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ABSTRACT Simultaneous atomic force microscopy (AFM) and confocal fluorescence imaging were used to observe in
aqueous buffer the three-dimensional landscape of the inner surface of membrane sheets stripped from fixed tumor mast cells.
The AFM images reveal prominent, irregularly shaped raised domains that label with fluorescent markers for both resting and
activated immunoglobin E receptors (FceRI), as well as with cholera toxin-aggregated GM1 and clathrin. The latter suggests that
coated pits bud from these regions. These features are interspersed with flatter regions of membrane and are frequently
surrounded and interconnected by cytoskeletal assemblies. The raised domains shrink in height by ;50% when cholesterol is
extracted with methyl-b-cyclodextrin. Based on composition, the raised domains seen by AFM correspond to the cholesterol-
enriched dark patches observed in transmission electron microscopy (TEM). These patches were previously identified as sites
of signaling and endocytosis based on their localization of activated FceRI, at least 10 associated signaling molecules, and the
presence of clathrin-coated pits. Overall the data suggest that signaling and endocytosis occur in mast cells from raised
membrane regions that depend on cholesterol for their integrity and may be organized in specific relationship with the cortical
cytoskeleton.

INTRODUCTION

Models of cell membrane organization are still evolving.

Experimental evidence gathered over several decades sug-

gests that the fluid mosaic model (1) fails to fully account for

the possibility of ordered domains and other evidence of

membrane heterogeneity (2–6). The modern concept that

membranes are made up of distinct and dynamic mixtures of

ordered and disordered lipid domains is based in part on

model membrane studies that dramatically demonstrate phase

separation of lipids, due largely to their state of saturation

(7,8). Evidence for the partitioning of cholesterol and specific

cellular lipids and proteins into ‘‘lipid rafts’’ in cells comes

principally from their detergent insolubility and subsequent

recovery in light fractions of sucrose density gradients (9,10).

Recent evidence from electron microscopy that typical

‘‘raft markers’’, such as glycosylphosphatidylinositol (GPI)-

anchored proteins and GM1 ganglioside, fail to colocalize

either with each other or with signaling receptors confirms

the nonrandom topographical organization of native cell mem-

branes and suggests that microdomains may be much more

numerous and heterogeneous than suggested from biochem-

ical studies (2,11). Membrane domains may also be much

smaller than originally suggested. Several groups have pro-

posed that domains in resting cells are,70 nm in size (12,13).

Using laser trapping and single particle tracking (SPT) tech-

niques, Pralle et al. (14) estimated GPI-linked proteins to reside

in rafts as small as 26 6 13 nm in diameter. In transmission

electron microscopy (TEM) studies of membrane sheets,

Prior et al. (15) found Ras in microdomains of mean radius

226 4 nm. Remarkably, these domains occupied 35% of the

plasma membrane.

Immunogold labeling and electron microscopic imaging

of endogenous proteins in the cytoplasmic face of mast cell

membranes, including the abundant immunoglobin E (IgE)

receptor (FceRI) and its signaling partners, has revealed that

most (if not all) proteins in native membranes are distributed

as small, dispersed clusters before stimulus (2,16,17).

Despite this order, the membrane is adaptable and capable

of dynamic reorganization. This is well illustrated by TEM

observations showing that FceRI can coalesce within minutes

of activation into patches as large as 200–400 nm in diameter

(2,16,17). Because these sites of receptor aggregation accu-

mulate many signaling proteins, they are presumed to be

sites of active signaling. The signaling patches typically oc-

cupy ‘‘dark’’ membrane regions that show enhanced labeling

with osmium, indicating high levels of double bond-

containing lipids and/or cholesterol (2), and are frequently

bordered by coated pits (see Fig. 1 B). It is of great interest,
therefore, to determine if the signaling patches are indeed

distinct topographic features in mast cell membranes.

Here, we complement electron microscopy with atomic

force microscopy (AFM) to further examine the topography

of the cytoplasmic face of plasma membrane sheets stripped

from tumor mast cells (rat basophilic leukemia RBL-2H3).

AFM has been used extensively to characterize biological

samples because it can be routinely performed in natural

fluid environments, which is a clear advantage over vacuum

conditions imposed by the TEM. It has also been well estab-

lished that AFM can provide undistorted images of soft, com-

pliant membrane structures, due in large part to sensitiveSubmittedAugust 31, 2005, and accepted for publicationDecember 14, 2005.
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force feedback detection and use of the tapping mode to

reduce lateral forces (18–21). In model membrane studies,

AFM has been able to map phase-separated lipid domains

(22–24). A key feature of this study is the ability to cor-

relate membrane topographic features with the locations of

fluorescently tagged proteins and lipids through simulta-

neous acquisition of AFM and confocal fluorescence images

(23,24).

Our AFM results show that the inner side of the plasma

membrane is composed of numerous irregular-shaped raised

domains that contain both resting and activated FceRI,
aggregated GM1, and clathrin. When present, a fibrous mesh-

work appears to link adjacent raised domains, suggesting a

role for the cortical cytoskeleton in organizing these promi-

nent features of the plasma membrane landscape. Taken

together, the results identify the raised domains seen in AFM

as the darkened membrane regions seen by TEM. Although

the raised domains are likely to be heterogeneous in content,

they importantly include sites of signaling and endocytosis.

MATERIALS AND METHODS

Antibodies and reagents

The dinitrophenol (DNP)-specific IgE was affinity purified from the ascitic

fluid of mice bearing the H1 DNP-e-26.82 hybridoma (25) and conjugated

to Alexa 488 using a kit supplied by Molecular Probes (Eugene, OR).

Monoclonal antibodies to anti-clathrin heavy chain were purchased from

Calbiochem (San Diego, CA). Alexa-488-conjugated anti-mouse IgG

F(ab9)2 and Alexa-488-conjugated recombinant cholera toxin B fragment

(Alexa-488-CTX-B) were purchased from Molecular Probes. Monomeric

perfringolysin O (PFO) was produced as His-tagged recombinant protein in

Escherichia coli and purified by Ni-NTA affinity chromatography.

Cell culture and treatment

Stock cultures of RBL-2H3 mast cells were maintained in minimal essential

medium (Gibco, Invitrogen, Carlsbad, CA) supplemented with 10%Hybrimax

(Sigma, St. Louis, MO) and passaged twice weekly. Cells were dispensed into

suspension dishes containing 15 mm diameter clean glass coverslips. In some

cases, the cellswere preincubated for 1 hwithAlexa 488 IgE (2mg/ml) to prime

and label the FceRI. Cells were then incubated for 7 min at 37�C, plus or

minus polyvalent antigen (DNP-bovine serum albumin (BSA), 0.1 mg/ml),

followed by fixation and sheet preparation (described below). For the GM1

study, cells were treatedwith Alexa 488 cholera toxin for 10min at either room

temperature (RT) or 37�C before fixation. For cholesterol depletion, cells were

pretreated for 30 min with 10 mMmethyl-b-cyclodextrin (MbCD) (Sigma) in

MEM containing 10% fatty-acid-free BSA before fixation and sheet prepara-

tion.

Preparation of plasma membrane sheets
for AFM/fluorescence

As shown schematically in Fig. 1, the cytoplasmic face of membrane sheets

were prepared for simultaneous AFM/fluorescence imaging by modification

of the procedure used for TEM imaging (16), described below, and

originated by Sanan and Anderson (26). Ethanol-cleaned 25 mm diameter

glass coverslips were glow discharged, coated with 0.2 mg/ml of poly-L-lysine

for 30 min, rinsed in doubly distilled water for 10 s, and air dried. Cells were

fixed in 0.5% paraformaldehyde in phosphate-buffered saline (PBS) in the

presence of Hoechst 33942 nuclear stain for 7 min at RT, rinsed, and held in

PBS. Next, the monolayer was dipped in HEPES buffer and inverted onto

the center of a poly-L-lysine-coated coverslip, without applying pressure.

The resulting ‘‘sandwich’’ was left for 10 min at RT on moist 4.25 cm filter

paper then separated by floating apart in HEPES buffer. For the clathrin

labeling experiment, coverslips carrying membrane sheets were incubated in

mouse monoclonal anti-clathrin heavy chain for 30 min. This was followed

by rinsing three times in PBS and incubation in the secondary antibody

Alexa 488 F(ab9)2 goat anti-mouse IgG with a 0.1% solution of BSA for 30

min at room temperature. Coverslips were rinsed three times in PBS,

mounted in a coverslip dish (Harvard Apparatus, Holliston, MA), and im-

mediately immersed in PBS for imaging.

Plasma membrane sheet preparation and gold
labeling for TEM

Plasma membrane sheets were prepared and processed for TEM as described

inWilson et al. (16) and shown schematically in Fig. 1. Briefly, coverslips of

live or lightly fixed (0.5% paraformaldehyde for 10 min at 37�C) cells were
immersed in ice-cold HEPES buffer (25 mMHEPES, pH 7, 25 mMKCl, 2.5

mM Mg(C2H3O3)2) and inverted onto nickel electron microscopy (EM)

grids that had been coated with formvar and carbon and, on the day of the

experiment, glow discharged and floated on poly-L-lysine (0.8 mg/ml for 30

min, followed by 10 s doubly distilled water rinse and air drying). Pressure

was applied to the coverslip for 20 s by bearing down with a cork. The

coverslips were lifted, leaving sections of the upper cell surface adherent to

the poly-L-lysine-coated grid. Membranes were immediately fixed in 2%

paraformaldehyde for 10 min at 4�C. FceRI b-subunits were labeled

from the inside sequentially with primary antibodies and gold-conjugated

secondary reagents by inverting grids onto droplets. Cholesterol on the

inner face of the plasma membrane was labeled using 5 nm colloidal gold

(BBInternational, Cardiff, UK) conjugated to recombinant, monomeric

PFO, using the manufacturer’s instructions. Samples were postfixed in 2%

glutaraldehyde in PBS, stained for 10 min with 1% OsO4 prepared in 0.1 M

cacodylate buffer, and washed 5 min with cacodylate buffer followed by

doubly distilled water. Samples were finally processed for 10 min each in

1% aqueous tannic acid and 1% aqueous uranyl acetate, with intermediate

and final washes in doubly distilled water. Grids were air dried and

examined using a Hitachi 600 transmission electron microscope.

FIGURE 1 Schematic view of the membrane sheet preparation for AFM

analysis. Whole cells are dispensed onto substrates (step 1). A poly-L-lysine-

coated coverslip is lowered (step 2) onto the dorsal surface of lightly fixed

cells to make a ‘‘sandwich’’ that can be separated (step 3), producing a

monolayer of membrane sheets, all oriented with the cytoplasmic face-up

for simultaneous AFM/fluorescence imaging (lower left). A very similar pro-

cedure generates cytoplasmic face-up membrane sheets on nickel grids for

TEM imaging (lower right).
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Simultaneous AFM and fluorescence imaging

The apparatus to obtain simultaneous AFM and confocal fluorescence

imaging has been described in detail elsewhere (23,24). Briefly, an inverted

microscope (Olympus IX70, Tokyo, Japan) was modified to accommodate a

Bioscope AFM head (Veeco, Santa Barbara, CA). The coverslip dish

containing membrane sheets was mounted onto an X-Y piezo scanner plate

(Nanonics, Tel Aviv, Israel). The scanner plate in turn was mounted on a

manual X-Y stage that allowed large range viewing of the sample with a Hg

lamp. In this way, whole cells indicated by the Hoechst nuclear stain were

detected and avoided. The AFM probe was centered on the membrane

sheets, and the Hg lamp was extinguished. Excitation light from a 488 nm

Ar1 laser was focused by a 1003, numerical aperture 1.2 oil objective

(Olympus) to a 300 nm spot and aligned with the AFM probe by visual

inspection. (A slight nanometer-scale offset between fluorescence and AFM

images can occur due to the alignment.) Epifluorescence was spatially

filtered in a confocal manner by coupling into a 50 mm diameter core

multimode fiber connected to an avalanche photodiode detector. AFM and

fluorescence images were acquired with a single controller (RHK, with

SPM32 software). All the AFM data presented here were acquired under

forces,1 nN, with levers (Olympus TR400-PSA, nominal force constant of

0.08 N/M) in tapping mode. The XY scanner plate was calibrated with a 463

nm square grid grating (Ted Pella, Redding, CA), and the AFM head was

calibrated in Z with known 25.5 nm steps (TGZ01, NT-MDT Mikromasch,

Allen, TX). Three-dimensional (3-D) rendering was accomplished using

WSXM freeware (Nanotec, Madrid, Spain).

Analysis of AFM topography

Specific features in the AFM topography were analyzed by line profiling

routines provided in WSXM and SPM32 imaging software (see Fig. 7 for

examples). Each line profile gave both height and width information. The

heights of raised domains are measured relative to the surrounding mem-

brane (not relative to the substrate). Since raised domains were irregularly

shaped, care was taken for each domain to acquire representative profiles.

All the representative height and width data were entered into KaleidaGraph

software (Synergy Software, Reading, PA) for statistical analysis (Table 1)

and histogram binning (see Fig. 9).

RESULTS AND DISCUSSION

Aggregated receptors are found in raised domains

As shown previously (2,16,17), TEM imaging of immuno-

gold-labeled IgE receptors, FceRI, in RBL membrane sheets

reveals recruitment to electron-dense dark patches upon ac-

tivation. The dark patches preexist in resting cells but become

more prominent with FceRI clustering. In Fig. 2 A, IgE-

primed receptors are distributed across the resting membrane

in small clusters. Clathrin lattices (arrow) and clathrin-coated

pits are features of the resting membrane. Upon activation by

the addition of multivalent antigen (Fig. 2 B), FceRI form
large clusters that localize to the characteristic dark patches.

Clathrin lattices and clathrin-coated pits are seen inside and

in close proximity to the dark patches. Budding pits often

contain the IgE receptors after activation, indicating that dark

contrast regions are involved in both signaling and endo-

cytosis (2). Prior work also showed that GM1 is recruited

independently to the same dark patches containing activated

FceRI, after its CTX-B aggregation (2). Thus activated FceRI,
aggregated GM1, and clathrin colocalize in the dark patches.

We began our simultaneous AFM/confocal fluorescence

imaging of resting and activated RBL-2H3 mast cell sheets

with the objective of observing any topographically distinct

membrane features that contained fluorescence-tagged FceRI
IgE receptor. Our technique of membrane harvesting, shown

schematically in Fig. 1, exposes only the cytoplasmic surface

to AFM imaging. However, either surface can be labeled

with a fluorescent tag. Thus in the first experiments, the cells

were primed with Alexa-488-conjugated anti-DNP IgE to

occupy the high affinity IgE receptors that are present on the

extracellular surface at levels approaching 200,000/cell. This

priming step provides a fluorescence tag for receptor tracking

but does not induce signaling responses.

The results for resting and activated cells are shown in Fig.

3, A–F. AFM topographic images of the cytoplasmic surface

of resting membrane sheets reveal raised domains (Fig. 3 A,
arrows). The edge of the membrane sheet can also be seen.

In the resting sheets, the simultaneous fluorescence image

(Fig. 3 B) exhibits semiuniform fluorescence; however, oc-

casional large clusters can be resolved (white arrows, Fig.
3 B). These data are consistent with dispersed clusters of

resting FceRI, containing only a few receptors, that are below

the resolution of the confocal microscope (;300 nm). We do

see, however, that bright regions (white arrows) within the

uniform fluorescence map to the raised domains in the AFM

topography (Fig. 3 A). To accentuate the correlation, we have
used edge-finding routines in Adobe Photoshop (Adobe

Systems, San Jose, CA) to overlay the domain boundaries on

the fluorescence image (Fig. 3 C). After activation induced by
cross-linking IgE-bound receptors with the polyvalent ligand

DNP-BSA, we clearly see raised domains in the AFM to-

pography of the membrane sheets (Fig. 3 D). Moreover, the

semiuniform fluorescence observed in the resting sheets gives

way to strongly clustered, bright foci of FceRI in the acti-

vated sheets (Fig. 3 E). The strong clustering correlates pre-

cisely with the raised domains in the topography (Fig. 3 F).

Cross-linked gangliosides redistribute to
raised domains

Since prior TEM work showed that GM1 aggregated by

CTX-B fragments is recruited independently to the same

TABLE 1 Topographic information

Structure

(No. of measurements)

Domain

height (nm)

Domain

width (nm)

6Standard deviation 6Standard deviation

Flat region of membrane* (5) 7.0 6 0.2 –

Flat region of membrane* (5) 6.8 6 0.7 –

Treated with MbCD

Raised domain, activated (68) 50 6 16 575 6 315

Raised domain, resting (38) 43 6 13 394 6 191

Raised domain, activated (34) 36 6 17 650 6 354

Treated with MbCD

Raised domain, resting (46) 24 6 9 358 6 244

Treated with MbCD

*Relative to poly-L-lysine covered substrate.
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dark patches containing cross-linked FceRI (2), we checked
to see if cross-linked GM1 is present in the raised domains.

In this case, we incubated live, resting RBL-2H3 cells with

Alexa-488-conjugated CTX-B before sheet preparation. As

shown in Fig. 4, A and B, raised domains in the AFM

topographic image (Fig. 4 A) in the resting membrane sheets

do indeed correlate with bright clusters of GM1 stained with

labeled CTX-B (Fig. 4 B). This correlation is made clear in

FIGURE 3 Simultaneous AFM and confocal fluorescence images of FceRI IgE receptor distributions in membrane sheets. The membranes were prepared

from Alexa-488-labeled IgE-primed cells, without (A–C) or with (D–F) 5 min of antigen (DNP-BSA) activation. In the resting membrane (A–C), the white
arrows point to examples of correlation between bright fluorescent IgE spots (B) marking small clusters of resting receptors near the edge of the membrane

sheet that correlate with raised domains in the AFM image (A). In C, we have overlaid the topographic domain edges from A onto the fluorescence image (B) to

confirm that the tagged IgE receptors cluster in ‘‘raised’’ membrane regions. The clustering is much more pronounced for activated receptors (imagesD and E),

where the bright regions in the IgE fluorescence (E) map clearly with the raised domains in the AFM image (D). In F, we have overlaid the topographic domain

edges fromD onto the fluorescence image (E) to confirm the coincidence of receptors and raised domains. The pseudocolor scales indicate the relative height of

membrane features in the AFM images (A and D).

FIGURE 2 TEM images of FceRI IgE
receptor distributions in membrane

sheets, as revealed by 10 nm anti-FceRI
b-gold labels. The membranes were

prepared from IgE-primed cells, without

(A) or with (B) 5 min of antigen (DNP-

BSA) activation. Immunogold labeling

is performed after membrane harvesting.

In resting membranes (A), the receptor is
distributed uniformly in small clusters. In

activated cells (B), it forms large clusters

localized in dark regions. Clathrin-coated

pits are visible and tend to occur on the

edges of the dark regions.
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the overlay (Fig. 4 C). In contrast, there was no correlation

between fluorescence and AFM topographic features when

Alexa-488-cholera toxin was applied to prefixed cells (not

shown). The latter is consistent with the essentially random

distribution of GM1 observed in TEM for prefixed cells (2)

and supports the concept that there are distinct membrane

features on the cytoplasmic face associated with the RBL

signaling patches.

Clathrin-coated vesicles bud from raised domains

Previous TEM studies (2,16) have shown that clathrin-coated

vesicles tend to bud from the dark patches in membrane

associated with FceRI signaling (see pits marked with

arrows in Fig. 2 B). To access the relationship of clathrin to

the raised domains on the cytoplasmic surface that are ob-

served with AFM, membrane sheets were treated with mono-

clonal antibodies to clathrin heavy chain, followed by labeling

with fluorescent anti-mouse antibodies. The results are shown

in Fig. 5. Once again, there is a very good correlation between

raised domains (Fig. 5 A) and the distribution of clathrin

(Fig. 5 B). Thus it is clear that the raised domains contain

clathrin-coated pits. Occasionally, it is possible to resolve

domed structures within large, irregularly shaped raised do-

mains. This can be seen in Fig. 6, A and B, where Fig. 6 B is

an expanded 3-D view of such a feature present in Fig. 6 A.
One possible interpretation of the peaks in the 3-D view is

that clathrin-coated vesicles are budding from a larger raised

domain.

To summarize our results so far, we have seen raised

domains in all the AFM topographic images of the mem-

brane sheets (both resting and activated). All the raised do-

mains appear to label with IgE receptor, GM1 that has been

aggregated by CTX-B, and clathrin. Since all three are known

from the TEM results (2,16,17) to colocalize in the dark

patches, particularly for the activated cells, it is straightfor-

ward to conclude that the dark patches correspond to the

raised domains in AFM topography and represent distinct

topographic feature of these membranes.

Repeated measurements discussed in detail below, and

summarized in Table 1 and Fig. 9, reveal that the height of

the raised domains, relative to the surrounding membrane,

FIGURE 4 Simultaneous AFM (A) and confocal fluorescence (B) images of resting RBL cell membrane sheets where the GM1 ganglioside is aggregated by

Alexa-488-labeled CTX-B before fixation. In B, the upper right corner is dark due to photobleaching. Arrows in the paired images point to examples of

correlation between fluorescent label in B and raised domains in A. In C, we have overlaid the topographic domain edges from A onto the fluorescence image

(B) to confirm the colocalization. The pseudocolor scale indicates the relative height of membrane features in the AFM image (A).

FIGURE 5 Simultaneous AFM (A) and confocal fluorescence (B) images of resting RBL cell membrane sheets where clathrin is labeled with mouse

monoclonal anti-clathrin heavy chain and Alexa 488 F(ab9)2 goat anti-mouse IgG. The raised domains in A correlate strongly with the bright regions in B, thus

clearly indicating the presence of clathrin. In C, we have overlaid the topographic domain edges from A onto the fluorescence image (B) to confirm the

colocalization. The pseudocolor scale indicates the relative height of membrane features in the AFM image (A). In this particular sheet, the raised domains are

reduced in height by treatment with 10 mM MbCD (see Fig. 7).
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ranges from 15 nm to as much as 90 nm. By comparison, the

flatter regions of these native membranes between the do-

mains have an average thickness of;7 nm, measured relative

to the poly-L-lysine-coated substrate. (The edge of a mem-

brane can be seen in Fig. 3 A.) This is not much greater than

the 4.5 nm thickness of a typical model lipid bilayer (27) and

is comparable to the 6.3 nm thickness measured for protein-

containing ‘‘purple membranes’’ of Halobacterium salina-
rum (21). Thus the raised domains are significant protrusions

that are much larger than the overall membrane thickness.

Cholesterol depletion reduces the height of
raised domains

Cholesterol is a key component of the plasma membrane

(28) and its loss has profound effects, including changes in

recovery of specific components in light fractions of sucrose

density gradient used as a biochemical measure of membrane

raft integrity. Cholesterol depletion prohibits the formation

of coated pits (29), leaving the membrane studded with flat

clathrin arrays (arrow, Fig. 7 D) that cannot deliver cargo
to the cell interior. Membrane perturbations associated with

cholesterol depletion have frequently been used as an indi-

cator of raft involvement (30,31). To determine the effects

of cholesterol depletion on the topography of the cytoplas-

mic face, we incubated RBL cells with 10 mMMbCD for 30

min at 37�C before fixing cells and preparing membrane

sheets for AFM measurements. Representative results in Fig.

7 demonstrate that the height of the raised domains on RBL

membrane sheets is markedly reduced by cholesterol deple-

tion. When analyzed in line profile or cross section (red lines
in Fig. 7, A and B), a representative raised domain in control

membranes has a peak height of almost 70 nm. By com-

parison, cross sectional analysis of a representative raised

domain in a cholesterol-depleted membrane has a peak height

of only 20 nm (black lines in Fig. 7, A and C). Analyses of
repeated measurements are summarized in Table 1 and Fig.

9. Importantly, the loss of cholesterol fails to significantly

alter the 7 nm thickness of the flat regions of membrane.

Cholesterol is observed in TEM dark patches

In prior work, x-ray spectral analysis of dried membrane

sheets indicated that the dark patches have higher levels of

carbon than bulk membrane (2). This result suggested that

they contain a higher density of proteins and associated

lipids and/or cholesterol than the surrounding membrane.

FIGURE 6 (A) AFM image at higher resolution of a resting RBL cell

membrane sheet (clathrin labeled) showing several raised domains. (B) One

domain (0.4 mm box) was selected for 3-D representation to highlight

possible clathrin pits within the domain.

FIGURE 7 (A) Example of AFM topographic

line profiles of raised domains for both control

RBL cell membrane sheets (B) and those treated

with 10 mM MbCD (C). The measurements show

that the height of individual domains is substan-

tially lower in cholesterol-depleted membranes

(black line) than in control membranes (red line).

The data for all the sheets studied are summarized

in Table 1 and in histograms of Fig. 9. The data

are independent of labeling. Image B was from a

resting cell and image C was from an activated

cell. A representative TEM image of cholesterol-

depleted membranes is shown in D, where ‘‘flat-

tened’’ clathrin arrays can be observed.
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Fig. 8 shows two TEM images that support the concept that

cholesterol is an important component of the dark patches

and is thus in good agreement with their coidentity with the

cholesterol-sensitive raised regions seen by AFM. In Fig. 8,

A and B, membrane sheets from control and MbCD-treated
cells were labeled with 5 nm gold particles coated with a mono-

meric form of PFO (32). A toxin produced by Clostridium
perfringens, PFO specifically binds cholesterol and has been

successfully used as a cytochemical probe for electron mi-

croscopy (33). In the control cells (Fig. 8 A), cholesterol is
present in bulk membrane but is markedly clustered in a

large darkened region (arrow, lower left). There is very little
label in the MbCD-treated (cholesterol-depleted) cells (Fig.

8 B). Thus the dark patches contain high levels of cholesterol
as well as proteins.

Quantifying the dimensions of the raised regions

The data above show that raised domains are a consistent

feature of all the membrane sheet preparations studied by

AFM to date. In Fig. 9, eight normalized histograms provide

an expanded analysis of the raised domain heights and widths.

The height and width data are broken down into activated

and resting and with and without the MbCD treatment that

extracts cholesterol. The histogram data are also condensed

in Table 1, which includes the number of measurements for

each structure.We see an increase in both the heights andwidths

of the raised domains for activated cells relative to resting

cells. This is consistent with TEM observations (2,16,17) of

protein recruitment to the dark patches. We see the same

trend after MbCD treatment, which reduces the height of all

raised domains but does not appear to reduce domain widths.

It is important to note that concerning domain widths, the

skewed histograms and large ranges are most likely due to

aggregates of smaller domains. This would also reduce

correlation, if any, between height and widths.

We note that these measurements were made using sheets

labeled with IgE alone and also with sheets exposed to DNP-

BSA and CTX-B on the extracellular side and with Abs to

clathrin on the cytoplasmic side. To address the concern that

these various labels would add substantial thickness to the

membranes, we compared domain heights betweenmembranes

from resting cells that were unprimed with IgE relative to

those that were and between membranes from activated cells

that were labeled with primary and secondary antibodies for

clathrin relative to those that were not.We found no statistical

difference in the height of resting cells that were unprimed

with IgE relative to those that were.We found that the clathrin

labels added nomore than 136 5 nm to the domain height. In

short, we attribute the domain heights to protein clustering

and associated cholesterol and very little, if any, to the labels.

Linking raised domains to the cytoskeleton

The relationship between membrane signaling domains and

the cytoskeleton is of great interest (34). Diffusion confine-

ment zones have been attributed to the cytoskeleton (35,36).

In the mast cell membrane, the cortical cytoskeleton forms a

continuous submembranous meshwork (37). This meshwork

is frequently observed on the inner surface of native mem-

brane sheets in TEM images, where it seems to connect the

darkened membrane areas (Fig. 10 C; also Fig. 8 A). Previous
studies showed that the fibers bind phalloidin-gold particles

and thus contain F-actin (16). When imaged by the AFM

(Fig. 10, A and B), similar networks of fibers (white arrows)
can be seen to surround and connect the raised domains.

This supports the concept that the topography of the inner

membrane is organized in part by the cortical cytoskeleton.

We note that the cytoskeletal fibers are not seen in every

AFM or TEM image of membrane sheets, whereas conven-

tional thin section TEM shows a continuous actin meshwork

under the mast cell membrane (37). Thus it is likely that a

variable degree of cytoskeletal disassembly occurs during

the membrane sheet preparation.

SUMMARY AND CONCLUSIONS

We have used simultaneous AFM and confocal fluorescence

imaging of the cytoplasmic surface of membranes stripped

from both resting and activated RBL-2H3 cells to reveal the

presence of distinct membrane features (raised domains) that

have the ability to concentrate numerous membrane mole-

cules, including cross-linked receptors, gangliosides, and

clathrin. Raised domains are found in the membrane of both

resting and activated cells. The principal effect of cell acti-

vation is to cause the reorganization of membrane compo-

nents into larger domains. Based upon AFM measurements

of their thickness, lipid phase changes are unlikely to contrib-

ute substantially to these raised domains. We suggest instead

that they represent areas that concentrate transmembrane and

peripheral membrane proteins, either constitutively or indu-

cibly, and that their bulky cytoplasmic tails and associated

binding partners contribute to the height. Another significant

FIGURE 8 Distribution of PFO conjugated to 5 nm gold nanoparticles on

RBL cell membrane sheets seen by TEM. On sheets from control cells (A),

the abundant PFO label associates preferentially, but not exclusively, with

darkened membrane (arrow). After treatment with 10 mMMbCD (B), only a

few gold particles remain, demonstrating specificity of the PFO binding.
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contributor to the thickness may be clathrin lattices and

clusters of clathrin-coated pits.

Based on composition, we conclude that the raised do-

mains seen by AFM correspond to the dark patches observed

in TEM images of signaling domains that also localize the

immunoreceptor, FceRI, at least 10 associated signaling mole-

cules, and also molecules involved in coated pit assembly to

dark regions of activated mast cell membranes (16,17). Con-

centrated proteins could explain in part the increased amount

of carbon found by x-ray spectral imaging in the darkened

patches (2).

We showed by TEM that the cholesterol marker PFO

preferentially binds darkened membranes and by AFM that

cholesterol extraction by MbCD causes a large reduction in

height of the raised domains. These complementary results

indicate that cholesterol contributes significantly to the

formation or stability of the raised domains. The mechanism

is not known with certainty. It is possible that MbCD re-

duces domain height by extracting not only cholesterol but

also proteins in the form of protein-cholesterol complexes.

Another possibility is that the recruitment of signaling pro-

teins to the domains is reduced in the absence of cholesterol.

Additionally, we have observed by EM that the inner mem-

brane of MbCD-treated cells is enriched in flat clathrin arrays
but is totally lacking in coated vesicles (Fig. 7 D). If much

of the height is due to the curvature of 3-D clathrin lat-

tices, cholesterol extraction would appear to ‘‘flatten’’ those

structures.

The apparent relationship of the raised domains to the cyto-

skeleton (Fig. 10) is of particular interest. Previous fluores-

cence recovery after photobleaching data (38) and SPT data

(35,36) have led to models that consider roles for cytoskeletal

‘‘fences’’ or ‘‘corrals’’ and anchored protein ‘‘pickets’’ in the

temporary, dynamic confinement of membrane proteins and

lipids and also in the formation of less mobile macromolec-

ular complexes during signaling. In particular, the SPT studies

typically reveal free diffusion of proteins and lipids within

40–700 nm confinement zones accompanied by infrequent

intercompartmental transitions (‘‘anomalous diffusion’’,

‘‘hop diffusion’’). However, particularly for particles linked

FIGURE 10 (A and B) AFM topography of

RBL cell membrane sheets where cytoskeleton

cables (white arrows) appear to link numerous

raised domains. The maximum height in A is 54

nm and the maximum height in B is 45 nm. (C)

Cytoskeleton cable linkages (black arrows) ap-
pear in a TEM image.

FIGURE 9 Histogram display of distributions of

raised domain heights and widths as measured by cross

section (illustrated in Fig. 7). The data incorporate all the

membrane sheets in this study and were independent of

cell labeling by IgE, CTX-B, or clathrin. The clathrin

label (mouse monoclonal anti-clathrin heavy chain and

Alexa 488 F(ab9)2 goat anti-mouse IgG) adds;13 nm to

the domain height. Histogram A(C) shows the distribu-

tion of domain heights(widths) for activated (shaded
bars) and resting (open bars) membrane sheets. Histo-

gram B(D) is the distribution of heights(widths) for

membranes subjected to cholesterol extraction by

MbCD.
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to lipids, it has never been clear why interactions of the

cytoskeleton with components of the inner leaflet of the

membrane bilayer would regulate mobility in the outer leaflet

of the bilayer. The AFM images presented here show cyto-

skeletal elements surrounding and connecting the raised do-

mains. These images thus raise the possibility that the cortical

cytoskeleton may determine the stability and characteristics

of membrane domains, which in turn may determine the ability

of proteins (and lipids) to access and escape from these spe-

cialized regions.

In summary, AFM/fluorescence imaging of the inner

membrane landscape has revealed levels of topographical

complexity that are not addressed either in the well-mixed

lipid and protein model proposed by Singer and Nicholson

(1) or in progressively more complex models developed over

the subsequent decades that incorporate concepts of compo-

sitional and functional heterogeneity within the membrane

bilayer and between the membrane and the cytoskeleton

(34). Further analysis of the composition of distinct mem-

brane compartments across the topographic landscape is ex-

pected to reveal new insight into the relationship of membrane

geometry to membrane molecular organization and function.
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