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Diffusion of transferrin receptor clusters
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Abstract

Two dimensional motion of membrane receptors provides a mechanism for interaction among receptors in the
plane of the membrane. In some cases the lateral diffusion leads to formation of clusters which may also be mobile.

Ž .We have used image cross-correlation ICCS spectroscopy technique to measure the translational motion of
transferrin receptors in the membrane of 3T3 fibroblasts and HEp2 carcinoma cells. The technique is based on the
measurement and analysis of fluctuations in the intensity observed in fluorescence confocal microscope images
measured as a function of time. The fluorescence fluctuations arise from stochastic concentration fluctuations about
the equilibrium concentration caused by movement of receptors. The amplitude of the fluctuations depend on the
number of fluorescent molecules in the observation volume and the dynamics provide the rate of movement. The
diffusion observed by this analysis is orders of magnitude slower than that measured by conventional photobleaching
techniques. The slower motion corresponds to the diffusion of receptor clusters which provide the more dominant
fluctuations. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Uptake of nutrients by cells is often mediated
by receptors on the cell surface. For example,
transferrin, an iron carrier, binds to a transferrin
receptor which is then localised to coated pits.

U Corresponding author.

These invaginate to form coated vesicles carrying
the receptors and the transferrin inside for fur-
ther processing. The initial part of the uptake
depends on the ability of the receptors to move
laterally in the membrane to find a coated pit. We
are interested in understanding the dynamics of
the interactions of transferrin receptors with the
coated pit and have developed methods to investi-
gate these quantitatively. One question of interest

Ž .is whether transferrin clusters in coated pits are
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also mobile. Measurement of the lateral mobility
of membrane proteins, such as receptors, is help-
ful for understanding the dynamics of cell surface

w xprocesses 1,2 . Consequently several elegant
techniques, most of which rely on fluorescence
microscopy, have been developed to characterize
the diffusion of lipids and proteins on the surface

w xof living cells 3]28 . These have shown that
membrane proteins and lipids diffuse laterally in
the membrane plane unless constrained by inter-
actions with immobile or slowly moving compo-
nents.

Since the development of the fluorescence pho-
tobleaching methods, the lateral mobility of mem-
brane constituents has been probed extensively
w x6,29]33 assuming free Brownian diffusion of
cell surface receptors in two dimensions. The very
extensive application of this and related tech-
niques has clearly demonstrated that lateral
mobility of most proteins in cell membrane is
highly restricted. Single particle tracking experi-

w xments 19,20,25,26,28,34,35 indicate that while
some receptors undergo random diffusion, others

w xundergo diffusion restricted to domains 18 . Dif-
fusion coefficients are generally several orders of
magnitude less than those measured for proteins
diffusing freely in reconstituted bilayer mem-
branes and even immobile components are also
observed.

Here we describe a fluorescence technique:
Ž . w ximage cross-correlation spectroscopy ICCS 36

Ž .designed to measure mobility diffusion of recep-
Ž .tor clusters aggregates on cell surfaces. The

technique is based on accumulating a series of
confocal microscopy images at a fixed interval of
time. A cross-correlation function is calculated by
correlating the image collected at one time with
the image collected at a later time. The amplitude
of the cross-correlation function will reveal the
average persistence of fluctuations at all the posi-
tions in the image during the delay. Analysis of
the rate and shape of the temporal decay of the
amplitude of the cross-correlation functions ob-
tained this way provides information about the
dynamic processes that give rise to fluorescence
fluctuations from image to image. This report is
intended to illustrate the application of the ICCS
technique to measurement of the lateral diffusion

of transferrin receptor clusters on the surface of
Žlive 3T3 fibroblasts and HEp2 human epider-

.moid carcinoma cells. We compare these results
to diffusion measurements of transferrin recep-
tors using fluorescence photobleaching.

2. Materials and methods

2.1. Labelling for diffusion measurements

Mouse 3T3 fibroblasts and human HEp2 cells
were obtained from American Type Culture Col-

Ž .lection ATCC , Rockville, MD, USA. Mouse 3T3
fibroblasts were grown in Dulbecco’s Modified

Ž .Eagle’s Medium DMEM containing L-glutamine
Ž .2 mM and 10% fetal bovine serum and supple-

Ž .mented with penicillin 50 Urml and strep-
Ž .tomycin 50 mgrml . HEp2 cells were grown in

Ž .Minimum Essential Medium MEM also con-
taining L-glutamine and 5% fetal bovine serum

Ž . Žand penicillin 100 Urml and streptomycin 100
.mgrml . The cell lines were cultured at 378C in a

humidified incubator with 5% CO . For micros-2
copy experiments trypsinised cells were seeded on
18-mm-diameter glass coverslips placed in tissue
culture petri dishes in the same medium. 3T3
fibroblasts were used for experiments on the third
day of subculture and HEp2 cells were used on
the second day of subculture. All samples were

Ž .treated at 48C on ice to inhibit internalization of
labelled receptors. Cells were washed twice with

q Ž .cold PBS PBS with CaCl and MgCl then2 2
incubated for 30 min with the primary antibody
ŽFITC labelled monoclonal anti-mouse transfer-

. Žrin receptors in the case of 3T3 cells and FITC
labelled monoclonal anti-human transferrin re-

.ceptors in the case of HEp2 cells. Cells were
washed again twice for 5 min with cold PBSq and
mounted on coverslips with the cells upside down
onto microscope slides using a ‘mounting
medium’. Antibody solutions were diluted in

y Ž .PBS PBS without CaCl and MgCl . The2 2
mounting medium was prepared by mixing 20 g

Ž .Airvol 203 in 80 g water and stirring the mixture
vigorously while warming it to 60]708C for 1]2 h
followed by adding 40 ml of a glycerolrn-propyl

Ž .gallate 0.2 g solution and 0.2 ml of a 0.2 M tris
Ž .buffer pH 8.5 . The solution is centrifuged at
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more than 18 000=g to remove particles. The
prepared mounting medium is stored at y208C in
small aliquots.

2.2. Labelling for distribution measurements

To measure the distribution of transferrin re-
ceptors on the cell surface cells were washed
twice with cold PBSq then fixed in a 4% cold
paraformaldehyde solution in PBSq for 15 min.
Paraformaldehyde fixation was conducted in or-
der to stop diffusion of membrane receptors. Cell
fixation hinders the function and mobility of the
cell surface components by chemically crosslinking
them. We have shown previously that
paraformaldehyde fixation essentially freezes the

w xcell surface 37 . Moreover paraformaldehyde
treatment does not appreciably change receptor
labelling as demonstrated by electron microscopy

w x qstudies 38,39 . After washing with 5 ml PBS ,
cells were soaked twice with 0.1 M glycine in
PBSq for 5 min at room temperature. Following
washing twice with 5 ml PBSq and twice with
PBSq with 1% BSA, the cells were incubated for

Ž30 min with the primary antibody FITC labelled
monoclonal anti-mouse transferrin receptors in
case of 3T3 cells and FITC labelled monoclonal
anti-human transferrin receptors in case of HEp2

.cells . Cells were then washed twice for 5 min
with PBSq to remove non-specifically bound anti-
body and mounted on coverslips with the cells
upside down onto microscope slides using the
mounting medium. A number of confocal images
were measured on sections of the cells. Care was
taken to avoid any edges of the cells and areas on
or near the nucleus in order to obtain a nice flat
area of the cell.

2.3. Confocal microscopy

Confocal microscopy was performed at room
Ž .temperature 25"28C on a Biorad MRC-600

laser scanning confocal microscope equipped with
a Nikon inverted microscope to obtain two di-
mensional fluorescence images of areas on the
cell membrane. Calibration procedure for the
photon counting mode was followed as outlined
in the Biorad MRC 600 user’s manual. The gain

and black levels were set to prevent saturation
and to ensure a low but non-zero background.
The black level was set high enough so that
photons were detected in every pixel. Samples
were examined through a 60= , 1.4NA oil immer-
sion objective using a 25 mW argon ion laser at
488 nm as the illumination source. The fluores-
cence was detected by the photomultiplier tube
operating in the analogue mode for the FITC
labelled samples. Filter combinations appropriate

Žfor fluorescein excitation filter 488 DF 10,
dichroic reflector 510 LP, emission filter OG 515

.LP were used in an epifluorescence mode. The
pinhole aperture was opened to setting 10 on the
Biorad vernier scale corresponding to 5.8 mm
diameter. This is in contrast to the optical sec-
tioning experiments normally performed using
confocal microscope. The confocal pinhole in the
confocal microscope allows detection from very
thin optical slices in the z direction. The smaller
the pinhole, the thinner the optical slice, and the
better the z resolution. Hence for many biologi-
cal applications, the confocal pinhole is made as
small as possible to get the best overall resolu-
tion. In our experiments we want the laser beam
spot in the focal plane to be the correlator so the
confocal pinhole is opened to the point where it is
no longer limiting the resolution. The full laser
beam provides a larger correlation area and hence
more points in the correlation function fit, which
increases the precision of the measurement. The
negative consequence of this is that we observe
fewer characteristic fluctuations in an image lead-
ing to a lower accuracy. On balance, this effect is
still much less than the variation in data from cell
to cell in a sample. The size of the observation
volume was fixed throughout the experiment. The
ey2 radius of the laser beam was measured else-

w x Žwhere 40 and was found to be around 0.4 mm a
value confirmed by the correlation function

.width . The laser intensity was set for minimum
photobleaching by using the minimum power, LA
s3.

Images were collected with a time interval of
20 s between the start of consecutive images with
photon counting mode set to accumulate three
scans in about 5 s. A total of 15]20 images was
collected for each measurement covering a period



( )M. Srï asta¨a, N.O. Petersen r Biophysical Chemistry 75 1998 201]211204

of 200]300 s. Several measurements were per-
formed on each sample. All the images were
collected as square images with 512=512 pixels
at a zoom factor of 10, corresponding to a pixel
resolution of 0.032 mm in the x and y directions.
We observed very little photobleaching from one
image to the next. Over a total of about 20
images, the accumulated decrease in intensity was
5]10%.

2.4. Fluorescence photobleaching

Fluorescence photobleaching is based on
macroscopically creating a concentration gradient
in fluorescence at the membrane and observing
the relaxation back to equilibrium. A fluorescent

Ž .label monoclonal antibody is attached to the
membrane receptor whose diffusion is to be stud-

Ž .ied. The labelled cells details in Section 2.1
attached to the glass coverslips are mounted in
phosphate buffer and inserted under the micros-
cope. An argon ion laser beam is focused on a
small, circular membrane area on the surface of a
labelled cell to measure the fluorescence in that

Ž .area. A short laser pulse 50]500 ms destroys the
fluorescence in the bleach spot. The recovery of
fluorescence in the bleached area is then mea-
sured using the same attenuated laser beam. The
time course of recovery of fluorescence reflects

Ž .the rate of lateral mobility diffusion coefficient
of neighbouring unbleached fluorophores into the
bleached area. All the experiments were per-

Ž .formed at room temperature 25"28C . In pho-
tobleaching experiments, the diffusion coefficient
Ž . Ž .D and the mobile fraction X were calculatedm

w xby previously published methods 6,29 . Diffusion
measurements by photobleaching are over a range
of about 1 mm. However a protein can be freely

diffusing in a small domain but trapped by the
presence of other integral proteins. These recep-
tor proteins would then be determined to be
immobile by fluorescence photobleaching.

3. Image cross-correlation function

Image cross-correlation spectroscopy is based
on measurement and analysis of fluctuations in
the fluorescence intensity in each pixel of images
obtained as a function of time. Quantitative anal-

w xysis 36 of the fluctuation is done by calculating
Ž .the cross-correlation function g j ,h;t for ai j

pair of images separated in time by t . Thus

Ž . ² Ž . Ž .:g j ,h ;t s d i xqj , yqh ;tqt d j x , y ;ti j

Ž .1

where d i and d j are given by

Ž .d i xqj , yqh ;tqt

Ž . ² Ž .:i xqj , yqh ;tqt y i x , y ;tqts ² Ž .:i x , y ;tqt

Ž .2

Ž . ² Ž .:j x , y ;t y j x , y ;tŽ . Ž .d j x , y ;t s 3² Ž .:j x , y ;t

Ž .and j x, y;t is the intensity at a particular loca-
Žtion in one image collected at time t and i x, y;t

.qt is the intensity at the same location in
another image collected at a later time, tqt . The
angular brackets denote averages over the entire
image. For diffusion in a Gaussian illumination
volume, we expect from the original fluorescence

Table 1
Comparison of diffusion and cluster densities of transferrin receptors on 3T3 mouse fibroblasts and human HEp2 cells. Error
represents the standard error of the mean. N is the number of measurements

y2² :i CD mm N D N D X NICCS FPR m
y12 2 y9 210 cm rs 10 cm rs

3T3 1.0"0.4 21"4 110 1.9"1.0 73 6.8"2.1 0.6 49
HEp2 6.5"0.6 17"3 92 1.5"1.2 56 2.9"1.3 0.5 41
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Ž . w xcorrelation spectroscopy FCS theory 3,4,31
that:

Ž .g 0,0;0i jŽ . Ž .g 0,0;t s qC. 4i j t
1q

td

where t is the characteristic decay time relatedd
to a diffusion coefficient, D, by t sv 2r4D andd
v is the 1re2 radius of the focused laser beam. C
is a constant added to allow for incomplete decay
of correlations at longer time due to immobile
fluorescent molecules and limited data records.

Ž .The values of g 0,0;0 , C and t are determinedi j d
Ž .by fitting the experimental data to Eq. 4 . The

Ž .g 0,0;0 value is the inverse of the average occu-i j
Žpation number N of the fluorescent entities re-

.ceptor clusters present in the observation area of
Ž .the laser beam i.e. g 0,0;0 s1rN. From thei j

amplitude of the cross-correlation function,
Ž .g 0,0;0 , we can then calculate the cluster den-i j
Ž .sity CD which is defined as the average number

of clusters per square micrometre of membrane:

1 Ž .CDs 52Ž .g 0,0;0 pvi j

4. Results

4.1. Distribution of transferrin receptors on mouse
3T3 fibroblasts and human HEp2 cells

An example of a confocal image of section of
3T3 fibroblast exposed to transferrin receptor
specific antibody is shown in Fig. 1A. Clearly, we
can see that there are a large number of distinct
regions on the cell surface that are labelled with
the fluorescent antibody. The fluorescent inten-
sity profile of each small region represents the
intensity profile of the excitation laser. A two-di-
mensional autocorrelation analysis of the single

w ximage 40 was performed as shown in Fig. 1B.
Ž .The two dimensional fit gives values for g 0,0,0 ,i j

² :v and the average intensity in the image, i .
Estimates of contributions from correlated noise

Ž .Fig. 1. A A zoom 10 confocal laser scanning microscope
Ž .image 512=512 pixels from the mouse 3T3 fibroblast. The

fluorescent spots in the image represent the spatial locations
of labelled transferrin receptors with the cell membrane area
sampled. The image was collected with FITC optics in photon
counting mode and is an accumulation of 25 scans. The image
has dimensions of 16.3 mm=16.3 mm. The scale bar repre-

Ž .sents 4.1 mm. B A plot of the discrete estimate of the
normalized fluorescence intensity fluctuation autocorrelation

Žfunction cross-correlation of image depicted in Fig. 1A by
.itself as a function of spatial lag in the two independent

image directions. The Gaussian function of best fit to the
auto-correlation data is plotted in the near quadrant, while
the other three quadrants contain the discrete correlation
function data.
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sources were obtained by imaging many samples
which were controls for autofluorescence and
non-specific labelling. The intensity arising from
these controls was subtracted from the original
intensity to get the intensity due to the true signal
Ž .i.e. due to specifically bound fluorophores . The

w ximage correlation spectroscopy 40 was applied
to 90]110 cells to get good information about the
number density of transferrin receptor clusters
Ž .fluorescent entities on the surface of 3T3 and

HEp2 cells, respectively. Table 1 shows the values
Ž . Ž .of g 0,0,0 and the cluster density CD . In thei j

case of HEp2 cells, the clusters are larger and
brighter but fewer in number as compared to 3T3
fibroblasts. Since all the samples were prepared at

Ž .48C on ice , we assume that there was no anti-
body-induced clustering. Since lateral diffusion is

w xvery slow at 48C 18 there are no obvious differ-
ences between distributions of receptors obtained
on fixed cells and on live cells at 48C.

Ž . Ž . Ž .Fig. 2. Zoom 10 confocal images of the sections of the mouse 3T3 fibroblast collected at A 0 s; B 25 s; C 175 s with FITC optics
in photon counting mode and is an accumulation of three scans. Arrows in these images show the position of a particular receptor

Ž .cluster at the specified times. The image has dimensions of 16.3 mm=16.3 mm. D Confocal image showing overview of 3T3
Ž .fibroblast. The faint region bleach box in the central cell shows the membrane area from which zoom 10 images were sampled at

specified times for subsequent ICCS analysis. This box has been created after 45 scans of the region during the collection of one set
of data, i.e. 15 images collected with a time interval of 20 s in between the images with three scans for each collection. The scale bar
represents 4.1 mm.



( )M. Srï asta¨a, N.O. Petersen r Biophysical Chemistry 75 1998 201]211 207

4.2. Diffusion measurements of transferrin receptor
clusters on mouse 3T3 fibroblasts and human HEp2

( )cells using ICCS at room temperature 25"28C

We performed experiments on the surface of
live cells to get information about the dynamics of
receptors on the surface of the cells. For this we
labelled the cells on ice with FITC conjugated
monoclonal antibody specific for the transferrin

Ž .receptors. Fig. 2 shows three images A, B, C
from a series of 15 images collected on the same

Ž .area of a cell D at 20-s intervals. The arrows in
images A to C show the positions of a set of
receptor clusters. Over this time scale, the move-
ment of the clusters is less than or comparable to

Žthe dimension of the laser beam as indicated by
.the size of each spot . A total of 30]40 sets of 15

images were collected to measure the amplitude

Ž . Ž .Fig. 3. Zoom 10 confocal images of the section of human HEp2 cell collected at A 0 s; B 25 s with FITC optics in photon
Ž .counting mode and is an accumulation of three scans. C Plot of the cross-correlation function between the two images A and B, as

a function of spatial lag in the two independent image directions. The Gaussian function of best fit to the auto-correlation data is
plotted in the near quadrant, while the other three quadrants contain the discrete correlation function data. The scale bar
represents 4.1 mm.
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of the cross-correlation function as a function of
Ž Ž ..time g 0,0;t .i j

Fig. 3C shows an example of the cross-correla-
tion function obtained from the images in Fig. 3A
and B, which were collected from the surface of
HEp2 cells at two different times. The Gaussian
function of best fit to the cross-correlation func-
tion is plotted in the near quadrant. The other
three quadrants contain the discrete cross-corre-
lation function data. The value of the amplitude,

Ž .g 0,0;t , is determined from this cross-correla-i j
tion function by extrapolation of the fit to the
origin. Fig. 4 shows an example of the variation of
the amplitude of the cross-correlation function as
a function of delay time between the images, t .

Ž .The solid line indicates the best fit to Eq. 4 .
From the fitting parameters, both the number

Ž .density, Ns1rg 0,0;0 and diffusion coefficient,i j
Dsv 2r4t can be calculated. This experimentd
was performed on several samples and several

Ž .measurements 3]5 were made on each sample.
We did this experiment on two different cell
types, mouse 3T3 fibroblasts and human HEp2
cells. The results are tabulated in Table 1. The
value of diffusion coefficients are small and are
almost the same for both cell types.

4.3. Fluorescence photobleaching reco¨ery

Table 1 also summarises the results of the
Ž .diffusion coefficient D and the mobile fraction

Ž .X of transferrin receptors on 3T3 and HEp2m
cells using standard photobleaching techniques
Ž .Fig. 5 .

5. Discussion

Movements of transferrin receptor clusters in
the cell membrane of cultured 3T3 fibroblasts and
HEp2 cells were investigated using the new tech-
nique of image cross correlation spectroscopy
Ž . w xICCS 36 . The lateral mobility of membrane
components has been extensively probed by fluo-

w xrescence photobleaching 5,6,27,29,31 and more
Ž .recently by single particle tracking SPT

w x19,20,25,26,28,34,35 . It is generally observed that
membrane proteins diffuse laterally in the mem-
brane plane unless constrained by interactions

Fig. 4. Plot of the amplitude of the cross-correlation function,
Ž .g 0,0,t , as a function of delay time, t . The smooth curve isi j

Ž .the best fit to the Eq. 4 . For this curve As0.01, Bs223.8,
Cs7.4ey4 and diffusion coefficient, D, is calculated to be
1.78=10y12 cm2rs.

with immobile or slowly moving components. Flu-
orescence photobleaching measurements of lat-
eral diffusion normally assumes that receptors are
either diffusing randomly or are immobile. From
SPT studies of diffusion of transferrin receptors

w xin the plasma membrane 21,25,26,41 it was found
that most of the movement was of confined diffu-
sion type within domains. Movement within do-
mains is random with a diffusion coefficient of
;10y9 cm2rs, which is consistent with that ex-
pected from free Brownian diffusion of proteins
in the plasma membrane and with our photo-
bleaching results. There is another population of

Žreceptors which exhibit slower diffusion ;-
y11 2 .10 cm rs , due to interactions with the cy-

toskeleton, cytoplasmic constituents, entrapment
in flat clatherin lattices, or with intramembranous
proteins and lipids. Previous work using video

w xenhanced contrast optical microscopy 14,25 re-
veals the presence of two populations of transfer-
rin receptors in the plasma membrane in terms of
their responses to lateral dragging forces exerted

Žby laser tweezers at 100 mW mobile and im-
.mobile population . Slow diffusion is considered

immobile in photobleaching experiments.
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Fig. 5. Sample FPR curve obtained for FITC-transferrin-labelled receptors on mouse 3T3 fibroblast illustrating the steps in an FPR
Ž . Ž .experiment. Here F y represents the pre-experiment fluorescence level, F 0 is the fluorescence level immediately after
Ž .photobleaching and F ` is the recovered fluorescence intensity of the bleach spot through the process of lateral diffusion of the

� Ž . Ž .4 � Ž . Ž .4FITC-labelled-transferrin receptors. Here X is the mobile fraction which is defined by X s F ` yF 0 r F y yF 0 andm m
DC is the diffusion coefficient.

All the above mentioned methods measure
diffusion coefficient of a single receptor monomer.
In contrast the low values of the measured diffu-

Ž .sion coefficient D suggests that image cross-cor-
Ž .relation spectroscopy ICCS measures the mobil-

Ž . Ž .ity diffusion of clusters aggregates of recep-
tors. Therefore direct comparison of photobleach-
ing data with ICCS data is inappropriate because
fluorescence photobleaching method records the

Žfast exchange diffusion for one component re-
.ceptor monomer and the slow diffusion is con-

sidered immobile in these results. In ICCS, the
highly mobile receptors move beyond the correla-
tion distance between images so they do not
contribute to the correlation function and are left
undetected. These highly mobile receptors will

² :contribute to the average intensity, i , and may
Ž .lead to underestimates of the g 0,0;0 values.

Fig. 6 shows a schematic representation of the

diffusion coefficient as measured by photobleach-
Ž .ing method D vs. the diffusion coefficientFPR

measured by image cross-correlation spectroscopy
Ž . Ž .ICCS technique D . The circular boundaryICCS
represents the laser beam area. Here we see that
D measures the mobility of the whole recep-ICCS

Žtor cluster grey dots enclosed in dashed boundary
moving to black dots enclosed in the solid

.boundary which is slow. Whereas D mea-FPR
sures the mobility of a single receptor monomer,
diffusing from one cluster to another cluster or
from one cluster to outside the beam area which
is considerably faster.

Like the photobleaching method, the present
approach samples the entire population as a func-
tion of time, but the cross-correlation analysis
yields the ensemble averaged diffusion coeffi-
cients only giving information on the behaviour of
a large group of molecules. The loss of detailed
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Ž .Fig. 6. Schematic representation of the difference in the diffusion coefficient as measured by photobleaching method D vs.FPR
Ž . ŽICCS method D . Here the circular boundary represents the laser beam area focusing the receptor clusters. Each dot grey orICCS

. Ž .black represents a receptor monomer and the boundaries dashed or solid enclosing the dots represent the receptor clusters
Ž .aggregates . Dashed boundaries enclosing grey dots represent receptor clusters at any one time and the solid boundary enclosing
black dots represents receptor clusters at a later time.

distribution of diffusion coefficient is compen-
sated for, in part, by the ease and speed of
analysis. The details of receptor movement have
important implications for any biological process
that involves dynamic interactions in the cell sur-
face membrane. Further development of the

Ž .imaging techniques ICCS described here
promises to make a significant contribution to the
quantitative understanding of slow processes. In
cases where the variation in diffusion behaviour
varies from sample to sample, e.g. cell to cell in a
biological study, ICCS may provide a more conve-
nient approach to measuring the slow dynamic
processes as long as information about the aver-
age property is sufficient.

In addition to the single channel method of
ICCS we have discussed, it is also possible to use
a second channel to obtain a second fluctuation

w xsignal 36 . Using the cross-correlation function
from the two channels, as a function of time, will
ultimately permit measurement of kinetics of as-

sociation or dissociation of two receptor types in
a cell membrane.
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