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peak-valley polarities of GM1/GM3 rafts in cell

membrane fluctuations
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Abstract Simultaneous fluorescence-topographic nano-
scale imaging of cell-surface molecules in the context of
membrane ultra-structures has not been reported. Here,
near-field scanning optical microscopy (NSOM)-based direct
fluorescence-topographic imaging indicated that GM3 rafts/
nanodomains (190.0 = 49.8 nm ranging 84.5-365.0 nm) were
localized predominantly on the peaks of microvillus-like pro-
trusions in the apical membrane of GM3 + Madin-Darby ca-
nine kidney cells, whereas GM1 rafts/nanodomains (159.5 *
63.8 nm ranging 42-360 nm) were distributed mainly on the
slops of protrusions or the valleys between protrusions in the
plasma membranes of GM1 + MDCK cells. The data demon-
strated that gangliosides polarized not only in a well-known
apical-basolateral manner but also in the more microscopic
peak-valley manner, implicating unique distribution of GM1
or GM3 in cell-surface fluctuations on the apical membrane
of polarized cells. The peak-valley polarities of gangliosides
also implicated their different functions relevant to lipid
rafts, microvilli, or cellular processes.ilfi Importantly, our
study demonstrated for the first time that the NSOM-based
direct fluorescence-topographic imaging is unique and pow-
erful for elucidating nanoscale distribution of specific cell-
surface molecules in membrane fluctuations.—Chen, Y, J.
Qin, and Z. W. Chen. Fluorescence-topographic NSOM
directly visualizes peak-valley polarities of GM1/GM3 rafts in
cell membrane fluctuations. J. Lipid Res. 2008. 49: 2268-2275.
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Morphological, chemical, and functional polarities of
membrane lipids (1) are well described and are relevant
to lipid raft formation and cellular signaling. While differ-
ent lipid components, especially glycolipids, are distributed
in the apical-basolateral manner in the plasma membranes
of epithelial cells (2), the ganglioside-enriched rafts on T
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lymphocytes can redistribute asymmetrically in a leading-
edge-uropod manner upon cell activation (3). Despite
identification of apical-basolateral and leading-edge-uropod
distributions of membrane lipids, little is known about nano-
structures and precise topographic localization of ganglio-
sides or lipid rafts in the context of biological membrane
ultrastructures, such as microvilli or protrusions/valleys.

Widely used conventional imaging techniques have a
limited capability to elucidate fluorescence-topographic
distribution of cell-surface molecules at nanoscale. The
traditional fluorescence instruments including confocal
microscopy do not have enough optical resolution for de-
tection of nanscale ganglioside clusters. Fluorescence res-
onance energy transfer measurement or single particle
tracking technique is unable to reveal the nanoscale topo-
graphic localization of molecules on membrane surface.
Rapidly developed atomic force microscopy fails to detect
fluorescence information. The high-resolution electron
microscopy (EM) is often limited by uncertain fidelity or
reliability due to the complicated sample-preparing proce-
dures and demanding imaging conditions.

Near-field scanning optical microscopy (NSOM) should
be the best candidate for nanoscale imaging of topo-
graphic distribution of membrane gangliosides or lipid
rafts, since NSOM can simultaneously provide topographic
and fluorescence visualization of cell-surface molecules in
nanoscale resolution (4, 5). In this study, the simultaneous
fluorescence-topographic NSOM imaging, in combination
with fluorescent quantum dot (QD) (4), was utilized to di-
rectly visualize nanoscale topographic-distributions of gan-
gliosides or lipid rafts in the apical plasma membranes of
Madin-Darby canine kidney cells (MDCK) cells.

Abbreviations: ATCC, American Type Culture Collection; CTB,
cholera toxin subunit B; DIC, differential interference contrast; EM,
clectron microscopy; FITC, fluorescein isothiocyanate; FWHM, full
width at half maximum; MDCK, Madin-Darby canine kidney; MFI,
mean fluorescence intensity; NSOM, near-field scanning optical
microscopy; QD, quantum dot; ROI, region of interest.
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MATERIALS AND METHODS

Cell line, cell cultures, and reagents

Canine kidney MDCK epithelial cells [NBL-2; American Type
Culture Collection (ATCC)] were cultured in the medium of
ATCC-formulated Eagle’s Minimum Essential Medium supple-
mented with 10% fetal bovine serum (FBS) in the 37°C, 5%
COq incubator. The medium was changed every 2—3 days. Sub-
culturing was performed according to the protocol provided by
the ATCC.

The reagents used in the study were as follows: biotin for neg-
ative control, biotinylated Cholera toxin subunit B (CTB) and
fluorescein isothiocyanate (FITC)-conjugated CTB were pur-
chased from Sigma; mouse IgM (kappa-chain) for isotype control
and mouse anti-GM3 IgM mAb (GMR6) were purchased from BD
Biosciences (San Jose, CA) and Seikagaku America (Falmouth,
MA), respectively. Biotinylated goat anti-mouse IgM (p chain)
IgG mAD and streptavidin-conjugated QD655 were purchased
from Invitrogen. All negative control experiments showed nega-
tive results (data now shown). To remove QD aggregates in com-
mercial QD solution, the following procedures were followed to
prepare QD dyes for use in each experiment, as mentioned pre-
viously (4). Briefly, the QD solution was spin down at 5,000 g for
5 min, a small amount (in the order of pl) of the supernatant
was diluted in PBS, and then filtered/centrifuged through the
Ultrafree-MC centrifugal filter devices (Millipore Corp., Bedford,
MA) with ~80-100 nm pores at 12,000 g for 5 min. The resultant
supernatant was ready for use.

Confocal microscopy

To ensure that resultant supernatant of QD preparation was
free of aggregates, three types of QD preparation were examined
by confocal microscopy (6): the original QD solution without
centrifugation and filtering (7); the QD supernatant that under-
went PBS dilution and centrifugation at 5,000 gfor 5 min (8); and
the final QD supernatant ready for staining, as previously de-
scribed. QD solution or supernatant was diluted into ~100 wl
PBS on 0.1% poly-L-Lysine (Sigma-Aldrich, St Louis, MO) coated
coverglasses in the Lab-Tek chambered borosilicate coverglass sys-
tem (Nalge Nunc International, Rochester, NY) and subjected to
confocal microscopy. The final QD supernatant was also diluted in
double distilled water and directly deposited on clean coverslip for
NSOM imaging [NSOM data was shown in our previous paper (4)].

A schematic diagram is shown in Fig. 2A to image dynamic QD
staining of GM1 or GM3 microdomains in the apical membranes
of MDCK cells. Adherent MDCK cells grown on the sterile cover-
glass in the complete medium in the Lab-Tek chambered cover-
glass system were washed twice by 5% FBS in PBS buffer, fixed by
2% formaldehyde at 4°C for 30 min and then washed for 3 times
with 5% FBS in PBS prior to staining. Then the cells were stained
with biotinylated CTB for imaging of GM1-microdomains or anti-
GM3 IgM plus buffer wash plus biotinylated anti-IgM mAb for
imaging of GM3-microdomains at 4°C for 20 min, followed by
2%-formaldehyde fixation at 4°C for 30 min and washed two
times with the buffer. The fixed, CTB-bound or primary Ab-
bound MDCK cells in ~200 pl PBS in the coverglass system were
then placed on the sample stage of confocal microscope. Under
confocal microscope, the freshly prepared QD solution in PBS
was added into the chamber at the location away from the ob-
served cells (as shown in Fig. 2A), and then immediately subjected
to real-time confocal microscopy imaging of the cells. The QD par-
ticles diffused to the adherent cells and stained the ganglioside-
enriched domains on cell surface in a time-dependent manner,
therefore providing information for real-time dynamic imaging
of GM1 or GM3 molcules.

To quantitatively analyze the dynamic processes of QD staining
of ganglioside microdomains in plasma membranes of MDCK
cells, four types of regions of interest (ROI) were classified: 7) the
regions exhibiting ganglioside microdomains as lipid raft (the
bright fluorescence spots on cell surface); i) the regions nearby
ganglioside microdomains (representing nonspecific staining)
as negative control (NCI1); i) the regions in solution outside
cells as positive control (PC), since fluorescent QD were saturated
in these regions by random diffusion before they stained cell-
surface GM1 or GM3; and iv) the regions inside cells as negative
control (NC2) since QD could not reach these regions. In each
type, 10 regions (circled by numbers in Fig. 2) with the same area
and radius (~0.29 um?; radius = ~300 nm) were selected for auto-
matic quantification of fluorescence intensities with time lapse
(during a ~~45-min period) by confocal microscopy software.

For the static imaging of ganglioside-enriched domains on
MDCK cells, cells were prepared as previously described. Sam-
ples were incubated with biotinylated CTB or anti-GM3 IgM plus
tiotinylated anti-IgM mAb, and washed for three times with 5%
FBS in PBS, and then stained with freshly-prepared streptavidin-
conjugated QD solution, followed by the 2% formaldehyde fixa-
tion at 4°C for 30 min and 2 washes with the buffer.

A Carl Zeiss LSM510 Metab laser scanning confocal microscope
(Carl Zeiss, Thornwood, NY) was utilized in the present study. A
beam of 405 nm from a diode laser, LP650 filter, and PMT were
used for excitation of QD655, filtering, and detection of fluo-
rescence. For the two-color imaging, another beam of 488 nm
from an Ag/Kr laser and BP505-550 filter were applied for the
FITC-conjugated CTB detection.

NSOM

For NSOM imaging, MDCK cells were cultured on sterile cover
slips in 6-well plates. The MDCK-adherent cover slips were taken
out from the plates and washed twice with 5% FBS in PBS, fol-
lowed by fixation and immune staining as described above in the
section of Confocal microscopy. After one wash with the buffer
and two washes with double distilled water, the samples with
MDCK cells adherent on the cover slips were air-dried and then
subjected to NSOM imaging. The negative control experiments
similar to what was described in the previous paper (4) were per-
formed and all exhibited negative stainig (data not shown). The
information for NSOM operation and imaging was also described
in that paper (4).

Data processing and statistics

The confocal data was processed by Zeiss LSM-equipped soft-
ware (Carl Zeiss, Thornwood, NY). The NSOM data, including the
2D and 3D images, and fluorescence or height profiles, was pro-
cessed by NSOM-equipped SPMLab6.0.2 software (Veeco, Santa
Barbara, CA), whereas the merging of NSOM topographic and
fluorescence images was done with Adobe Photoshop CS3, as well
as the schematic diagram. The EasyFit 4.0 software (MathWave
Technologies, Dnipropetrovsk, Ukraine) was used for making his-
tograms. Statistic analyses were performed using Student’s ttest.

RESULTS AND DISCUSSION

Immune-conjugated QD fluorescence staining and
real-time dynamics of GM3 and GM1 microdomains in
apical plasma membranes of MDCK cells under
confocal microscopy

As an initial effort to perform NSOM/QD-based fluores-
cence-topographic imaging of ganglioside-nanostructures,

Fluorescence-topographic NSOM imaging of GM1/GM3 rafts 2269



static or real-time confocal microscopy was used to visual-
ize QD fluorescence staining and dynamics of ganglioside
microdomains in the apical plasma membranes of pre-
fixed MDCK cells.

To ensure an appropriate QD staining of gangliosides
on cell surface, the QD aggregates were removed from
commercial stock QD solution through the centrifugation

and filtration treatments (Fig. 1A). These treatments gave
rise to high-fidelity QD preparation containing single indi-
vidual streptavidin-conjugated QD655 particles [very small
fraction contained two QD clusters (4)]. The QD prepara-
tion was then used to immunologically stain gangliosides
GM1 and GM3 on prefixed MDCK cells and imaged under
confocal microscope. Most MDCK cells were GM3+, and

Fig. 1. Static confocal microscopic images of fluorescent quantum dot (QD) particles on substrate and QD-
stained GM1 or GM3 microdomains on apical membrane of prefixed Madin-Darby canine kidney cells
(MDCK) cells. A: Confocal microscopy shows that QD aggregates or large QD particles were removed for
commercial QD solution by centrifugation and filtration. Treated or untreated preparations of QD solution
were deposited on poly-L-lysine-coated cover slips, and imaged under static confocal microscopy. Shown are
confocal images of untreated QD stock solution (left), QD supernatant after the first centrifugation at 5,000 g
for 5 min (middle) and final QD supernatant treated by all the procedures: the first centrifugation, dilution
in PBS, filtration (~~80-100 nm-pore filter) and the second centrifugation at 12,000 g for 5 min. The near-
field scanning optical microscopy (NSOM) (or transmission electron microscopy) images of the single-QD
particles from the final supernatant were shown in our previous study (4). B and C show the confocal images
of GM1 (B stained first with biotinylated CTB and then streptavidin-conjugated QD655) or GM3 (C stained
sequentially with anti-GM3 IgM, biotinylated anti-IgM IgG, and streptavidin-conjugated QD655) micro-
domains on cell membrane of MDCK cells. Square images in the right panels were the top cell-membrane
views of GM1 or GM3 microdomains; the rectangle images flanking the square ones were side views of mem-
brane GM1 or GM3 as sectioned across the lines. Note that GM1 or GM3 domains were distributed most
on apical membrane (square images) and some on basolateral membrane (rectangle images). D shows two-
color confocal images of GM1 [green; stained with CTB- fluorescein isothiocyanate (FITC)] and GM3 (red;
stained as described in C) microdomains on GM1 + GM3 + MDCK cells (inset: the DIC image).
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some were GM1+, with a few cells being GM1+GM3+ the cells (Fig. 1B, C, right images). Images from side views

(Fig. 1B-D). The GM3 or GMI1 were stained as micro- of cell sections showed that these microdomains could also
domains (>1000 nm) under confocal microscopy. GM1 be distributed in the basolateral membrane to some ex-
or GM3 microdomains were mainly distributed on the api- tent, indicating an apical-basolateral membrane distribution

cal plasma membrane as visualized on the upper surface of  of these microdomains (Figs. 1B, C, right flanking rectangle
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Fig. 2. Real-time confocal microscopic imaging of dynamic QD staining of GM1 or GM3 microdomains in the apical plasma membrane of
MDCK cells. A: Schematic diagram for adding QD solution to MDCK cells for staining under confocal microscope. B and C were confocal
images showing formation and dynamics of QD-stained GM1 and GM3 microdomains on cell surface, respectively. Left panels: snapshots of the
dynamics displaying many regions of interest (ROIs) marked by circles/numbers, from which the mean fluorescence intensity (MFI) was
measured. Middle panels: corresponding DIC images. Right panels: MFI vs. time graphs showing changes in mean MFI (mean *= SD) of
randomly-chosen 10 ROIs corresponding to the circles as numbered in the images of the left panels. Four types of ROIs were measured: i)
lipid raft ROI (circles 1-10 in the left images): GM1 or GM3 microdomains on cells; i) NC1 (negative control 1; circles 11-20), ROI: the areas
nearby the microdomains (but obviously not in the microdomains); i) PC (positive control; circles 21-30), ROI: the QD solution areas outside
cells, which gave rise to fluorescence due to the QD particles suspending in solution; 7v) NC2 (negative control 2; circle 31-40), ROI: the areas
inside cells, which were dark (no fluorescence) since QDs could not enter the prefixed cells. Note that MFI curves for GM1 or GM3 raft ROI
were increased over time, indicating that accumulative QD staining of GM1 or GM3 microdomains instead of preformed QD aggregates bind-
ing to the GM1 or GM3 molcules. The MFI curves for PC ROI started early and relatively stable, which could be explained by the presence of
QD particles in solution. No apparent increases in MFI were detected for the NC1 and NC2. Of note, the decrease in fluorescence intensity at
the late stage as seen in the right graph of B was probably due to photobleaching and/or diffusion of QD particles from one to other areas of
the investigated cell. The distance, concentration, and diffusion rate of QD solution together with other factors appeared to affect the speed at
which the QD particles reached the cell surface for staining and therefore impacted on the MFI of QD solution around the cells, the increase
in MFI for staining GM1 (B) or GM3 (C) microdomains, and the time of starting the increase. This appeared to explain why the increase in
MFT for QD staining of GM1 microdomains in B started earlier than that of GM3 microdomains in C.
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images). Two-color images showed that GM1 and GM3 did
not colocalize on the GM1+GM3+ MDCK cells (Fig. 1D).

We then performed additional quality-control experi-
ments to ensure that QD-stained ganglioside microdomains
represent the true immune staining of GM1 or GM3 mol-
cules, but not accumulated QD aggregates formed argu-
ably during the staining procedure. We made use of the
photobleach-resistance and brightness properties of QD
particles and performed the real-time observations of the
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dynamic QD staining of GM1 and GM3 microdomains in
the apical plasma membranes of MDCK cells. Under con-
focal microscope, the freshly prepared solution containing
single individual streptavidin-conjugated QD was added
into the cell suspension, and immediately imaged by
real-time confocal microscopy for ~45 min (Fig. 2A, the
schematic diagram and the Methods section). It was evi-
dent that the fluorescent dots of ganglioside microdomains
on the cell surface became larger and brighter under real-
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Fig. 3. Direct in situ fluorescence-topographic NSOM imaging and quantification of GM1 rafts localized pre-
dominantly in membrane valleys. A: NSOM topographic (left), fluorescence (middle), and merged (right)
images of a representative GM1+ MDCK cell. B: Higher-magnification topographic (left) and fluorescence-
topographic merged (middle and right) two-dimensional (2D) images of an area on the cell in Fig. 3A. The
topographic information was pseudo-colored in yellow for the peak of membrane protrusions, and in blue for
the planar membrane or the valley between membrane protrusions. In the middle fluorescence-topographic
image, the fluorescence information (in red) was above but not merged with the topographic information (in
yellow/blue), highlighting all GM1 rafts in red. In the right fluorescence-topographic image, the topographic
and fluorescence information were merged, highlighting the valley-localizing GM1 rafts in pink. Scale bar =
1 pm. Note that GMI rafts were mainly localized in planar or valley membrane. C: The height (upper curves)
and corresponding fluorescence (lower curves) profiles of the crosssections extracted from the left panel of
Fig. 3B (dashed lines). Note that GM1 fluorescence corresponded to the low height areas (planar or valley
membrane). D: The NSOM topographic (gray)-fluorescence (red) merged three-dimensional (3D) image of
Fig. 3B shows GM1 rafts were localized in planar or valley membrane. E: The topographic 3D image of the first
panel of Fig. 3B. F: left panel: the fluorescence profile extracted from a cross-section through two GM1 rafts in
the middle image of Fig. 3B, with diameters (FWHM) of these nanodomains being ~100 nm and ~168 nm,
respectively. Right panel: the histogram for the diameters of GMI rafts (159.5 * 63.8 nm; ~42 nm-360 nm).
Shown is the representative of three GM1+ MDCK cells from three independent experiments.
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time confocal microscopy (data not shown). Quantification
analysis showed that the fluorescence intensity for the fluo-
rescent dots of GM1 or GM3 microdomains (red curves in
the right graphs of Fig. 2) was progressively enhanced with
time lapse, whereas little or no increase was seen for nega-
tive control 1 (unstained areas with similar spots nearby
GM1 or GM3 microdomains, representing possible non-
specific staining) and negative control 2 (unstained areas
inside cells where QD were unreachable). These results
provided direct evidence that the fluorescent dots of GM1
or GM3 microdomains were not caused by the preformed
QD aggregates during immune staining procedures.

The in situ NSOM fluorescence imaging indicated that
fluorescent dots of GM3 nanodomains/rafts had a larger
mean diameter (FWHM) than those of GMI1 rafts

We then sought to perform in situ NSOM/QD-based
nanosale fluorescence imaging of ganglioside nanodomains.

The NSOM fluorescence images (middle panels of Figs. 3B
and 4B, and Figs. 3D and 4D) and the fluorescence profiles
of the cross-sections (left panels of Figs. 3F and 4F) revealed
that while GM3 and GM1 molcules were stained as fluo-
rescence nanodomains, GM3 nanodomains looked larger
and brighter than GM1 nanodomains on cell membrane.
Quantification measurement showed that the mean fluo-
rescent dots of GM3 nanodomains were 190.0 = 49.8 nm,
ranging 84.5-365.0 nm (Fig. 4F), whereas those of GM1
nanodomains were 159.5 * 63.8 nm, ranging 42—-360 nm
(Fig. 3F). Both GM3 and GM1 nanodomains were compa-
rable to the size range (10—200 nm) of ganglioside-enriched
lipid raft (or membrane raft), as recently defined in the
Keystone Symposium (9). The differing sizes of GM1 and
GM3 may be explained by sugar components. It has been
reported that increased sugar units of ganglioside can cause
an increase in the lipid-water interface area that makes the
ganglioside aggregates smaller (10). More sugar units in

Fig. 4. Direct in situ fluorescence-topographic NSOM imaging and quantification of GM3 rafts predomi-
nantly localized in membrane peaks. The legends are the same as described in Fig. 3 except GM3 replace-
ment for GM1. Note that in contrast to GM1, GM3 were predominantly localized in the membrane peaks as
seen in B-E. In the left panel of F, one of the five GM3 rafts has a diameter of ~270 nm. In the histogram for
the diameters of GM3 rafts (right panel of F), the mean diameter is 190.0 * 49.8 nm (~84 nm—-365 nm).
Shown is the representative of three GM3 + MDCK cells from three independent experiments.
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GM1 than in GM3 monomer may be one of the reasons
why fluorescent GM1 nanodomains/rafts were smaller than
fluorescent GM3 nanodomains/rafts. More abundance of
GM3 molecules on MDCK cells may also be a reason for
making them larger.

Direct fluorescence-topographic NSOM imaging revealed
the peak-valley polarities of GM1 and GM3 rafts in
cell-membrane fluctuations

Next, the exact microscopic localizations of the ganglio-
side nanodomains/rafts in the cell membrane ultrastruc-
tures were directly imaged by fluorescence-topographic
NSOM. Under NSOM, the membrane surface of MDCK
cells displayed many protrusions with various sizes as shown
in the height profiles of cross-sections (Figs. 3C and 4C) or
3D NSOM topographic images (Figs. 3E and 4E). The NSOM
topographic protrusions are similar in shape to previously
defined microvilli, we described them as microvillus-like
protrusions, but keep in mind that they are two different
concepts. Since the NSOM topographic and fluorescence
images were simultaneously obtained, the exact micro-
scopic localization of the ganglioside rafts in the membrane
fluctuations could be detected in the merged fluorescence-
topographic images. The merged fluorescence-topographic
2D images (right panels of Figs. 3B and 4B) showed that
a majority of GM1 rafts were localized in the slop of the
microvillus-like protrusions of plasma membranes or on
the valleys (Fig. 3B, the right panel showing GM1 rafts
in pink derived from blue-red overlap). In contrast, al-
most all GM3 rafts were distributed on the peaks of the
microvillus-like protrusions (Fig. 4B, right panel). The dif-
ferent distribution patterns of GM1 and GM3 rafts were
also evident when topographic surface heights (upper
curves) were matched for fluorescence spikes of rafts (lower
curves) as scanned across sections (Figs. 3C and 4C).

The coexistence of two or more different lipid phases
and the phase separation in the apical plasma membrane
of epithelial cells have been reported (11). However, the
phase separation was observed in the horizontal not per-
pendicular direction at the apical membrane plane. The
colocalization of GM1 with prominin-1, a presumed micro-
villar marker, under confocal microscope has been taken
as indirect evidence that GM1, but not GM3, may be lo-
calized in microvilli (12). However, one may argue that
low-resolution confocal microscopy cannot accurately de-
termine the real space relationship or location of two mol-
ecules unless the molecules are separated a lot from each
other. Precise colocalization of two molecules might require
nanoscale imaging, which is usually challenging to confocal
microscopy. Virtually, the direct fluorescence-topographic
nanoscal NSOM imaging demonstrates that GM3, but
not GM1, are localized in microvillus-like protrusions.

Our finding that GM3, but not GMI, are localized in
microvillus-like protrusions appears to be supported by
other relevant studies. It has been reported that some
molecules such as epidermal growth factor, human insu-
lin receptor, glucagon receptor, and certain adhesion
molecules or ion channels have a preferential initial lo-
calization in microvillus-like protrusions (6, 8, 13, 14).
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The activities of these receptors or molecules can be in-
hibited by GM3 gangliosides through direct interaction
with the receptors localized in microvillus (7, 15, 16), sug-
gesting GM3 localizes on the microvillus-like protrusions.
On the other hand, the microvillus-like protrusions are
highly enriched in actin-binding proteins (13, 17), which
probably provide driving forces for the polarization of
molecules in local membranes.

The direct fluorescence-topographic imaging of asym-
metric distribution of gangliosides implicates that ganglio-
sides polarize not only in the apical-basolateral manner but
also in a manner of a more microscopic peak-valley distri-
bution of GM3 and GM1 on cell-membrane fluctuations in
the apical membranes of polarized cells. The feature may
be related to function of microvilli and various cellular pro-
cesses. GM1 and GM3 membrane rafts (1, 18, 19) may have
distinct function, since they are localized differently in the
peak-valley manner in the apical membrane fluctuations.

Importantly, this study demonstrated for the first time
that NSOM/QD-based direct fluorescence-topographic im-
aging is a unique, powerful tool for elucidating nanoscale
topographic distribution of specific cell-surface molecules
in the context of specialized membrane ultrastructures.
Moreover, the fluorescence-topographic and simplicity na-
tures of NSOM appear to be advantageous over compli-
cated operation of conventional EM.HR
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