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ABSTRACT Near-field scanning optical microscopy (NSOM) uses the near-field interaction of light from a sharp fiber-optic
probe with a sample of interest to image surfaces at a resolution beyond the diffraction limit of conventional optics. We used
NSOM to image fluorescently labeled plasma membranes of fixed human skin fibroblasts, either dried or in buffer. A patchy
distribution of a fluorescent lipid analog suggestive of lipid domains was observed in the fixed, dried cells. The sizes of these
patches were consistent with the sizes of domains implied by fluorescence photobleaching recovery measurements. Patches
of fluorescent lipid analog were not spatially correlated with patches of transmembrane proteins, HLA class | molecules
labeled with fluorescent antibody; the patchiness of the HLA class | molecules was on a smaller scale and was not localized
to the same regions of membrane as the lipid analog. Sizes of HLA patches were deduced from a two-dimensional spatial
autocorrelation analysis of NSOM images that resolved patches with radii of ~70 and ~600 nm on fixed, dried cells labeled
with 1gG and 300-600 nm on cells labeled with Fab and imaged in buffer. The large-size patches were also resolved by
far-field microscopy. Both the spatial autocorrelation analysis and estimates from fluorescence intensity indicate that the
small patches seen on fixed, dried cells contain ~25-125 HLA-I molecules each.

INTRODUCTION

Our view of cell membranes as two-dimensional (2D) flu- HLA-I proteins are also seen in NSOM images of fixed cells
ids, all the constituents of which move freely (Singer andscanned wet, in buffer. The larger patches observed by
Nicolson, 1972), has been changed in recent years by denNSOM were also observable by conventional, far-field flu-
onstrations of lateral heterogeneities, patches, and domaimsescence microscopy of wet cells.

in cell surface membranes (Edidin, 1996; Kusumi and Sako,

1996; Jacobson et al., 1995). Membrane domains have been

defined mainly by measurements of the lateral diffusion ofMATERIALS AND METHODS

membrane proteins and lipids, although other methods havgell culture

also been used (SaXton and Jacobson, 1997; Edidin, 1998H'rmal human skin fibroblasts, strain 5659C, were obtained from the
The measurements suggest that the size of many membra, MS Cell Repository, Coriellylnstitute (Caméien, NJ) and were main-

domains is in the range of hundreds of nanometers, at Qhined in Dulbecco’s modified Eagle’s medium supplemented with 10%

below the resolution of far-field microscopy. fetal calf serum (Intergen, Purchase, NY) and 2 miglutamine at 37°C
Near-field scanning optical microscopy (NSOM) uses thein a water-saturated atmosphere with 5% @®air. For microscopy, cells

contrast techniques of far-field microscopy but achievesvere plated onto glass coverslips (VWR Scientific, Baltimore, MD, 18-mm

resolution of surface structures well beyond the diffraction®'ameter number 1) for-24 hin the same medium untl the cell coverage
reached~50% of the surface of the coverslip. Properly cultured cells

limit of far-field microscopy (Betzig and T.raUtmanv 1992). showed flat leading edges with several tens of square microns of microvil-
We have used NSOM to image human fibroblasts labeletls-free plasma membrane. The relatively short time between plating the

with both fluorescent phospholipid analogs and with fluo-cells and observing ensured that the cultures contained little cell debris and
rescent antibodies to membrane proteins, HLA class that the cells themselves did not produce a large amount of extracellular
(HLA-) molecules. The patchiness of the fluorescence in™"™

our images of fixed, dehydrated cells is consistent with the

size of membrane patches and domains inferred from othegell labeling

types of measurements performed on live cells; patches of , _ o ,

All labeling was done at-2°C to prevent the internalization or patching of
the lipid analogs or membrane proteins. Cells cultured on a coverslip were
washed three times with 1 ml of cold HEPES-buffered minimal essential
Received for publication 9 June 1997 and in final form 27 January 1998.medium (HMEM) and then either incubated for 20 min in 1 ml of HMEM
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21218-2685. Tel.: 410-516-7294; Fax: 410-516-5213; E-mail: edidin@D-3820 from Molecular Probes, Eugene, OR), complexed to defatted
jhu.edu. bovine serum albumin (BSA; Sigma Chemical Co., St. Louis, MO) (Chen
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freshly prepared 3% formaldehyde and 0.05% glutaraldehyde, and thean upright, far-field microscope and has a special sample holder and head that
dried in a desiccator at 4°C. The sealed desiccator was warmed to roomlows its operation in liquid (Gheber et al., 1998).

temperature before exposing the sample coverslip to the air. Cells for wet

NSOM imaging were labeled with Fab KE-2 conjugated to the cyanine dye

Cy3 (Mujumdar et al., 1993), fixed in 4% paraformaldehyde, and imagedqRESULTS AND DISCUSSION
in HEPES-buffered Hanks’ balanced salt solution.

Cells labeled by the BODIPY-PC/BSA complex were brightly fluores- \We earlier used FPR to infer the existence of domains in
cent in conventional far-field fluorescence microscopy (FFM). The labelinghyman fibroblast plasma membranes (Yechiel and Edidin
was apparently due to transfer of the BODIPY-PC from the BSA carrier to the. . . '
cell surface membrane and not to adsorption of the BODIPY-PC/BSA com-],'9_87)' We founc,j that the apparent mobile fractions of .Iabeled
plex. We infer this from the high mobile fraction of lipid analog (see Results)“pIds and propems decreased as the area bleacheq in a FPR
and from the fact that, in a control experimeniBl BSA covalently coupled measurement increased over the range 0.4+/20 This is not
to the fluorophore Cy3 did not label cells observed by FFM. expected if molecules can diffuse freely over a membrane area

FFM fluorescence images were obtained from cells imaged wet in thegf hundreds of square microns but is expected if diffusing
NSOM (see below). These images contain artifacts originating from th . . . .
depth of their focal plane and limited lateral resolution. Thus, a Iargetl'ar.n()le(:'JIeS are confined in domains of a few square microns.
fluorescence patch will appear brighter than a smaller one, even if the The labels used for our NSOM experiments of human
surface density of fluorophores is identical in both. There is an intrinsicfibroblast membranes, BODIPY-PC and TMR-KE2 mono-
correlation between the size and intensity of patches. For this reason, thelonal antibody (mAb; anti-HLA), showed the same behav-
larger patches contribute more to the autocorrelation function (becausgyr in FPR measurements as the labels in our earlier exper-
their intensity is higher) and the calculation exaggerates the size of th o ; ;
patches. To perform a size analysis based on the fluorescence image, \m‘]ents' At 22°C, the average mobile fractions of a fluorescent

needed to remove the intensity information and retain only the size im‘or-“pId probe, BODIPY-PC, increased with decreasing size of the
mation. This was done by filtering a copy of the original image to obtain laser spot. Mobile fractions of 0.58 0.07, 0.76* 0.10, and

the low-frequency components that constitute the background. Then, th@.86 = 0.11 were obtained for the laser spots of 2.4, 1.4, and
0”9";3' it’:a%?ﬁwas divided tby ”_‘; Eatcv\'fgrounld i;“age} g_f;][reCti?g_i” thisg.8 um (1/¢f radius), respectively. Similarly, mobile fractions
way for the differences in intensity between clusters of different size. :

Concanavalin A was covalently conjugated to preformed dipalmitoyl of HLA-I molecules labeled with TMR-KE-2 mAt.) were
phosphatidylcholine (DPPC) liposomes, doped with glutaryl-dipalmitoyl 0.53+ 0.15, 0.62* 0.20, and 0.72+ 0.13. Thus, using the
phosphatidylethanolamine (DPPE) containing 0.1 mol % of the fluorescen€riteria developed earlier (Yechiel and Edidin, 1987), it ap-
lipid analog DilCg (Molecular Probes). Liposomes were produced by pears that the lipid analog BODIPY-PC and HLA-I proteins
sonicating the final lipid solution. For cell membrane staining the liposomegre concentrated in membrane domains.
stock solut?on,~10 mM DPPC was diluted with HMEM to a final working Our NSOM proved equal to Scanning the rugged surfaces
concentration of-500 xM DPPC. of fixed, dried fibroblasts. Images of fibroblasts labeled
with BODIPY-PC and TMR-KE2 mAb clearly displayed
the patchy distributions of both labels. BODIPY-PC fluo-
rescence was slightly concentrated over surface peaks, seen
in the shear-force image. However, the greatest patchiness
Fluorescence photobleaching recovery (FPR) measurements were made 0fi fluorescence was found in smooth areas of the mem-
cells labeled as for NSOM but not fixed or dried. The spot-size-dependenprane. Fig_ 1A is typical of this distribution. It can be seen
FPR experiment is described in detail elsewhere (Yechiel and Edidingngt in the topographically smooth area of membrane in the

1987). In FPR, an attenuated laser beam is focused to a spot on a label . . .
cell surface, and the concentration of label is monitored in terms of quores;T?g1Lt of the flgure the BODIPY-PC fluorescence is dlsrupted

cence) . A fraction of the fluorophores in the area are then bleached by briefy fractal-like dark patches several hundred nanometers
(millisecond) exposure to the unattenuated laser beam. The beam is then agalfide, indicating exclusion of the lipid analogs from some
attenuated and is used to monitor the return of fluorescence to the bleachggteas of the membrane. The length scale of the fluorescent
e e ot s o et o e el sumoune by the ek plches s consisent it the
area of the bleaching beay, almost always reaches an asympt%rxy - ‘Tength scale of lipid domains inferred from the FPR experiment
Loy Imal oy Yields R, the fraction of all labeled molecules mobile in the ime d€Scribed above. Although we do not understand the exact
and the length scales of the measurement. mechanism of the lipid exclusion, the fact that the shear-force
image of the same area showed a continuous membrane made
it evident that the dark patches were not artifacts of membrane
Near-field scanning optical microscopy damage (Fig. ). Furthermore, the dark patches in the lipid
analog image were bright in the TMR image in (Fid3)l that

The NSOM for imaging fixed, dried cells used an adiabatically tapered,iS HLA-I proteins were present and possibly concentrated. in
Al-coated single-mode optical fiber probe with an aperture with a diameter_’ ’ ’

that is typically~80 nm. Blue (488-nm) light from a Kr/Ar laser or 543-nm regions that excluded the lipid analog. .
light from a green He-Ne laser was coupled through the fiber probe for the 1he fluorescence from labeled HLA-I proteins closely

excitation of BODIPY and rhodamine, respectively. The probe wasfollowed membrane contours, concentrating along ridges
scanned over the cell surface at a distancec®® nm, resulting in spatial seen in the shear-force image (compare Fid andC). In
resolution of~40 nm in fluorescence imaging. A corresponding shear forceﬂat regions of membranes. fluorescence from labeled pro-

image, which shows the surface contour, was obtained simultaneously witF ins did not h | | tt ble to that
each scan of fluorescence. Details of the NSOM are described elsewhe| glns Id not have any large-scaleé pattern comparabie to tha

(Betzig et al., 1990). The NSOM used for wet cell imaging is similar to the oneS€€N for the lipid analog in Fig. A AS nOteq 'abOVe7 the
used for dry imaging in most respects, but it is built on an inverted, rather thafluorescence was found in both lipid-rich and lipid-poor areas.

Fluorescence photobleaching
recovery measurements



2186 Biophysical Journal Volume 74 May 1998

FIGURE 1 Images of human fibroblasts labeled with both the fluorescent lipid analog Bodipy-PC and a tetramethylrhodamine-conjugated monoclonal
antibody, KE2, to the transmembrane protein HLA-I and then fixed and drigd\éar-field fluorescence image of the distribution of Bodipy-PC. The

linear gray scale measures the fluorescence intensity fronx 1L0? cps/nW to 8.2x 10* cps/nW. B) Near-field fluorescence image of the distribution

of class | MHC molecules labeled with TMR-KE2 monoclonal antibodies. Linear gray scale measures the fluorescence intensityfra6? ¢p@/nwW

to 1.8 X 10* cps/nW. C) Shear-force topographic image of the same cell. Inset gray scale displays the height of the surface topography.

The patchy distribution in the fluorescence image couldwhere is the spatial lag vector and is the average over
result from the projection of the fluorescence signal distrib-the entire image. The averaged autocorrelation term in the
uted over protrusions from the cell surface. For a constanbtumerator was obtained using a 2D fast Fourier transfor-
surface density of labeled molecules, there will be moremation algorithm; the original image was Fourier trans-
fluorophores in the projection of a surface protrusion than informed to obtain its 2D power spectrum matrix, and the matrix
a flat region with the same surface area. This effect is seewas then inversely Fourier transformed again (Press et al.,
as the commonly observed ring stain of fluorescently 1a-1992). The angle-averaged autocorrelation functigé), the
beled cells observed by FFM. However, in near-field mi-analog of the time-averaged autocorrelation function in the
croscopy, the evanescent wave from the aperture, whictime domain, was obtained by averaging over all angles of the
excites fluorescence, decays exponentially away from thepatial lag vectok, keeping the length of fixed.
aperture. Therefore, only the fluorophores in this near-field Time autocorrelation functions can be represented by two
range, typically within a few tens of nanometers, are effecdistinct time-dependent functions, one describing directed
tively excited as the tip follows the surface topography at &low and one describing random diffusion (Magde, 1987).

constant height from the surface. In the time domain, when individual fluorophores undergo
The fluorescence of BODIPY shifts from green to red at

high concentrations of the lipid analog (cf. Chen et al.,
1996). However, the patchiness in the BODIPY-PC image —————— T
is not due to the wavelength dependence of the quantum [ 11
efficiency of our detector. In fact, our silicon avalanche
photon detector actually has a higher quantum efficiency at
longer wavelengths. Even if this red fluorescence was
blocked by the filter set used for acquiring the lipid fluo-
rescence image, it would have appeared as a bright patch in
the protein fluorescence image, but this is not the case. For
example, note that the ragged dark regions at the edge of the
cell (bottom of the image) in Fig. A do not correspond to

bright regions in the same part of the cell in FigB1 k ]

|

I
T

g(¢) arbitrary unit

We reasoned that, if HLA-I proteins were aggregated
and/or confined to membrane domains, then a spatial auto-
correlation analysis, analogous to the temporal autocorrela-
tion fluorescence spectroscopy (Magde et al., 1978), would
yield an autocorrelation function characterizing the spatial &(nm)

Scak__:‘ of intensity fluctuz_itlons. \N_e calculatg the normallzec{:IGURE 2 Angle-averaged 2D autocorrelation functions from simulated
spatial 2D autocorrelation function of a digitized fluores- jmages containing clusters of different sizes: 35 @nand 1000 nmi).

cence NSOM image as The same function is displayed drfor the image containing two different
types of islands with different sizes: 20 nm and 1000 nm. The inset shows

9(é) = g(&. &) = [Kin)i(r + &) — AN PRIy, (1) asymptotes of curvels andc.

© SUBG000TU000Y OO

e by by e e b e b e

0 100 200 300 400 500 600




Hwang et al. NSOM Imaging of Plasma Membrane Domains 2187

FIGURE 3 NSOM images and corre-
sponding 2D autocorrelation images of
a human skin fibroblast, fixed and dried
after decorating with concanavalin-A-
conjugated, DilGg-labeled DPPC lipo-
somes A), DPPC monolayer uniformly
labeled with Bodipy-PE molecule8),
and a human skin fibroblast labeled
with TMR-1gG against HLA membrane
proteins. Corresponding 2D autocorre-
lation imagesg(¢), are displayed iD,

E, andF. g,,.« in each autocorrelation
image representy(0,0) at the center.

uniform translation with an average velocity across the detection events from a constituent fluorescent particle trans-
measured sample volume enclosed by the ared, where lating across the probing volume for a time interial
w is the 1/é radius of the laser beam, the temporal auto- By analogy, patchiness of fluorescence, clustering of

correlation function is labeled molecules, can be determined from a spatial func-
tion equivalent to the directed flow function such as (Peter-
g(t) = g(0)exd — ()], ) son et al., 1993)

wheret; = w/V is the time interval for a fluorophore taove
across the probing volume. This equation reflects consecutive 98 = 2 g(0)exd — (&), 3)
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sizes of clusters, where indexrepresents each group of
clusters with a given size.

When fluorescently labeled molecules randomly diffuse
over the sample volume, the time autocorrelation may be
written as

g(t) = 901 — tte] ™, (4)

wherety = w?/4D, with D as the average diffusion constant
of the fluorescently labeled molecules, which undergoes
random diffusion. By analogy, when fluorophores are dis-
tributed in a random fashion, angle-averaged 2D spatial
autocorrelation function may be fitted to

9§ =901 - &&1™, (%)

whereé, is a characteristic length of the random distribution
of the fluorophores, which usually is larger than the size of
the obtained image and is infinite for completely uniform
distribution of fluorophores.

Before applying this spatial autocorrelation function to
images of clustered molecules, we tested it against simu-
lated images. Fig. 2 shows the angle-averaged spatial auto-
correlation functions from three different images of clusters
of known sizes. The points in Fig. @show the autocorre-
lation function of islands with a Gaussian profile with a
half-width at 1/e maximumg) of 35 nm. Similarly, Fig. 2
b is the function for larger islands with a half-width at 1/e
maximum §) of 1000 nm. The least? fits with a single
Gaussian function showed good agreement with the data
points yielding a half-width at 1/e maximum of 39 and 1263
nm in each case. Next, the two images with two different
sizes, 20 and 1000 nm, of islands were superimposed. From
this image we calculated the autocorrelation and plotted the
result in Fig. 2c. The curvec clearly shows that the
autocorrelation data fit well to the linear superposition of
two Gaussians, so that the characteristic lengths of 29 and
1327 nm deduced from these fits are in good agreement
with the sizes of islands in those images.

We next tested our spatial frequency analysis of cluster-
ing on NSOM images of cell membranes decorated with
fluorescent liposomes, 100—300 nm in diameter, which do
not fuse with the cell membrane (FigA3 and on images of
a DPPC monolayer uniformly labeled with the fluorescent
analog BODIPY-PE (Fig. B). The NSOM image of the

FIGURE 4 Angle-averaged autocorrelation plots for the images in Fig'liposome-decorated membranes (Figd)3showed fluores-

3. (A) A cell decorated with fluorescent DPPC liposomeB) Fluores-

cently labeled DPPC monolaye€)A cell labeled with TMR-1gG against
HLA membrane proteins. I®, two curve fits are shown for a single

Gaussiand) and for two Gaussiand). In B, two curve fits are with two

cent islands of varying size and intensity; areas of mem-
brane between the spots had the same low intensity as the
coverslip, confirming that the fluorophore, Dijg did not

Gaussiansd) and with the linear superposition of Gaussian involving spread from Iiposomes to the cell membrane.
clustered distribution of fluorophores and a non-Gaussian in Eq. 5, which The spatial autocorrelation image of the liposome-deco-

reflects random distribution of them. I8, the fit with double Gaussians

with the characteristic lengths of 67 and 623 nm is displayed.

rated cells showed a pronounced peak at the origin, reflect-
ing the existence of well defined spots (the liposomes) in the
image (Fig. 3D). In contrast, the spatial autocorrelation

where the total 2D autocorrelation is summed over distincimage of the monolayer had almost no intensity peak and a
spatial frequency components, afi the magnitude of the background near zero, the result expected for a noncorre-
spatial lag vector for the autocorrelation calculation. Thelated, uniformly distributed fluorescence (FigEp For the
characteristic radii§, are good measures of the averageangle-averaged autocorrelation functigé), the function
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FIGURE 5 (A andB) Near-field images of a fixed human skin fibroblast acquired in liquid, labeled with Cy3-Fab KE-2 against HLA-I molecules. The
3D contours are from shear-force data and the color scale represents the fluorescence intensity. Topography height varies over a rang8)cdrid5 nm (
215 nm ). (C) Far-field fluorescence image of the same cell. Autocorrelation profiles and Gaussian fits for the imag@yiald characteristic lengths

of 315 nm D), 580 nm E), and 490 nmEK).

for the liposome-decorated membrane was fit for small size&aussians witlf; = 67 nm andt, = 623 nm (Fig. 4C). The

by a single Gaussian, with = 110 nm (Fig. 4A-a). This  smaller-size patch;-70 nm radius, was also resolved when
characteristic length is slightly larger than expected byimages were filtered to remove larger features (as described
direct measurement of individual liposomes in the image. Inn Materials and Methods) and fitted to a single Gaussian.
fact, the curve was best fit for all scales by two Gaussiang his size of these smaller patches is close to the radius of
with & = 77 nm andg, = 309 nm, resulting from the average small clusters of HLA molecules in liposomes and cells
radii of single liposomes as well as of aggregates of liposomesstimated from rotational diffusion measurements
as seen in the NSOM image (Fig.Akb). In addition, the  (Chakrabarti et al., 1992; Damjanovich et al., 1995). The
distance between the first two peaks in the angle-averagddrge, 623-nm radius or larger, clusters of HLA molecules
autocorrelation curvg(é) measures-450 nm as the average approximate the size of membrane domains measured for
distance between neighboring liposomes (inset of FA).ahd  many different proteins (Sheets et al., 1995) and are con-
reports~310 liposomes in the image area, which is consistensistent with the FPR measurements showing restricted lat-
with a visual count of the liposomes. eral diffusion of HLA molecules given above.

Spatial autocorrelation analysis of an image of uncorre- We were able to image fixed cells in buffer, using a
lated, uniformly distributed fluorescence in a lipid mono- modification of the original NSOM, built on an inverted
layer was poorly fit by Gaussian functions as expected (Figfar-field microscope, which allowed us to collect far-field
4 B-a). The best fit, in this case, was obtained by the linearand near-field images of the same cell, labeled with mono-
superposition of a Gaussian on a small scale and a functiomalent Fab fragments. Fig. 5 summarizes the results of these
equivalent to the time autocorrelation function for randomexperiments. Fig. 5A and B, shows near-field images of
diffusion on a larger scale (Fig. B-b). The Gaussian peak two different areas of the same cell. The images show both
at the origin with the 1/e decay length of 46 nm probablytopography and fluorescence; the three-dimensional con-
reflects the size of the aperture in the NSOM tip, althoughtours are drawn from the NSOM shear-force record,
it may also reflect smaller-scale heterogeneity of fluoreswhereas the color scale represents the fluorescence inten-
cence distribution. sity. Fig. 5,D andE, shows the autocorrelation profile for

Having tested our method of analysis on known imagesthe fluorescence images in Fig.AsandB, respectively. The
we next used it to resolve clusters of labeled HLA-I proteinsautocorrelation profiles of each image were fit by a single
in fixed, dried fibroblast membranes (Fig.GJ. The spatial ~ Gaussian with characteristic length of 315 nm (Fi@)%nd
autocorrelation image also showed a definite peak at th&80 nm (Fig. 5E). Fig. 5C shows a far-field image of the
origin (Fig. 3F). Although it is not a perfect fit, the spatial same cell imaged with the NSOM. The images in FigA5,
autocorrelation function of intensity was best fit by two andB, were acquired approximately in the center of Fig. 5
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C. The autocorrelation profile of the far field image in Fig. REFERENCES
5 Cis shown in Fig. 5F. Fitting it with a single Gaussian
(after Image fllte”ng as described in Materials and Meth- near-field scanning optical microsco@yppl. Phys. Lett60:2484-2486.

OdS) ylelds a characteristic Iength of 490 nm_' . Betzig, E., and J. K. Trautman. 1992. Near-field optics: microscopy,
It can be seen that the fluorescent patches in Fig.d&nd spectroscopy, and surface modification beyond the diffraction limit.

B, vary considerably in size, even on the same cell, and even Science257:189-195.

in areas close to one another. When imaging small aregshakrabarti, A., J. Matko, N. A. Rahman, B. G. Barisas, and M. Edidin.
1992. Self-association of class | major histocompatibility complex mol-

. . . 2 . .
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