated cells. Again random areas of the
membrane were scanned at high resolution and di-
ameter distributions of the measured pits constructed.
In these experiments, the mean diameter of the control
population was not different from that measured in
the first set of experiments, although in the experi-

Fig. 5. Colocalization of GFP labeled caveolin-1 spots with SFM scans, using the same microscope. In A, the SFM image obtained after

capturing the fluoresenct image shown in B. Crosses indicate green fluoresent spots that appeared to be on the surface; note that these

crosses often correspond to recognizable pits in the SFM image. Scale bar is 250 nm.
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mental series pits larger than 600 nm were excluded.
Thus the data could again be fitted with two normal
distributions, indicating two distinct sets of pits with a
mean diameter of 122 and 195 nm. In the parallel se-
ries of cells treated with methyl-b-cyclodextrin, pits
were also observed and randomly selected areas from
the membrane were scanned in the same way as for the
control population. In this case, the diameter distri-
bution looked markedly different from the control
cells (Kolmogorov-Smirnov test, p< 0.001), with the
peak of the distribution apparently shifted to larger
diameters (Fig. 6). Fitting the data by a user-defined
function of one or more underlying normal distribu-
tions revealed the best fit was achieved with just one
normal distribution with its peak at 203 nm. It ap-
peared, therefore, that the smaller pits with a mean
diameter of 90–122 nm were almost completely miss-

ing from the cell surface. Examples of pits measured
on control cells and cells treated with methyl-b-
cyclodextrin are shown in Fig. 6. It is clear that treated
cells lack a population of membrane pits of small di-
ameter. The pits that remained on the membrane after
cholesterol depletion also appeared to be present in
clusters like in the control cells. However, there was a
definite tendency that the group size had decreased
compared to control (Fig. 7). This finding might in-
dicate that normally the larger membrane pits are
clustered into smaller groups.

Discussion

In this study we have applied scanning force micros-
copy (SFM) to the study of caveolae in intact cells.

Fig. 6. Size distribution of pits after treatment with methyl-b-cy-
clodextrin. In a second series of experiments, two sets of lightly fixed

cells were imaged in parallel. One group served as control (A) and

the second group (B) was treated with methyl-b-cyclodextrin, an
agent that depletes cholesterol from the plasma membrane. In each

case, the size distribution of the imaged pits is shown and the data

has in each case been fitted with one or two normal distributions, as

described in Results. The control group was best described by the

presence of two distinct groups of pits with a mean diameter of 121

and 195 nm, similar to that found in the first series of experiments.

However, after cholesterol depletion the data was best described by

the presence of only one group of pits with a mean diameter of 203

nm. An example of a high-resolution scan of the membrane in

control (C) and methyl-b-cyclodextrin-treated cells (D) is also

shown. Note that in the latter case, the membrane lacks very small

pits that may correspond to cavaeloe. Scale bar is 200 nm.
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Since it is known that caveolae are abundant on the
surface of CHO cells in culture, we have asked
whether one can image these structures with SFM. In
order to unambiguously identify membrane indenta-
tions or pits as caveolae we have combined SFM with
the use of cells expressing green fluorescent protein-
tagged caveolin-1 and the experimental manipulation
of surface caveolae, using cholesterol depletion with
methyl-b-cyclodextrin. On the surface of both living
and lightly fixed cells, we observed what appeared to
be pits of various sizes, often clustered together on the
membrane. Interestingly, these pits were not uni-
formly distributed in size but were best described by
the presence of at least two populations of pits with
diameters of around 100 and 200 nm, respectively.
The mean diameter of the small diameter pits imaged
in these experiments was about 30% larger than
published estimates of the pore diameter of caveolae
made from ultrastructural studies (Rothberg et al.,
1992; Westermann et al., 1999). Thus the initial data
suggested that a substantial number of the smallest
pits imaged with the SFM might be identical to
caveolae. Due to the nature of the SFM imaging
method, it is more likely that the measured pit size
would be an overestimate. This is because abrupt
changes in surface topography tend to be rounded out
during imaging, as in tapping mode, the tip cannot
exactly follow very abrupt changes in surface contour
(Bustamante et al., 1997). It is interesting that our
data indicate that essentially the same two popula-
tions of pits were present in both living and fixed cells
despite the fact that the membrane is easier to image
in the second case, due to its increased stiffness.

In order to verify that the topographical features
observed with the SFM corresponded to functionally
identified caveolae we combined the SFM with the
use of a cell line expressing GFP-tagged caveolin-1.
This fluorescent GFP-caveolin-1 protein was found
on the surface of the cells in a punctate distribution.
We presume that puncta represent endogenous

caveolae that had integrated the GFP-caveolin-1 fu-
sion protein. Fluorescent spots can also be observed
that are not obviously present on the surface of the
cells (Friedrichson and Kurzchalia unpublished ob-
servations) but in this study, only spots that were on
or very near to the surface were selected (see Meth-
ods). Interestingly, when the composite SFM scan of
the cell surface was aligned with the green fluorescent
surface caveolae spots, it was obvious that these
tended to correspond to pits in the topographical
SFM image (Fig. 4). Unfortunately, by aligning the
fluorescent image and the SFM image it was not
possible to be sure whether the caveolin spots colo-
calized to large or small membrane pits. In a more
refined procedure, fluorescence and SFM images were
captured with the same microscope, resulting in a
more accurate alignment. The results from this ex-
periment also showed that fluorescent caveolin-1
spots correlated well with pits in the SFM scan (Fig.
5). It took many attempts to obtain good-quality
fluorescence and SFM images simultaneously and we
could therefore not make any quantitative analysis of
the results. However, this approach indicates that
membrane topography imaged with the SFM tech-
nique may be directly reflected at the molecular level
in the localization of endogenous caveolae. Other
studies using the SFM have identified membrane pits
as fusion pores by using gold-labeled antibodies
against known contents12 of the secretory vesicle (Cho
et al., 2002b). In the present study, we could not use
antibodies in the same way against caveolin-1, a
characteristic component of caveolae, as this protein
does not have an extracellular epitope accessible from
the cell surface (Anderson, 1998).

In order to provide more direct evidence that the
smallest pits imaged in our experiments were indeed
identical to caveolae, we took advantage of the fact
that these structures are critically dependent on
membrane cholesterol. At the ultrastructural level
several studies have shown that after depletion of
membrane cholesterol, caveolae virtually disappear
from the membrane surface (Rothberg et al., 1990,
1992; Schnitzer et al., 1994; Rodal et al., 1999). Here
we used methyl-b-cyclodextrin to deplete cholesterol
from the plasma membrane and imaged the fixed cells
directly after this procedure. Strikingly, the size dis-
tribution shifted dramatically to the right, indicating
that virtually all the smallest membrane pits had dis-
appeared from the cell membrane surface. After
treatment, the size distribution was best fitted with a
single normal distribution with a mean of 203 nm. It is
tempting to speculate that the remaining pits repre-
sented a functionally distinct membrane organelle
identical to clathrin-coated endocytic pits. Clathrin-
coated pits tend to have a slightly larger open diam-
eter in the cell membrane when visualized at the ul-
trastructural level (see for example Rodal et al., 1999).
However, in this study we could provide no inde-

Fig. 7. Mean group size of pits after methyl-b-cyclodextrin treat-

ment. Note that after cholestrol treatment, the largest group size to

which pits could be assigned was apparently decreased.

106 H. Lucius et al.: Scanning Force Microscopy of Caveolae



pendent evidence that the larger surface features do,
indeed, correspond to clathrin-coated pits. Up until
recently it was thought that the budding and traf-
ficking of clathrin-coated pits was, in contrast to
caveolae, independent of membrane cholesterol.
However, recently two groups have reported that the
budding (pinching off) of clathrin-coated pits is sub-
stantially inhibited after cholesterol depletion with
methyl-b-cyclodextrin (Rodal et al., 1999; Subtil et al.,
1999). Examination of the clathrin-coated pits at the
ultrastructural level, however, indicated that pits were
still present but were shallow compared to those ob-
served in control cells (Subtil et al., 1999). In the same
cells, caveolae were found to be absent after the same
treatment (Rodal et al., 1999). The slight increase
(10%) in the diameter of the middle-sized pits (from
190 nm to 203 nm) in our experiments is consistent
with the observed flattening of coated pits in these
recent reports (Rodal et al., 1999; Subtil et al., 1999).

Together our data indicate that it is indeed pos-
sible to image and identify membrane pits as caveolae
in both living and lightly fixed cells. The great ad-
vantage offered by the SFM technique is that the
surface features of the cell membrane can be exam-
ined quickly (in minutes) in three dimensions without
special treatment of the cell with strong fixatives or
heavy metals. In this study we have concentrated on
identifying structures imaged with SFM with a
known, functionally important membrane organelle,
the caveolae. Previous studies have succeeded in us-
ing the SFM to image membrane pits on the surface
of secretory cells, such as the pancreatic acinar cell
(Schneider et al., 1997; Cho et al., 2002a). It is even
possible to image the dynamics of vesicle fusion-
associated secretory events (Schneider et al., 1997). In
the present study, we have not attempted to look in
detail at the dynamics of membrane pits on the sur-
face of living cells, although in the course of this
study, it was sometimes observed that pits disap-
peared periodically during scanning in living cells.
The experimental demonstration here that the
smallest membrane pits observed with the SFM on
the surface of CHO cells are identical to caveolae, is
an important step in developing the SFM technique
to study the biology of caveolae in intact cells.
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