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Analysis of Receptor Clustering on Cell Surfaces by Imaging
Fluorescent Particles
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ABSTRACT Fluorescently labeled k)w density lipoproteins (LDL) and influenza virus partices were bound to te surface of
human fibroblast and imaged with a cooled slow-scan CCD camera attached to a fluorescence microscope. Partices were
also imaged after attachment to polylysine-coated microscope slides. The digital images were analyzed by fitting data points
in the region of fluorescent spots by a two-dimnsonal Gaussian function, thus obtaining a measure of spot intensity with
corection for local background. The intensity distributons for partices bound to polysine slides were mainly accounted for
by particle size distributions as determined by electron microscopy. In the case of LDL, the intensity distributons for particles
bound to fibroblasts were consKierably broadened, indicative of clustering. The on-cell intensity distribuions were deconvotved
into 1 -particle, 2-particle, 3-particle, etc. components using the data obtained with LDL bound to pysine-coated slides as an
empirical measure of the single partile intensity distribution. This procedure yielded a reasonably accurate measure of the
proporion of single particles, but large errors were encountered in the proportions of larger duster sizes. The possibility of
studying the dynamics of clustering was investigated by binding LDL to cells at 4°C and observing changes in the intensity
distribution with time after warming to 200C.

INTRODUCTION

Integral membrane proteins are able to diffuse to a greater or
lesser extent within the plane of the membrane and, hence,
have the potential to vary their state of aggregation. Micro-
aggregation of receptors in response to, for example, hor-
mones, growth factors, or antibodies provides an important
method of transmembrane signaling (Bormann and
Engelman, 1992; Metzger, 1992). In addition, entrapment
and clustering of receptors in coated pits is the initial step in
the internalization of a wide variety of ligands by receptor-
mediated endocytosis (Goldstein et al., 1979).

Although fluorescence microscopy is a powerful tech-
nique for studying the behavior of receptors on the surfaces
of living cells, it lacks the spatial resolution to determine the
size of receptor clusters. A method of overcoming this limi-
tation was introduced by Gross andWebb (1986) and is based
on an imaging system of sufficient sensitivity to detect in-
dividual ligands. This is feasible for ligands such as LDL of
sufficient size to incorporate a few tens of fluorescent mol-
ecules. LDL particles have a diameter of 20-25 am and con-
sist of a core of cholesterol esters bound by a monolayer
containing phospholipids, free cholesterol, and a single pro-
tein apoprotein B-100 (Hillyard et al., 1955; Kane, 1983).
Barak and Webb (1981) first showed that LDL readily in-
corporates the fluorescent lipid analog dil (1,1-dioctadecyl-
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3,3,3',3'-tetramethylindocarbocyanine) and that individual
LDL particles labeled with about 40 probes can be visualiwd
in the fluorescence microscope using an image-intensified
video camera.
To investigate receptor clustering, Gross and Webb (1986)

analyzed the fluorescence intensity distnrbution of dil-
labeled LDL bound to fibroblasts. They observed a series of
equally spaced peaks in the distnbution, which they assigned
to clusters of 1, 2, 3, etc. LDL particles; the widths of the
peaks were assumed to be controlled by a Poissonian varia-
tion in the number of probes/particle. The data were thus
interpreted to provide a quantitation of the distnbution of
LDL particles (and hence their receptors) between different
sized clusters.

Clearly, this technique is potentially of great value for
studying receptor microaggregation on the surfaces of liv-
ing cells. Here we further investigate the approach by em-
ploying a cooled slow-scan charge-ooupled device (CCD)
camera for the imaging system and developing an im-
proved method of quantitating the intensities of individual
fluorescent spots. The CCD detector provides high sensi-
tivity, wide dynamic range, and lack of geometric distor-
tion (Hiraoka et al., 1987). In addition to a static analysis
of cluster size distribution, we have also investigated the
possibility of observing time-dependent clustering with
this imaging system.
We have studied LDL labeled with two different fluo-

rescent probes and also influenza virus. These virus par-
ticles are larger than LDL (-100 nm in diameter) and are
enveloped by a lipid bilayer that also readily incorporates
lpophilic probes such as ocadecyl-rhodamine (R18) (Hoekstra
et aL, 1984). A preliminary account of part of the present stud-
ies with [DL was peviously reported (Anderson et aL, 1989).
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MIATERIALS AND METHODS

Cells

Human dermal fibroblasts (D532 and JD) were obtained from Flow Labo-
ratories (Rickmansworth, UK). The cells were grown in Dulbecco's Modi-
fied Eagle's Medium (DMEM) containing 10% fetal calf serum and supple-
mented with penicillin G (100 units/ml). steptomycin sulphate (100 pgnml)
and L-glutamine (2 mM). Cells were grown at 37C in 7% CO_ For imaging
experments, typsinsed cells were seeded onto 8 well Lab-Tek slides

(Gibco, Paisley, UK) and cultured for a further 96 h. For LDL experiments,

LDLreceptorswere up-regulatedby incubatingcells in lipoprotein-deficient
growth medium during the last 48-72 h, essentialy as descrnbed by Brown
et al. (1974).

LDL and influenza virus

LDL was prepared from freshly drawn human blood by sequential flotation
ultracentrifugation Hatch and Lees, 1968). The purity of the preparaton

was confirmed by agarose gel electrophoresis. Samples were stored in 150
mM NaCI, 10 mM Tris, 1 mM EDTA, pH 7.4 before use. Influenza virus,

strain X47, grown in embryonated chicken eggs was generously provided
by Professor C. Pasternak (St. Georges Hospital Medical School).

Labing wifth fluor t probes

LDL was labeled with either DiI or R18 from Molecular Probes, Inc.
(Eugne, OR). The probe was solubilized in dimethyl sulphoxide (1.7mM),
and 120 p1 of the solution was incubated with 1.21 mg of LDL in approxi-
mately 400 p1 for 1 h at 37C under nitrgen. Labeled [DL was separated
from free probe on a Pharmacia PD10 column eluted with 150 mM NaCl,
10 mM Tris, 1 mM EDTA, pH 7.4, and stored at 4°C. Protein was deter-
mined by the method of Markwell et aL (1978) and probe concentratIon by
absorbance measurement assumg extinion coefficients of 117,000 cm-'
W' for DiI and 93,000 cm-' M` for R18 (Haugland, 1989). The average

number of probes per LDL partickle was calulated asumig that protein
constitutes 25% by weight of [DL and the average molecular mass of the
particles is2.75 X 106 Dalons (Goldstein and Brown, 1977). Labeling raios

were typically found to be 30-50 probes/LDL partickle.
vim was labeled with R18 essentially as described by Hoekstra

et aL (1984). Protein concenttionwas determined according to Lowry et al.
(1951) and probe concentraion by optical absorbance. The average number
of probes per virus particle was calculated ina conversion factor of 1.75

x 10' virus particks per mg of protein. The labeling conditos were ad-

justed to give fial labeling ratos m the range 100-1000 probes per virus

particle.

Electron microscopy
LDL or influenza virus was dialysed overnight at 4°C against 2.6 mM
ammonium carbonate and 0.125 M amm num acetate, pH 7.4. After di-
alysis, the sample was fltered through a 200 mm pore filter and diluted to
approximately 0.2 mg protein/mL Adrop of the sample was applied to a 400
mesh formvar carbon-coated copper grid and allowed to settle for approxi-
mately 30 s. The sample was blotted, 1% phosphotungstic acid, pH 7.4
applied for a few s, and then blotted again. The grid was allowed to dry and
then viewed using a Jeol 200cx tanission electron microscope at an
accelrating voltage of 200 kV.

Fluorescence microscopy
D532 cells on Lab-Tek slides were labeled with fluorescent IDL at 4°C
using a proedure modified from that described by Barak and Webb (1981).
Chilled cells were washed 3 times in phosphatebuffered salie (PBS) and
then once in DMIEM supplemented with 10 mM HEPES and 2 mM Ca2"

at pH 7.4 (buffer A). Labeled LDL was diluted to 50 pgj¶).45 ml in buffer
A. Cells were incubated at 40C with labeled LDL at this concentration for
either 2 h for experiments with fixed cells or 10-30mm for experimentswith
live cells. Tey were then washed 3 times in PBS supplemented with 2 mM
Ca2+ and incubated for 10 min in PBS supplemented with 2 mM Ca2+, 2
mg/ml BSA and 10 mM Tris at pH 7.4 For experiments with live cells, the
cells were washed once more in buffer A, and the slides were transferred
to the microscope stage maintained at 4°CI Otherwise, cells were fixed in
3% formaldehyde for 10 min at 4°C and 15 min at room temperature and
washed once in PBS before microscopy. Nonspecific binding was checked
by inbating cells with labeled LDL in the presence of a 10-fold excess of
unlabeled IDL Similar pro es were used with influwna viru except that
the incIbation and washing buffers cassed of 137mM Naa, 2.7 mM KCI,
and 10 mM sphe buffer pH 7.4 and the imcubatin tmme was 5 mi

Polylysie-coated slides were prepared by cleanig glass miroscope
slides with concentated nitric acid, rinsing with distilled water, and incu-
bating for 5 min in 0.01% poly-L-lysine solution at room temperature. After
incubation, slides were drained and dried in an oven. A drop of a suspension
of labeled LDL (250 ng protein/ml) in 50 mM sodium barbitone, 1 mM
EDTApH 8.6 or of influenza viru in PBS was allowed to settle on the slide
for 5 min After rinsing with distilled water, the coverslipwas mounted using
a silicone grease ring and distilled water.

Temperature control of the slides during miroscopy was by dual ther-
mociculators pumping water through a slideholder fitted with a thermo-
couple, placed under a phlstic hood on the micrscp stage. A suitable
fibroblast was selected while the slide was maintained at 4°C, and the water
flow was then switched to the second xthmocrculator, set to 20°C, if am-
bient conditions were required. The change in temperature was completed
in less than 2 min.

Fluorescence digital imaging microscopy was performed using a Nikon
Diaphot inverted fluorescence microscope. The objective was a 40x phase
contrast lens with numerical aperture 0.55; this provides lower resoton
than a higher magnification objective, but the depth response of 1.5 pim
ensures that surface irregularities stay in focus. Illuminato was by a 50W
mercury lamp, and wavelengths were seected using Omega Optical Inc.
filters and dichroic mirrors. For diI observations, 525 and 575 am filters
were placed in the excitation and emission beams, respectively, and the
dichroic mirror cutoffwas 545 mm. For R18 observations, the filters were 540
and 590 mm, and the dichroic minor cutoff was 580 m.

The CCD camera (Wright Instuments, Enfield, UK) was attached to the
video port of the micoscope, and the image was focused with a Hanimex
f2.8 wide angle lens on to the EEV P8603 detector (576 x 384 pixels). This
device has a maximum quantum efficiency of around 35% and a mean
readout noise equivalent to 7 electrons/pixel. Image acquisition, storage, and
display were performed using the Wright Instuments AT1 image control
software, rumming on an IBM-AT compatible computer equipped with
Wright Instuments image store and display cards. Images were typically
recorded every 3 to 6 min with an exposure time up to 10 s.

Spot positon and intensity determination

Individual LDL or virus particles and small dusters thereofhave dimensions
les than the resoluton of an optical mi . The intensity distibution
in the diffaction-limited images of these particles is a Bessel fuDction (see
Inoue (1989) for a discussion of imagig small partices). To simplify the
image analysis, we have approximated the distribtiion by a Gaussian func-
tion, the shapes of the two functions are very similar in the central peak.
Least-squares fitting of the area around each spot with a two-dmensional
Gaussian function (Fig. 1) allows the accurate assessment of peak height Z,
above local background Z, for a spot with posiion coordinates (X., Y.) and
width W., ie,

f(x, y) = Z + Z.exp-II(x - X.)2 + (v -Y)lIW:. (1)

The data values are the pixel contents from a square box drawn around the
estimated peak center, the box size beingchosen to give the bestcomise
between speed (small box, backound poorly defined) and accuracy (large
box, background may become nonuniform).
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FIGURE 1 Three-iensional representation of an 18-piel square of
data from a CCD) caea image of fluorecently labeled LDL bound to a
fibroblast. The solid lines link pixels in the X-dreion; this area shows
nonuniform backrud (slopig down lefttoright and front-to-back) and
effects from a nearby fluorescent particle on the left The oentral peak can
be quantitated by least-squaes fitting a two-iensional Gasian (----)
to a lixil pixel area around the spot; scale 205 nmnpixeL

Spot positions were etimated by a simpe image analysis algorithm to
identify peaks having approximately the diffraction limited width. Ftting
closely spaced spots was done in two ways:

(i) If another spot Les just outside the optimal box, then a circle was taken
around this spot with radius equal to half the inter-spot distance. Pixels
inside both the circle and the optimal box were ignoed.
(ii) When another spot falls within the optimal box, the box size was in-
creased to include both spots, which were fitted simultaneosy with a com-
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bined funcfion having independent heigs and widths. Up to nine spots in
a dose group could be fitted in this way with separations down to -2 pixel
or about 400 nm at the magiftion used.

Ar act wjection prcedures

Artefacts in the fluorescence inage can be caused by scattering of the ex-
citation light at abrp changes of optical density-e.g., dust partickls,
bubbles, etc.-and by ektronic noise. Complete rejection of artefacts is
obviously not possible, but three methods are used to try to isolate these
interferences: selecfion by (a) spot width (b) width standard deviation
(c)goodness-of-fit, or chi-squared.

The two-dimensional Gaussian fit provides values for the adjustable pa-
rameters, SEs for these, and the goodness-of-fit for each spot. When a fre-
quency distribution is constucted for the spot widths, using data from a
polylysine-coated slide where artefacts should be minimized, then an ap-
proximately normal distibution is seen (Fig. 2 A) and analyzed to obtain
the mean P, and SD orw. Spots having widths outside the range ;&w ± 2ofw
are rejected; the smalkr values are from, e.g., cosnic rays, the larger from
scattering artefacts. The lie half-width is 432 ± 80 nm, about 40% higher
than the theoretical minimum for the opical system employed.

Histograms of spot width error and chi-squared are long-tailed (Fig. 2,
B and C); the distribution of values beyond the most firquent can be ana-
lyzed to obtain a high-end cutoff point in a similar way to the width dis-
crimination. Spots having large width errors are often "close doubles,- and
could be fitted as such, but it was deemed safer to omit them altogether. The
test using goodness-of-fit values detects relatively few artefacts.

Intensity dstribution analysis

A histogram with k data bins, typically 50-100, was created from the in-
tegrated fluorescence signal vahles F, = rW'Z. of spots that satify the
above criteria; this histogram distrnition H, was fitted by least squares to
one of a variety of functions:

- normal distnibuion Hj = Nexp{-[(F-F,-F)/wl

-log normaldisibution Hj = Nexp-[kg(Fj-F,)fwf}
- radial distnrbution HI = N*2Fj//IF, exp{-[F /Fj.F
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FIGURE 2 Distribun ofparameters obtined by least-square fitingofspots in a fluorescence image ofR18-LDL parficesdispersed on a polylysine-coated
slide. (A) Spot withs; best-fit normal distnbution ( ) gives most probable ;L, = 21 with SE cr,, = 0.4 pixel& (B) Spot width SDs;, the single-sided
normal distnbution has g, = 0.12 with SE ag = 0.18 pixels. (C) Goodness-of-fit xI, the single-sided normal distribution has most probabk ;L = 0.52 with
SE ox = 0.14.
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Here N is the number of spots, divided by the normalizin factor required
to have the integral of the function equal to N. In all cases, 2-particle cluster,
3-partide cluster, etc. distributions can be cakulated by convolving the
1-partile dist nwith itself to obtain the 2-particle distribution, the
2-pticle with the 1-partick distnbuion to obtain the 3-particle distrintion,
and so on Thus, for the normal distribtion of 2-partide dusters

G:4 = I exp{-½[(F - F,,,)/w}exp{-½[(Fj -F.)/wf}. (5)
i=Lj

Data can be tested agains sums of these cvolutions, variable parameters
being the position of the 1-partc intnsity maximum F.,, its width wand
the total number of spots under each duster size disti

Weighting of the data values in these fits is critcaL Poissotype weight-
ing, assignng v as the weight forH but weight 1 for zero values,
gives visualy inadequate fits. Unit weighting of all data values gave very
similar fit parameters to a robust weigbting scheme (Mosteller and Tukey,
1977), which zero-weights ouldier values and, hence, gives smaler SEs for
the variable par t he unit weighting scheme was preferred to avoid
biasing the results by this otlier removaL

Trime-depeden distributons: global analysis
Photobeahingofthe fluorophor duing successe camera expoes and
any sligt variato between imging condions combine to change the
value of the intensity distribu maximum To campnte for this, an
intensity adjuStment faCtor fm was alulated for each image m by first
identifyng spots on the celI that are isolated and, thus, can be btacked

thrughb the images with confidence. The intensity ratios Z..Z, were then
averagd for these spots (with outlier removal) to give the factorf.

The intensity histograms from all the images of the sequence were then
fitted by a sum of g log-normal convolution as

Hj'. -= Nj'expj-[k*gF3..-f.F.)w]z + I Ni,.Gj (6)
i=2-g

by global analysis (Knutson et aL, 1983). In this meod, F. and w were
global parameters applying to all m histograms, the number of spots m the
ith duster of the mth image (N,-) were individual andf was the fixed
experimentaly determined value. The fted values ofNwere converted into
sie-partcle fiactions NL/12 N,^ and ploked as a funcmon of time.

RESULTS AND ANALYSIS

Partdes bound to polytysine-coated slies
The fluorescence intensity distrbution of populations of
LDL and influenza virus particles was determined after bind-
ing them to polylysine-coated microscope slides. Fig. 3
shows data for LDL labeled with two different fluorescent
probes and for virus with two different probe labeling ratios.
In the case ofvirus, a fivefold increase in probe concentration
results in only about a twofold increase in peak fluorescence
intensity, which is indicative of self-quenching. Fig. 3 also
shows the theoretical Poisson distibutions of the number of
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FIGURE 3 DistIbuto of fluorescence mtensity for labeled particles on polylyse-coated slides The CCD images were analyzed as described in the

text, and the total intensity under the 2)Gaussian profile was cakulated frm the fitted parames (for each spot that satisfied the thee condons illted
in Fig 2). The solid lines represent Poisson profies l lated from the known mean number of b (with no allowance for self-quenching),
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probes per particle in each case. Clearly, the measured fluo-
rescence intensity distinbutions are much broader than the
Poisson distnrbutions.

Electron microscopy

Ihe appearance ofLDL and influenza virus particles in elec-
tron micrographs of negatively stained specimens was es-

sentially the same as in published micrographs (Forte et al.,
1968; Webster et al., 1992). Particle diameters were meas-

ured for labeled LDL and virus from which surface areas

were calculated and binned into the histograms shown in Fig.
4. The diameter histograms did not approximate to a normal
distribution and appeared to be long tailed; thus, the surface
area distibutions cannot be associated with a theoretical
curve and so were fitted by a log-normal distrbution, which
gives a reasonable fit and is useful for comparison with the
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fluorescence intensity data. To further the comparison, the
fluorescence intensity distnbutions in Fig. 3 were also fitted
by a log-normal distribution (Eq. 3). Again, this has no theo-

eical foundation, but the distribution is long-tailed, whereas
the radial distribution (Eq. 4) has no independent width
parameter and so is less flexible. After normalization to
the same peak value, these distnrbutions are superimposed
in Fig. 5.

Particls bound to fiboblasts

Fluorescence intensity distibutions were determined for
LDL or influenza virus bound to the surface of dermal fi-
broblasts. The results are shown in Fig. 6. Initially, data were
obtained with fixed cells, but subsequently we preferred to
work with unfixed cells at 4°C. Although very slow lateral
diffiusion persists at 4°C (Anderson et al., 1992), the time
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FIGURE 5 Comparison of fluorescence distibutions on polylysine-coated slides with surface area distnrbutio for (A) diI-LDL and (B) R18-vms. The

IhIsograms are fluorescence distributions (Fig. 3,A and C), and the solid lines are best-fit lo-normal functiom with parameters given in Table 1. The dashed
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Receptor Clustern1

required to identify and image suitable cells is short com-
pared with preincubation times used for fixed cells by our-
selves and others. There were no obvious differences be-
tween distibutions obtained on fixed cells and on live cells
at 40C.

Visual comparison of the data in Figs. 6 and 3 reveals that
the on-cell fluorescence intensity distnbution forLDL is sig-
nificantly broader than the polylysine-coated slide distrbu-
tion, which is indicative of clustering. The on-cell distnbu-
tion for influenza virus also appears to be somewhat
broadened. Simple log-normal fits to the data gave width
parameters that are given in Table 1.
The data were further analyzed by deconvolving the dis-

tributions into 1, 2, 3 ... etc. particle components as de-
scnrbed under Materials and Methods. The deconvolutions
were based on the log-normal fit to the polylysine-coated
slide data, which are assumed to correspond to the single
particle fluorescence intensity distnbution. It was found that
the deconvolution yields reasonably accurate values for the
numbers ofsingle particles but that large SEs are encountered
for the numbers of 2-particle, 3-particle etc. clusters. Ac-
cordingly, it is not possible to determine a complete cluster
size distrbution, although the proportions of single- and
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clustered particles can be assessed with some confidence.
Typical results are given in Table 1.

Time-dependnt measurmnts at 200C

Changes in the distnrbution of R18-labeled LDL particles on
the surface ofD532 andJD cells were followed using the dual
temperature control as descnibed in Materials and Methods.
The long observation times, up to 40 mi, caused some prob-
lems as some cells changed shape ("rounded up"), so that the
area in sharp focus shrank in size. Thus, the data sets were
smaller than ideal; in some cases, only -150 spots could be
used with confidence in the distribution analysis and, thus,
the fraction of single-particle spots is subject to large errors.
A typical set of histograms for a D532 cell is shown in

Fig. 7, together with the best fits obtained by global analysis,
using log-normal distibutions with 2- and 3-particle con-
volutions. The single-particle fraction is plotted in Fig. 8 as
a fiunction of time, together with some results for other cells.
The zero time point cannot be established with accuracy,
because the temperature rise to 20'C takes -120 s. The best
way of evaluating these trends is thus to report the gradient
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FIGURE 6 Fluorscence intcnsity distributo for labeled particks on D532 fibroblasts: (A) LDL with -40 diI; (B) LDL with -40 Ru, (C) viru with
-200 R,Jpartice; and (D) virus with -100 RIWprticle. The dashed lines are best-fit sing log-normal funs, for comparson with Fig. 3 and not
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TABLE 1 eInt-squue pman-ers for fffs to the uorcence hes y hsg s

Section A P.sifim v,rit
No. of spots % of

diVlDL F w Nj % particles

On PLCS 209 10 cts 1.89 0.08 122 8

On cen 270+ 12 cts 205 ±0.08 443 22

Oncell 217+8cts 1.81±0.06 264±21 59±7 42±7
(Convolution) 174±23 39±6 55±10

8±28 2±7 4±8

Sectkm B Positiox 5wHh
No. of spots % Of

R1,IDL F,,, w Nj % particles

On PLCS 255 9cts 1.82 _±.05 154 7

On cell 255 17cts 220 _±.10 191 12

oncel 246_8cts 1.86_.05 132±10 69±9 49±10
(convoluion) 39±14 21±8 29±9

19±13 10±7 21±10

Secfin C No. of spots
R1lvirus Posiion Widt % of

(200 pobeaie) F w Nj % particles

On PLCS 255 8cts 1.80 _±.05 145 6

On cel 267 19 cts 1.94 ±+.10 86 7

On cell 270 20cts 1.80 _±.05 78 9 89 20 73 25
(convohution) 1±12 1±12 2±16

9 8 10 8 25 16

Secfion D No. of spots
Rl/vis Position Width % of

(1000 prob/partle) F w Nj % partices

On PLCS 393 + 14cts 1.82 .06 371 17

On cell 339 20 cts 2.1 _.1 214 12

Oncell 378+12cts 1.89±.05 196±15 89±15 75±21
4±23 2±10 3±13

(convohltion) 19 18 9 8 22 13

In each section, the first line is the control image of the sample dispersed on a polylysine-coated slide (PLCS), fitted by a s Weg-normal fuwtion (Eq.
3) with wih milg(counts) unts. T-he second entry is data for the sample bound to a D532 fibroblast, also fitted by a simple log-normal; the thrd entry
is the same data fitted with a combined 1-, 2-, and 3-particle convolution functio (Eq. 6) The widths and positions of the 1-partice function can be seen
to correspond closely to those of the control data. The final lumn gives the relative numbers of LDL or viru particle in the 1-, 2-, and 3-partice clustes.

of the regression line to the data points. These values are

given in Table 2.

DISCUSSION
For a population of particles of uniform size, the number of
fluorophores per particle and the fluorescence intensity is
expected to follow a Poisson distribtion. Self-quenching
effects might occur, particulry for R18 at higher labeling
ratios, but these would have the effect of narrowing the fluo-
rescence intensity distnrbution. In fact, it is clear from
Fig3 that the fluorescence intnsity distributions for both
LDL and influenza virus are much wider than the Poisson
distnrbution.
To investigate the above discrepancy, we determined LDL

and influenza virus particle sizes and calculated their surface
area distnbutions as shown in Fig. 4. Any differences in
particle diameter are amplified when the surface areas are
calculated. If the surface density of probes is constant, the

number of probes per particle might be expected to follow
the distnbution of surface areas. As shown in Fig. 5, the
surface area distnrbutions provide a better account ofthe fluo-
rescence intensity distributions than does the Poisson dis-
tnrbution, but they are still too narrow. Only a small im-
provement is obtained by introducing statisl variation in
the surface density of probes (Fig. 5 A).

It is posslble, of course, that the additional broadening of
the fluorescence intensity distributions are caused by a de-
gree of microaggregation ofthe particles. In the case ofLDL,
however, another explanation can be advanced. Because
LDL particles are believed to contain a single copy of ap-
oprotein B-100, it is likely that the fraction of the particle
surface occupied by lipid increases with particle size. In this
case, larger paricles wil contain disproportionately more
probes. This ideawas tested by calculating the expected fluo-
rescence intensity distibutions based on the surface area dis-
tribution, but assumiing that all particles contain only one
copy of apoprotein B-100 and, hence, have a constant area
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FIGURE 7 Change of fluoreso
fibroblast measured (A) as soon

from 4 to 210C (B) 960 s after,
from artefacts as descr

were constucted usin the fluore

tests- The solid lines are best-fit ]

of sums of a 1-particle log-norm
lutes; fixed photobleaching facto
the single-particle fractions c1 w

8%, and (C)43 + 9%.

unavailable for probe binc
fit to the experimental dist
face area occupied by prol
40o of the surface of a 2
lation using the known pr(

lipids (assumed to form a

proximate agreement with
involving the viral coat prc
influenza virus, but in both
quenching have not been

It is worth noting that the comparison between fluores-
cence intensity distribution and surface area distnbution pro-
vides reassurance that the imaging system is sufficiently sen-
sitive to detect all particles. If particles of weaker intensity
were undetected, the cutoff in the fluorescence intensity dis-
tnrbution would result in a narrower distribution in compari-
son with the surface area distribution.
The width of the fluorescence intensity distibutions for

q particles bound to polylysine-coated slides has significant
consequences for cluster size analyzes. Whatever the precise
explanation of the measured distribution, it is reasonable to
suppose that this will be the distribution obtained if the par-
ticles are bound to single receptors on cell surfaces. We here-

(B) after refer to this distnbution as the 1-particle distnbution,
although recognizing that some contribution from microag-
gregates is not ruled out. Using a log-normal fit to represent
the 1-particle distribution, we calculate the fluorescence in-
tensity distnbutions for 2-particle, 3-particle, etc. clusters as

, described in Materials and Methods. In Fig. 10, we show a
simulated intensity distribution calculated in this way for a

hypothetical distribution of LDL particle clusters. It is evi-

Pt.dent that the peaks corresponding to the different cluster sizes
are very poorly resolved (this is also the case if the 1-particle
distribution is based on the surface area distnrbution of Fig.

(C) 3). By comparison, the distibution calculated according to
Gross and Webb (1986), who assumed a Poisson distribution
for the intensities of individual LDL particles, shows well
resolved peaks.

Fig. 6 shows fluorescent intensity distributions of dil- and
R18-labeled LDL bound to fibroblasts. The distnbutions are

\ 5 noticeably broader than for LDL bound to polylysine-coated
slides, which is indicative of particle clustering. In agreement

n pii ia_with the prediction of Fig. 10, resolved peaks corresponding
to individual cluster sizes are not evident.

'__NCE [counts x103] Our data are at varance with those of Gross and Webb,
who did observe multiple peaks in their fluorescence inten-

encetensity withtime; R8-LDLonD32 sity distrbutions that they interpreted as arising from dif-
i as possible after raising the temperatre ferent sized clusters. We have sometimes observed multiple
A, (C) 1800 s after A. Partices wee dis peaks in data from individual cells, but these are irpro-
ibed MaterialsandMetho sogas ducible and probably caused by statistical fluctuations. As
scence signals of spots that passed all three
results of gkobal analysis, ugsin a function illustrated in Fig. 10, well resolved peak are only anticipated
al function with 2- and 3-partcl convo- for parficles of uniform size. It is thus difficult to account for
rs were (A) 1.00, (B) 1.27, (C) 137, and the results of Gross and Webb unless their LDL had a much
ere found to be (A) 56 ± 10%, (B) 44± narrower size distribution than is normally encountered.

To quantitate cluster size distnrbutions, we have decon-
volved the fluorescent intensity distnbution into 1-particle,
2-particle, etc. components as descnibed under Materials and

ling. As shown in Fig. 9, a better Methods. We find that this analysis gives a good measure of
tribution is obtained when the sur- the single particle component but that the statistical uncer-

tein is taken to be 600 nm2 (about tainty increases rapidly with cluster size.
2 nm diameter particle). A calcu- The distribution ofLDL receptors on the surfaces of fixed
oportions of core lipids, phospho- cells has previously been studied by electron microscopy
monolayer), and protein is in ap- using LDL labeled with ferritin (Goldstein, 1979) or colloi-
i this value. A similar calculation dal gold (Sanan et al., 1989) or by 'I-LDL autoradiography
teins would explain the results for (Carpentier et al., 1979). After insertion in the plasma mem-
i cases distortions from probe self- brane, LDL receptors diffuse to coated pits and are endo-
allowed for. cytosed irrespective of whether LDL is bound (Goldstein,
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TIME [secondJs]

FIGURE 8 Sgine-paricle frctions as a fuction of time after warmig
from 4 to 21°C, for poplations of Rl8-LDL on fibLasts, with best-fit
staight lines (parameters given in Table 2). (i) x aDd short-dashed line: JD
cel #5. (ii)* and dashed line: Detroit 532 cell #2. (iii) A and chained line:
Detroit 532 cell #1.

1979). At any instant, there is thus a distnbution of receptors
between coated pits and the rest of the plasma membrane. On
normal fibroblasts, the proportion of receptors outside of
coated pits varies from 20-50% (Goldstein, 1979). In the
fluorescence cluster size analysis, single LDL particles might
reasonably be supposed to be pincipally bound to receptors
outside of coated pits. The values in Table 1 are consistent
with, although at the upper end of, the electron micoscopy
data
Most electron microscopy experiments indicate that re-

cently inserted LDL receptors are randomized in the plasma
membrane. Robenek and co-workers have presented con-

flicting evidence that indicates that LDL receptors are in-
serted into the plasma membrane as clusters that are not dis-
persed before their entrapment in coated pits (Robenek et al-,

1991; Robenek and Hesz, 1983). Our data, which indicate a

high proportion of single LDL particles, support the random
distribution model.

It should be recognized that the duster size distibution of
bound LDL particles cannot exactly represent the underlying
receptor distribution. To achieve such a conrespondence, it
would be necessary to saturate the receptors without encoun-
tering any nonspecific binding. The average nonspecific
binding observed in bulk cell studies with I'l-LDL is typi-
cally 10-15% of the specific binding at saturation (Goldstein

FIGURE 9 Comparson of fluorescence itensity hogam (Fig. 3 A)
with surface area distnrbution for LDL with -40 dil/paricde. The sohld line

is derived fir the best-fit of Fig. 4 A, convolved with a Poissonian scatter
in the number of probes/particle centered on 40 at the median fluorescence
value; then normalizd n bothx- andy-axes to obtain the minimum residual
variance, RV = 150. The dashed line is a similar convohlion of the surface

area best-fit log-normal, but with aconstant areaof20% ofthe median value

subtracted to allow for unlabeled (protein) area, and then convolved with
the Poissonian the curve was then reomalized to obtain RV = 95. The
chained line is as above, but with 40% of the median subtracted as the
blocked area, and RV = 75. Raising the blocked area haction to 50% results
in the RV value _icreasig again

and Brown, 1977). Our observations on single cells also in-
dicate that there is significant nonspecific bndin especially
with Di-labeled LDL, with the added complication that it
varies from cell to cell. Any nonspecific bining would prob-

ably enhance the proportion of single LDL particles in the
cluster size analysis.

Influenza virus binds to sialic acid moieties on the cell
surface and, thus, has a wide variety of potential sites of
attachment (Marsh, 1984). Its entry into the cell probably
OCCUrS as the result of adventitious binding to components
that undergo receptor-mediated endocytosis. There is no rea-

son to expect extensive clustering of the viral particles on the
cell surface. The cluster size analysis (Table 1) indicates that
about 75% of viral particles are present as single particles on
the fibroblast surface. Because of the large error, however,
the data are also consistent with virtually all of the fluores-
cent spots corresponding to single particles.
An alternative method, scanning fluorescence correlation

spectrscopy (Palmer and Thompson, 1989; St-Pierre and

TABLE 2 Cluring 'is for ,-LDL at 21 °C

D532 JD

Cellno. 1 2 3 4 5 6
(180) (409) (99) (132) (161) (251)

dcldt -4±3 -41 + 18 -12-+-8 10±6 -6±6 -10±5
cl(0)% 52±4 101±15 55±9 58+8 102±4 76±7
a. Ipm 23 1.83 2.79 3.48 2.63 3.88

Rate of change of single partki fracti (10-3s') and value at time zero, with mean nearest neighbour distances ds (microns. In brackts after the cel
number is the mean number of spots used per image.
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FIGURE 10 Simulated flh_ecec intenity disrbtos (A) Posn distributin (B) Log-omal disrbto with width equsal to those found for
poly}-coated slide daa for labeled [DL In eah pel, te nd lie is thedi ofs e partcles havring a medfian of 40 probes The da
short dased and dotted lines are the 2-, 3-, and 4-prtce convolutions, each havn the same toa intensity as the 1-atcle distribution. The solid line
is the sum of these individa ditrbutions.

Peterson, 1992; Petersen et al., 1993) can also provide in-
formation about the extent of clustering of fluorescently la-
beled receptors and is less time consuming. However, the low
density of the LDL receptor could lead to signal:noise prob-
lems if singly labeled antibodies were to be used while the
heterogeneously labeled LDL employed in this study would
lead to similar difficulty in distinguishing different sized
clusters.

Cluster size analyses could conceivably be used to inves-
tigate the dynamics of chlstering. We have previously re-
ported particle tracking experiments (Anderson et al., 1992)
that in principle could give information on the dynamics of
receptor clustering through observation of merging of fluo-
rescent particles. However, clustering studies require a high
occupancy of receptors to obtain good statstics on the pro-
cess, but tracking is difficult in such crowded membranes.
Thus, we have investigated clustering dynamics by analyzing
the shape of the distribution of spot intensities as a function
of time, employing global analysis algorithms for fitting the
shapes to long tailed theoretical distibutions.
To investigate this possibility, we bound R18-LDL to fi-

broblasts at 4°C and then raised the temperature to 20°C.
Images of the same cell were recorded at varying times after
raising the temperature and analyzed for cluster size distri-
bution. As a control, we performed identical experiments
with JD fibroblasts.
None of the three JD cells examined showed any signifi-

cant change in the fraction of single particles with time
(Table 2). This result is expected because the mutant LDL
receptors in these cells do not become entapped in coated
pits (Davis et al., 1986).
Of the three D532 cells examined, two also showed very

little change in the fraction of single particles with time. The
gradients of the linear regression lines reported in Table 2
were mostly within two SDs of zero, and in these cases the
single particle fraction C1 lies around 50%1 (Fig. 8). The other
normal cell did, however, exthibit a large decrease in C1 from

90 to 50% in 20 min (Fig. 8). This cell also showed the
highest density of LDL-receptors complexes per unit area
(Table 2).

It is possible that the observation of time-dependent clus-
tering is sensitive to the density of LDL-receptor complexes.
There is evidence (de Brabander et al., 1991; Edidin, 1992;
Kusumi et al., 1993) that receptor diffusion can be resticted
by domain barriers; our results at 4°C (Anderson et al., 1992)
and at 20'C suggest that the dimensions of these domains in
D532 cells are of the order of 0.2-1 Ih.m The rate of clus-
tering would be expected to be greatly reduced for receptors
in different domains and, hence, a high concentration of
LDL-receptor complexes might be necessary to detect time-
dependent changes in cluster size distibution.

Another potentially variable factor is the extent to which
the particles were already clustered before measurements
were initiated. As pointed out previously, receptors have
measurable mobility at 40C and, thus, LDL-recptor com-
plexes could move sufiently to precluster in the time in-
terval between binding and the first image acquisition
(Anderson et al., 1992). It is possible that cell 2 was par-
ticularly favorable for detecting time-dependent clustering
because an unusually low proportion of particles appeared to
be clustered at the start of the experiment.

Clearly, more experiments are required to establish the
conditions under which time-dependent clustering can be
measured. Tne results obtained in this study do, however,
suggest that the methodology that we have descrbed may be
usefully developed to study the dynamics of receptor clus-
tering on cell surfaces.

We are grateful to the Welcome Trus and the Science and Engneerig
Research Council for financial support
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