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Lateral Diffusion Measurement at High Spatial Resolution by Scanning
Microphotolysis in a Confocal Microscope
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ABSTRACT Fluorescence photobleaching methods have been widely used to study diffusion processes in the plasma mem-
brane of single living cells and other membrane systems. Here we describe the application of a new photobleaching technique,
scanning microphotolysis. Employing a recently developed extension module to a commercial confocal microscope, an intensive
laser beam was switched on and off during scanning according to a user definable image mask. Thereby the location, geometry,
and number of photolysed spots could be chosen arbitrarily, their size ranging from tens of micrometers down to the diffraction
limit. Therewith we bleached circular areas on the surface of single living 3T3 cells labeled with the fluorescent lipid analog
NBD-HPC. Subsequently, the fluorescence recovery process was observed using the attenuated laser beam for excitation. This
yielded image stacks representing snapshots of the spatial distribution of fluorescent molecules. From these we computed the
radial distribution functions of the photobleached dye molecules. The variance of these distributions is linearly related to the
diffusion constant, time, and the mobile fraction of the diffusing species. Furthermore, we compared directly the theoretically
expected and measured distribution functions, and could thus determine the diffusion coefficient from each single image. The
resuits of these two new evaluation methods (D = 0.3 + 0.1 um?/s) agreed well with the outcome of conventional fluorescence
recovery measurements. We show that by scanning microphotolysis mformation on dynamical processes such as diffusion of

lipids or proteins can be acquired at the superior spatial resolution of a confocal laser scanning microscope.

INTRODUCTION

The fluorescence photobleaching method has become an im-
portant tool in investigating the transport of biological mol-
ecules within and across cellular membranes (Thomas and
Webb, 1990; Petersen et al., 1986; Peters and Scholz, 1991).
The technique is generally based on photolysis of fluores-
cently labeled components within a small spot. The analysis
of the dissipation of the gradient in the distribution of fluo-
rescent dye molecules yields information on the mobility
characteristics of the labeled species such as the diffusion
cocefficient and size of the mobile fraction (Peters et al., 1974;
Axelrod et al., 1976; Jacobson et al., 1976; Edidin et al.,
1976).

So far, fluorescence photobleaching is a single-cell tech-
nique, and one can measure diffusion on multiple regions of
the same cell only in subsequent experiments. In these spot
measurements, the signal obtained is an integral over a de-
fined area in the observation field. As a result, all spatial and
directional information is averaged out and lost.

However, recent experimental and numerical studies
indicate that the dynamics of biological membranes is
more complex than imagined in the early days of photo-
bleaching techniques (Saxton, 1993; Edidin, 1992; Ishihara
and Jacobson, 1993). These findings point to the requirement
for advanced experimental techniques that allow the exami-
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nation of the dynamic processes at high spatial resolution.
Single-particle tracking is a new experimental method to ex-
amine the dynamics on cell surfaces at the molecular level
(Kusumi et al., 1993; Jacobson et al., 1994; Webb, 1994).
Another approach is the extension of photobleaching tech-
niques to spatially resolved measurements of distributions of
molecules on cell surfaces. This can be achieved by using
imaging systems for monitoring the dynamic process after
photobleaching, thus obtaining spatial information about
membrane transport processes on a submicrometer length
scale (Kapitza et al, 1985; Tsay and Jacobson, 1991;
Cardullo et al., 1991; Jain et al., 1990). Spatially resolved
photobleaching techniques can detect anisotropic diffusion,
or the rates of diffusional exchange between morphologically
distinct regions of a cell (Tsay and Jacobson, 1991). Another
obvious advantage of two-dimensional observation of the
dynamic process is that drift of the photobleached area is
immediately noticed and can be dealt with separately.
Employing a confocal laser scanning microscope (CLSM)
adds even more advantageous features to high resolution
photobleaching measurements. (i) True three-dimensional
imaging facilities can be used for inspecting and selecting the
site for the bleach experiment. (ii) Because of the high depth
resolution of confocal imaging provided by using very small
illumination and detection pinholes, background fluores-
cence is much more efficiently rejected than in the conven-
tional photobleaching setup, in which much larger pinholes
are used, or in systems without pinholes employing CCD
cameras. (iii) By the high depth resolution, contributions of
internalized dye molecules are largely suppressed, and the
process of internalization of fluorescent markers can even be
monitored. (iv) Photobleaching measurements in thick and
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scattering samples are feasible because of the absence of
out-of-focus contributions (Blonk et al., 1993).

The advantages of confocal scanning for measurements of
lateral mobility in membranes were first exploited by Koppel
(1979), who incorporated a galvanometric optical scanner
into the excitation pathway of a photobleaching instrument.
By these means, a focused laser beam could be rapidly
scanned back and forth over the object along a linear path-
way. The fluorescence of the scanned pathway could be im-
aged semi-confocally (i.e., via a slit) and analyzed before and
after photobleaching. Later on, Cooper et al. (1990), studying
the dynamics of cytoskeletal fibers, employed a commercial
nonmodified CLSM to image and bleach linear pathways in
cells. Scholz et al. (1988) equipped a confocal laser scanning
microscope (CLSM) with a second, more powerful laser to
bleach small circular areas while using the internal laser to
generate confocal images before and after bleaching. Re-
cently, Blonk et al. (1993) described a photobleaching tech-
nique in which a CLSM was also operated in the mode in
which only one line, instead of a complete frame, was
scanned. Photobleaching was achieved by halting the scan-
ning mirrors for defined times before resuming line scanning.

Here we apply a new photobleaching technique, scan-
ning microphotolysis, Scamp (Kubitscheck et al., 1994;
Wedekind et al., 1994), that does not only take advantage of
the superior spatial resolution but also uses the scanning
mode operation of a CLSM for photobleaching. Employing
a soft- and hardware extension module to a commercial
CLSM, the laser beam can be switched on and off during the
scanning process of the CLSM in accordance with a user-
definable image mask. This leaves complete freedom in
the choice of the size, location, geometry, and even number
of the bleached spots. After creating the photolysis pattern
in the sample, we monitor the recovery process by a series

of images attained using a low intensity laser beam for,

excitation. .

Scamp experiments yield image stacks as raw data docu-
menting the fluorescence recovery process at the resolution
of a confocal microscope. Each image represents a snapshot
of the spatial distribution of the nonphotolysed molecules at
a defined time point. Hence, the image stacks contain a
wealth of spatial information on the observed dynamic
process. We suggest two new concepts for evaluating this
large amount of information in terms of lateral diffusion
coefficients.

THEORY
Fundamentals

The analysis of diffusion measurements by photobleaching
is usually based on the following considerations (Axelrod
et al., 1976). Before measurements, the cellular components
to be studied are labeled by fluorescent dye molecules in
some direct or indirect way. The fluorescent components are
supposed to be uniformly distributed in the plane of the mem-
brane. A sufficiently strong laser pulse illuminates and
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bleaches the fluorophores in a small, radially symmetrical
area with an intensity distribution K(r), r designating the dis-
tance from the center of the bleached spot. Photobleaching
is assumed to be irreversible, and of first order with rate
constant K = al(r). After photolysis, the space- and time
dependence of the concentration (7, t) of unbleached flu-
orophore is determined by the diffusion equation

ac(r, v ¥ 19

o = D[F + ; a_l'] cr, 1, 1)
with the boundary condition c(®, 1) = ¢, D is the diffusion
cocfficient. We assume that the duration of bleaching, 7, is
negligibly small as compared with the time required for any
significant transport. In this case, the fluorophore concen-
tration profile at the beginning of the recovery phase (1 = 0)
is given by

o(r, 0) = cpe ™7, )
where ¢, is the spatially constant fluorophore concentration
before the experiment. In our experiments, the sample is
illuminated by a beam with a uniform circular disk profile of
radius w. The concentration of photolysed fluorophores, des-
ignated as c*(r, t) = ¢, — (r, 1), is given by (Soumpasis,
1983)

c*(r, 1) = cgW{l — e"]f e 2 J(sr)J,(ws)ds.  (3)
0

Here, J (x) represents the Bessel function of order n. The
time-dependent fluorescence intensity F(t) emitted from the
total photolysed area being illuminated with a monitor beam,
which has the same intensity profile as the bleaching beam
but is attenuated by the factor A, is given by

F(r) = 2#% f I(Ne(r, Hrdr, ey
0

where g is the product of quantum efficiencies of light ab-
sorption, emission, and detection. It is convenient at this
stage to define the fractional fluorescence f(z) as

_ Fo) - FO)
0= Fer=F0)° ®

Then (Soumpasis, 1983)

e ) o)) o

with 7 (x) representing modified Bessel functions of order n,
and 7 = w’/4D the characteristic diffusion time. If only a
fraction k of the fluorescently labeled molecules is mobile,
this is given by

_ F(x) — F(0)

- Fo _ F‘(O) ? (7)

where F, denotes the fluorescence before the bleaching.
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Relation among diffusion coefficient, mobile
fraction, and variance

Here we show that the convolution integral of an arbitrary
initial distribution of dye molecules with the system’s re-
sponse to a delta function as initial distribution is a general
solution of the diffusion equation, Eq. 1. We then find that
the diffusion coefficient can simply be derived from the time
dependence of the second central moment.

Assuming that all molecules are concentrated at the origin
of the coordinate system at + = 0, their initial (normalized)
distribution profile is equal to the product of delta func-
tions, 8(x)&(y). The time development of this distribution
gx, y, t)is (Crank, 1975)

k -
g&xy, D= Dt e FTIAD L (1 — B3)(y). (8)

We have included into this expression the parameter k to
account for mobile and immobile fractions within the dis-
tribution. We now consider an arbitrary, properly normalized
initial distribution, g,(x, y), of a population of diffusing par-
ticles, and set the origin of our coordinate system at the mean
values, % and y. The time development of this distribution can
be found by the convolution of g(x, y) and g (x, y, t):

k -
g(x’ Yy, 1= m f f go(a, 3) e [x—ar+(x—BrJaDr 4 dB
F

+ (1 = k)gy(x, y), )

where the integral includes the complete surface F. The sum
of the two diagonal second moments, (1) = (x(¢)* + (1)),
also referred to as variance, is defined as

#a(t)=ff(x2+yz)g(x,y,r)dxdy- (10)

Inserting Eq. 9 into Eq. 10, and exchanging the sequence
of integration, the inner integral can be solved using some
well known integral identities of the Gauss distribution func-
tion. Eventually, it can be shown that j(¢) is linearly related
to D, k, and -

(1) = 4kDt + (x3) + (¥2). 11
It may be noted that the time dependence of the variance,
(1), is independent of the initial distribution fy(x, y) and,
hence, can be used to determine D for arbitrary radially sym-
metrical initial distributions.

Determination of diffusion coefficient and
mobile fraction
The above considerations suggest three strategies for evalu-

ating photobleaching experiments in terms of diffusion co-
efficients and mobile fractions.

(i) The radial distribution function of photolysed fluoro-
phores at times t, after photobleaching is given by
Eq. 3. For each time point, the radial distribution is
completely determined by the radius of the bleached
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area, w, the extent of bleaching, al(r), the diffusion
constant, D, and the mobile fraction, k. Hence, a fit of
Eq. 3 to the distribution data yields the unknown

parameters.

(ii) Plotting the variance, p,(t), against time yields a
straight line, the slope of which is equal to the product
of diffusion constant and mobile fraction divided by
four (eq. 11). The relaxation process must be observed
until equilibrium is reached to determine the mobile
fraction according to Eq. 7. Unfortunately, this method
does not provide an independent way to determine k.

(iii) In addition, the integral fluorescence of the photo-
bleached area can be used to derive D, and k from
Egs. 57, analogous to conventional photobleaching
measurements.

MATERIALS AND METHODS
Reagents

2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl-1-hexadeca-
noyl-sn-glycero-3-phosphocholine (NBD-C,-HPC) was obtained from
MOLECULAR PROBES (Eugene, OR). The lipid analog was dissolved in
ethanol, aliquoted, dried under N,, and stored at —20°C. Before use, the lipid
analog was dissolved in phosphate buffered saline at 10 pg/ml.

Cells and their iabeling

3T3 cells were cultured in DMEM complete medium (Boehringer, Mann-
heim, Germany) at 37°C with 5% CO, and passaged every three days. For
photobleaching studies, cells were used 2448 h after seeding on coverslips,
washed in 4 ml of DMEM without phenol red supplemented with 20 mM
HEPES (Bochringer), and incubated with NBD-C-HPC (10 pg/ml) for
5 min at room temperature. After washing, the coverslips were mounted
upside down on glass slides using spacers to create a little chamber con-
taining about 30 pd of DMEM. Such samples were examined and measured
for up to 60 min at room temperature (7 = 23 * 2°C). Visual inspection
as well as optical sections in both the xy and the xz plane obtained by
confocal scanning showed that the lipid analog was exclusively localized in
the plasma membrane during the measurements.

Conventional photobleaching experiments

For comparison, photobleaching experiments were also performed using the
conventional setup described previously (Peters and Scholz, 1991;
Tschodrich-Rotter, 1994). In short, labeled samples were placed on the stage
of an inverted epi-fluorescence microscope. Employing the 488-nm line of
an argon laser (model 2025, Spectra Physics, Darmstadt, Germany) a cir-
cular area (radius 2.1 pm) of the sample was uniformly illuminated. Fluo-
rescence originating from the illuminated area was measured using a single-
photon counting system. For bleaching, the beam power was increased by
a factor of 10*. A microcomputer was used for data acquisition and analysis.

Scanning microphotolysis

We have recently developed (Kubitscheck et al., 1994; Wedekind et al.,
1994) a new photobleaching technique, referred to as scanning micropho-
tolysis (Scamp). A CLSM (Leica, Heidelberg, Germany) was comple-
mented with a powerful argon laser (model 2025, Spectra Physics) and a
novel device, the Scamper (Fig. 1). The laser was tuned to 488 nm with an
output power of 1 W. In the Scamper, the laser beam passed a filter changer
that contained three neutral density filters. The filters with transmission
coefficients of 0.5, 0.1, and 0.03, respectively, could be motorically inserted
into the laser beam in any combination yielding relative beam powers be-
tween 0.0015 and 1.0. The laser beam then entered an acousto-optical modu-
lator (AOM, model 304, Coherent, Rodermark/Oberkochen, Germany) that
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FIGURE 1 Scanning microphotolysis (Scamp), a new method combining
cated in the scheme, a confocal laser scanning microscope (CLSM) was
complemented with powerful argon laser and a novel device, referred to as
“Scamper.” The scamper essentially consisted of two components in series,
a filter changer that could attenuate the laser beam by a factor of approxi-
mately 1,000, and an acousto-optical modulator (AOM) that could switch
on and off the laser beam in less than a microsecond. Both components were
controlled by a computer, which also coordinated the actions of both Scam-
per and CLSM. Employing the computer of the Scamper, a confocal
image could be superimposed by an image mask. During a scanning
cycle, the computer activated the AOM such that a pattern was bleached
into the sample corresponding exactly to the image mask. The dissi-
pation of the bleach pattern by lateral diffusion was monitored by a
series of confocal images generated at non-bleaching conditions (at-
tenuated laser beam).

diffracted upon activation about 70% of the beam power into the first order
at a contrast ratio of 2.000/1 with a rise time of switching of ~100 ns.
Beyond the AOM, a mirror reflected the first-order-beam into the CLSM,
where it was focused onto the illumination pinhole. The Scamper also in-
cluded an interface to transform TTL signals into appropriate signals for the
filter box and the AOM driver. A standard 386/40-computer (PC) with 8
MHz-ISA-data bus controlled filter changer and AOM, and maintained
communication to the CLSM workstation via the parallel port. Compre-
hensive software, referred to as ScampMaster, for control and evaluation of
scanning microphotolysis experiments was developed in C and assembler
as a Microsoft-Windows application.

A Scamp experiment proceeds as follows. Using the attenuated laser
beam (attenuating filters inserted, AOM permanently activated), a prebleach
image is generated on the CLSM and transferred to the computer of the
Scamper. In the prebleach, image areas to be bleached are selected by cre-
ating an image mask. A bleaching scanning cycle is then initiated. At first,
the computer of the Scamper removes the attenuating filters from the laser
beam. Then, using trigger signals issued by the CLSM workstation at the
beginning of each line the computer of the Scamper activates the AOM
during scanning such that a pattern is bleached into the sample which cor-
responds cxactly to the image mask. We have observed that the spatial
accuracy of photobleaching was about +2.5 pixels, i.e., equal or better than
diffraction limited resolution at most scanning conditions. Typically
(scanned area = 31x31 pm?, image format = 512x512 pixel), a pixel mea-
sures (0.0612 um)’. Also, photobleaching was observed to be sufficiently
effective. Using human erythrocyte ghosts loaded with a fluorescein-labeled
70 kDa dextran as test system, a 40-fold, NA 1.3 oil immersion objective
lense and a laser power of about 1 mW in the sample we found that the
fluorescence of the ghosts was reduced by 12.5% by a single bleaching
cycle. Six to eight repetitions were necessary to induce a 50% reduction of
fluorescence.

In the present study, Scamp experiments were performed in the following
manner. A suitable cell was selected, and the cell surface adbering to the
coverslip was brought into focus. A prebleach image was generated, and
circular areas were selected for bleaching on the cell surface by means of
an image mask. The bleaching scanning cycle was performed in such a
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manner that the integral intensity of the bleached areas was reduced by
approximately 50%. Then a series of (usually) 10 images was recorded at
nonbleaching conditions using appropriate time delays.

Data analysis

The raw data of a single experiment consisted of a stack of N = 11 images
taken at time points ¢, corresponding to ~2.5 MB of image data. The first
image was the prebleach recording; the last was an image taken after an
extended period of time, when the fluorescence recovery process had been
completed. Before data analysis, the images were smoothed with a 3x3
median filter. This removed high frequency noise and corrected for pixels
with values exceeding the eight-bit limit. Then the images were scaled to
each other to comrect for the very small degree of photobleaching occurring
during acquisition of the monitor images, i.¢., approximately 1% fluores-

To prepare the images for computation of the radial distribution function
of the photobleached fluorophores, they were processed in the following
way. To correct for intrinsic inhomogeneities in the fluorescence distribu-
tion within the observed cell membrane region, the prebleach image was
divided by each monitor image resulting in a series of quotient images.
Before this operation, the prebleach image was smoothed with a 15x15
Gauss kernel to prevent an amplification of the image noise by the division.
Furthermore, because the division usually resulted in images with intensity
values between 0 and 2 (photobleaching =50%), the computations were
performed using floating point variables that were scaled by a factor of 27
before storing the results as integer value images.

The radial distribution function of the photobleached fluorophores was
calculated from the scaled quotient images. All pixels inside a circle of
radius r, = 3-w around the center of the circular bleaching spot were evalu-
ated. The pixel values were radially averaged, resulting in a set of floating
point values g[r) for each image i. Finally, we computed g (r) =g(r) — c,
where ¢ was the average value of g(r) for large r of images i = 2 to 7,
where the pixel values were virtually constant over distance to the center
and time. This yielded a corrected distribution function that decayed to zero
for large r.

As discussed in the theory section, we used the distributions g(r) directly
to determine D. For that purpose, each single data set g(r) was fitted directly
by an expression derived from Eq. 3, i.c.,

g(r) = Bw f &5 Jy(sr)J, (ws) ds. (12)
o0

Fitting was performed employing a nonlinear x’-minimization routine
based on a Levenberg-Marquardt method using D and B as parameters (Press
et al., 1992). Here, B is an arbitrary amplitude parameter, a constant value
was used in the evaluation of all images belonging to the same stack. It can
eventually be used for determination of the distribution immediately after
bleaching, g._(r), corresponding to F(0) in the conventional analysis. The
mobile fraction of fluorophores, determined as described below, was as-
sumed to be constant within the bleached area and taken appropriately into
account by the fitting routine. The integration was performed numerically
from O to 7, employing a Romberg integration scheme. We found this
integration to be not trivial; much care had to be taken in choosing the
appropriate integration limit, r,, the stepsizes, and the accuracy of the
integration process.

From the radial distribution function the sum of the two second central
moments p,; was calculated as

oy = () = f re(r) dr / f rg,(r) dr. (13)

1, ; was then plotted versus 7, and a straight line was fitted to this data to
obtain D times k from its slope according to Eq. 11. Finally, knowing k (see
below), D was calculated.

As the last step, the mean intensity within the photobleached area was
determined in all images. This yielded a prebleach fluorescence value F,, ..
and values F,__; for all time points 7. These data were fitted by Egs. 5 and
6 as described above. Thus, D, F(0), and F(>) were determined and, using
Eq. 7, the mobile fraction k was derived.
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FIGURE 2 A Scamp experiment
relating to the lateral mobility of
plasma membrane lipids. The surface
of a 3T3 cell that had been labeled
with the fluorescent lipid analog
NBD-HPC was imaged by confocal
laser scanning microscopy at high
resolution (note the scale). Only a
part of the cell surface can be ob-
served; the cell border is visible at the
lower edge. Images were obtained
before (A) and at various times after
(B-1) photobleaching of two circular
membrane areas. The dissipation of
the bleach pattern by lateral mobility
can be recognized. (a) Unprocessed
images; (A) prebleach image; (B—H)
monitor images taken at times f, =
335,17, =6.8s,4, = 103s,1, = 14.6
s, = 183,15 = 23.7s, 1, = 300
after the bleach scanning, and (/) ac-
quired after completion of the fluo-
rescence redistribution (1, = 80s). (b)
Processed images. In A, the unproc-
essed prebleach image (a, A) was
smoothed with a2 3x3 median filter
and 15x15 Gauss kemnel, revealing
that the fluorescence of the cell sur-
face was intrinsically inhomoge-
neous. (B—) Smoothed, scaled, and
inverted images were generated by
image (A) by the respective
smoothed monitor images (a, B).
The improvement of image quality
by smoothing and normalizing is =
apparent. : e

Image processing was performed partly by software written by us in C,
partly using the program “NIH Image,” V 1.52, by Wayne Rasband. All data
evaluation, simulating, and fitting programs were written in C.

RESULTS

The new method, Scamp, was applied to study the lateral
mobility of the fluorescent lipid analog NBD-HPC in the
plasma membrane of living 3T3 cells. Cells were labeled, and
measurements were performed as described above. First, an
example for the raw data and their processing will be given.
Then three different methods for the evaluation of the data
in terms of mobility coefficients will be described.

A representative experiment is shown in Fig. 2. Here, two
circular areas with a radius of 3.0 um were bleached simul-
taneously on one cell, demonstrating one of the novel pos-
sibilities offered by Scamp. The magnification was chosen
such that an area of 31 X 31 um’ was imaged. Therefore,
only a central part of the cell can be recognized, a cell bound-
ary being visible at the bottom.

Unprocessed raw images are shown in Fig. 2 a. This series
consists of a prebleach image (A ), seven monitoring images
taken at various times after bleaching (B—-H: t; = 33 s,
t-=68s,t, =103s,t, = 14.65s, ¢, = 183 5,1,=23.7 s,
ty; = 30.0 s) and a final image, acquired after completion of
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the fluorescence redistribution (; = 80 s). To minimize
phobleaching during observation, the power of the laser
beam was kept very small. In addition, the number of line
scanning averages was set to be only 2. Therefore, the images
were quite noisy. Nevertheless, inspection of the prebleach
image (Fig. 2 a, A) clearly reveals that the plasma membrane
did not fluoresce homogeneously. Inhomogeneities as ob-
served in Fig. 2 a (A) were present in all of the images
acquired for this study and presumably reflect an inhomo-
geneity of the plasma membrane itself. Fig. 2 a also reveals
that fluorescence inhomogeneities were rather stable and per-
sisted in the complete image series.

Smoothed inverted ratio images (Fig. 2 b), rather then raw
images (Fig. 2 a), were used for the further evaluation. The
inverted ratio images were generated by division of the
smoothed prebleach image (Fig. 2 b, A) by the respective
monitor image. This operation dramatically improved the
image quality. Nevertheless, we found it necessary to reduce
further the noise before the images could be evaluated in
terms of diffusion coefficients. For this purpose several dif-
ferent smoothing approaches were employed and carefully
compared to verify that no erroneous data were artificially
produced. The final result is shown in Fig. 2 b (B—H). It
should be stressed again that the images were inverted. Thus,



large intensities represent high concentrations of bleached
rather than nonbleached chromophores.

A first method for evaluating Scamp data in terms of mo-
bility coefficients is illustrated in Fig. 3. For each image of
Fig. 2 b, the radial distribution function of bleached dye
molecules (open symbols) was calculated. This was done
separately for the two bleached membrane areas to yield two
sets of distribution functions for the upper (Fig. 3 a) and the
lower bleached area (Fig. 3 b), respectively. The spreading
of bleached chromophores with time can be clearly recog-
nized. The time interval used for data evaluation (30 s) was
short enough to warrant that the two distribution would not
distort each other. The noisy nature of the distributions near
the center of the photobleached area is because only a small
number of pixel values contribute to the radial averages of
gi{(r) for small values of r. To derive the diffusion coefficient,
theoretical curves were calculated according to Eq. 12 and
fitted by a x’-minimization routine to the experimental data
(solid and dashed lines). Thus, each image of the series of
Fig. 2 byielded, for both of the bleached areas independently,
values for the diffusion coefficient. Averaging these values
for the whole image series yielded D, = 0.28 * 0.03 um?%s
for the upper and D, = 0.24 + 0.02 pum?s for the lower
membrane area, respectively.

Fig. 4 illustrates a second method of data evaluation. Here,
the variance was calculated according to Eq. 13 for the radial
distribution functions shown in Fig. 3. The calculated values
were then plotted versus time and fitted by a straight line to
yield D, = 0.15 * 0.06 pm?/s (filled circles, solid line, upper
membrane area) and D, = 0.25 * 0.06 um?/s (filled squares,
dashed line, lower membrane area), respectively. These re-
sults agree quite well with the outcome of the other evalu-
ation methods (c.f. below and Table 1), despite the fact that
they scatter considerably (Fig. 4). The scattering is probably
because the third power of the radius appears as a factor in
the integral (Eq. 13), thus enhancing image noise.

A third method of data evaluation, simulating the one used
in conventional photobleaching experiments, is illustrated in
Fig. 5. Here the average intensity was calculated for the two
bleached membrane areas of Fig. 2 and plotted versus time.
The experimental data were then fitted by Egs. 5-7. Because
the relatively low repetition rate of image acquisition, which
was 0.3 s~ in the employed scanning mode, we were not able
to determine the fluorescence value right after bleaching, i.c.,
F(0). Hence, we chose to leave this value as a free parameter
in the fitting routine. This yielded D, = 0.19 pm?s (circles,
upper membrane area) and D, = 0.23 pm?/s (squares, lower
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FIGURE 3 Evaluation of the Scamp experiment shown in Fig. 2 by the
“distribution” method. The radial distributions (open symbois) of photol-
ysed dye molecules around the center of the photobleached areas were de-
rived from Fig. 2 and fitted by theoretical curves (—) according to Eq. 14.
The noise for small radius values is caused by the low number of pixels
averaged there. (a) Upper photobleached area. Radial distribution at r = 3.3

s (O), 103 s (O), and 183 s () after photobleaching, respectively.
(b)Lower photobleached area. Radial distribution at 1 = 6.8 s (O),

103 s (0), and 183 s (O) after photobleaching, respectively.

membrane area), respectively. As above, these values agree
quite well with the outcome of the other evaluation methods
(cf. Table 1).

The results of 15 Scamp experiments, conducted in the
manner illustrated above, are listed in Table 1. Each stack of
images was evaluated by the three different methods de-
scribed. The results are listed for each method of evaluation,
together with the corresponding mean values and SDs. The
results obtained by fitting the theoretical curve directly to the
radial distribution function (column “distributions”) are av-
erages of the respective images series. Together, the results
agree with each other within the error range. For comparison,
we have also used a conventional photobleaching instrument
(see Materials and Methods) to measure lipid mobility in the
same cells. This yielded D = 0.26 = 0.07 pum?/s, thus con-
firming the results obtained by Scamp.

DISCUSSION

This paper describes the application of a new photobleaching
method, Scamp, to the analysis of membrane lipid mobility.
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FIGURE 4 Evaluation of the Scamp experiment shown in Fig. 2 by the
“variance” method. The variances of the radial distributions shown in Fig. 3
were calculated according to Eq. 13 and plotted versus time. Only distri-
butions from images taken at times smaller than 20 s after photobleaching
(Fig. 2, images B—F) were evaluated. The straight lines are linear fits ac-
cording to Eq. 12 yielding diffusion cocfficients of D = 0.15 pum?/s for the
upper and D = 0.25 pnr’/s for the lower photobleached area, respectively.

TABLE 1 Comparison of the different evaluation strategies
of diffusion measurements by scanning microphotolysis

2/c)*
D (ua'ss) Mobile
Experiment  Distributions!  Variance  Integral spot  fraction
1 034 0.40 032 085
2 012 0.18 022 0.70
3 027 029 028 082
4 0.45 0.19 020 0.63
5 024 0.12 0.14 1.02
6 030 013 029 0.81
7 037 021 022 0.75
8 0.40 030 027 0.92
9 0.40 0.40 026 085
10 028 0.15 0.19 0.6
1 024 025 023 089
12 039 0.19 027 0.78
13 044 017 027 0.94
14 023 017 0.49 0.83
15 0.41 013 022 092
Mean? 033 0.2 026 084
SD 0.09 0.09 0.08 0.10

* Diffusion coefficients were determined by each of the three evaluation
methods discussed in the Theory section.

* Values are weighted averages of the results attained by fits to the fluo-
¥ Conventional photobleaching measurements, which were performed on
the very same samples, yielded D = 026 * 0.07 um’s (n = 17).

We equipped a CLSM with a more powerful laser and a novel
device, the Scamper. This permitted us to switch the laser
beam on and off during the scanning process according to a
freely definable image mask. Thus, almost any pattern de-
sired could be bleached into the fluorescence of the sample.
In the present study, we bleached circular areas onto the
surface of single living 3T3 cells that had been labeled with
the fluorescent lipid analog NBD-HPC. Subsequently we ob-
served the redistribution of fluorescent probe molecules at
the spatial resolution of the CLSM using a low intensity laser
beam for fluorescence excitation. The images obtained in this
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FIGURE 5 Evaluation of the Scamp experiment shown in Fig. 2 by the
“integral spot” method, which mimics the evaluation of conventional pho-
tobleaching measurements. The intensities of the bleached areas were in-
tegrated (filled symbois) and plotted versus time. The cxperimental data
were fitted by Egs. 5-7, yielding values for the diffusion coefficient D of
0.19 and 0.23 pm?s, and for the mobile fraction of 0.86 and 0.89 for the
upper and lower photoblcached area, respectively.

manner were processed in a particular way and then used to
compute the radial distribution functions of photolysed mol-
ecules. Having these distribution functions at our disposal,
we introduced and tested two new concepts for the deter-
mination of lateral mobility coefficients in radially sym-
metrical geometries and compared these approaches with a
third one mimicking data evaluation in conventional pho-
tobleaching measurements.

In the “distribution method” we derived the diffusion co-
efficient by directly fitting an appropriate theoretical func-
tion to the experimentally determined distribution function.
This could be done for each individual image monitoring the
redistribution process. Noteworthy, this evaluation method
made use of the full information contents of the images. At
present, we determined the mobile fraction by a different,
quasi-conventional method and used that value in the fitting
process. However, in future studies the theoretical model
could easily be extended to include two, or more, mobile
fractions. In the “variance method” we considered theoretical
aspects of the diffusion process and found that the variance
of the distribution function is linearly related to the diffusion
coefficient, the mobile fraction, and time. Thus, a plot of the
variance versus time can be used to derive the diffusion co-
efficient in a straightforward manner. The ease of this analy-
sis seemed very tempting to us. It is somehow comparable
with the method of Jain et al. (1990), who used the linear time
dependence of the radius of a Gaussian spot for determina-
tion of D. In the “integral method” the average intensity of
the photobleached area was calculated as a function of time.
This was evaluated in terms of diffusion coefficients and
mobile fractions using the equations derived by Axelrod et al.
(1976) and Soumpasis (1983) for conventional photobleach-
ing studies.

Altogether we found that the mobility coefficients deter-
mined by the three methods were the same within experi-
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mental accuracy: D = 0.33 + 0.09 um?s (distribution
method), 0.22 * 0.09 pum?/s (variance method), and 0.26 +
0.08 um?/s (integral method), respectively. These values
compared favorably with the one determined by us using a
conventional photobleaching apparatus, D = 026 * 0.07
um?/s. The values are also consistent with diffusion co-
efficients reported in the literature for comparable ex-
perimental systems, namely D = 0.3 + 0.1 um?/s (Kok
et al., 1990; Edidin and Stroynowski, 1991; Yechiel and
Edidin, 1987).

The application of our method is currently mainly re-
stricted by two conditions: (i) The bleaching time T has to
be small as compared with the characteristic transport time,
and (ii) virtually all of the bleached molecules have to be
contained in that membrane area considered in the evaluation
procedure, even at the latest observation time. The first con-
dition presently restricts the range of diffusion coefficients
that can correctly be determined to approximately D < 1.0
pm?/s. This range can be increased, however, by enhancing
the frequency of image acquisition and reducing the bleached
area. The second condition applies only to the variance
method, but neither to the distribution nor the integral
method. Therefore, using the variance method only images
acquired at times =30 s were included into the evaluation
procedure.

The integral method, mimicking conventional photo-
bleaching measurements, yielded very smooth data that
could be excellently fitted (Fig. 5). This is not surprising,
because this method averages over a comparatively large cell
surface area. Although this averaging yields a good signal-
to-noise ratio, it might cover up essential information. This
is different if looking at local fluorescence intensities as in
Fig. 3. Here, the data are much more noisy and the fit is
worse. This may be caused in part by the smaller signal-to-
noise ratio. It is also possible, however, that this reflects some
fundamental properties of biological membranes. Lateral
transport on the cell surface might considerably deviate from
simple diffusion in homogeneous media. Our data already
suggest that, e.g., the assumption that mobile and immobile
fractions are constant quantities, equal at all locations of a
cell’s plasma membrane, is probably just a crude approxi-
mation. In fact, experimental data from different origins
(Saxton, 1993; Edidin, 1992; Ishihara and Jacobson, 1993;
Webb, 1994) seem to increasingly support the idea that bio-
logical membranes are more intricate structures on a nanom-
eter scale than considered previously.

Finally, the spatial and temporal resolution of the method
presented in this paper can be compared with that of already
existing techniques such as conventional photobleaching,
video-assisted photobleaching, and confocal line scanning
after photobleaching. In the focal plane, the spatial resolution
of all of these methods is similar, amounting to approxi-
mately =0.25 pm. Theoretically, confocal imaging im-
proves the lateral resolution by a factor of 1.4. In the direction
of the optical axis, however, large differences between the
mentioned methods do exist. Conventional photobleaching
methods have an axial resolution of approximately 1-2 um
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(e.g., Scholz et al., 1985), whereas in video-assisted photo-
bleaching, the axial resolution is almost completely lost be-
cause the total field of view is illuminated and imaged. In
photobleaching methods employing confocal imaging, on
the other hand, the axial resolution can be as small as 0.4 um
(Engelhardt and Knebel, 1993). The time resolution of pho-
tobleaching methods is principally limited by the time reso-
lution of the fluorescence measurement. This is =10 ms in
conventional and 33—40 ms in video-assisted photobleaching
techniques. In contrast, the time resolution of Scamp, at least
in the version described in this paper, is only 250 ms because
the maximum frame frequency of the CLSM was 4/s. How-
ever, this is not a principal, but a purely technical, limit.
More recent commercial CLSMs, for instance, exhibit
frame frequencies of up to 30/s, thus matching those of
video methods. In photobleaching methods employing
confocal line scanning, the time resolution can be
much higher because the times required for scanning a
single line, with most commercial CLSMs, amount only
to ~1 ms.

In summary, we presented the first application of a new
scanning photobleaching method to the lateral mobility of
membrane lipids. The method permits one to study molecular
transport at the resolution of confocal imaging. It is hoped
that these new possibility will help to better characterize
dynamic properties of biological membranes.
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