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Line-Scanning Microphotolysis for Diffraction-Limited Measurements of
Lateral Diffusion
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ABSTRACT Fluorescence microphotolysis was combined with confocal laser-scanning microscopy to yield a method,
herein referred to as line-scanning microphotolysis (LINESCAMP), for the measurement of molecular transport at a lateral
resolution of ~0.34 um and a temporal resolution of ~0.5 ms. A confocal microscope was operated in the line scan mode,
while the laser beam power could be switched during scanning between low monitoring and high photolysing levels in less
then a microsecond. The number and location of line segments to be photolysed could be freely determined. The length of
the photolysed segments could be also chosen and was only limited by diffraction. Together with instrumentation a new,
completely general, theoretical framework for the evaluation of diffusion measurements was developed. Based on the
numerical simulation of diffusion processes employing a modified Crank-Nicholson scheme, the theory could be applied to
any photobleaching geometry and profile as the initial condition and took into account the convolution with the microscope
point spread function. With small diffraction-limited areas, the method yielded accurate values for diffusion coefficients in the
range between approximately 10~% and 1 um? s™'. A first application of the method to the diffusion of a fluorescently labeled

tracer inside the cell nucleus showed the potential of the method for the study of complex biological systems.

INTRODUCTION

Spatially resolved measurements of lateral transport can
provide important clues to the functional architecture of
biological systems. For instance, based on lateral mobility
measurements by photobleaching (Edidin et al., 1992b) and
single particle tracking (Kusumi et al., 1993), the plasma
membrane is now believed to consist of domains that are
0.3-0.6 um wide (for a review, see Edidin, 1992a). Lateral
diffusion measurements also suggested that the cytosol con-
tains a network of entangled filaments (for a review, see
Luby-Phelbs, 1994). The cell nucleus is thought to harbor
an intricate system of chromosome domains and interchro-
matin channels (Manuelidis, 1985; Schardin et al., 1985;
Pinkel et al., 1988; De Boni, 1994; Blobel, 1985; Spector,
1990; Cremer et al., 1993; Zachar et al., 1993), an important
hypothesis that could be tested by high-resolution measure-
ments of lateral mobility.

For these and other reasons great efforts are currently
being undertaken to develop methods by which lateral mo-
lecular transport can be analyzed at high spatial resolution.
Single particle tracking (Barak and Webb, 1981; De Bra-
bander et al., 1985; Anderson et al., 1992) and scanning
optical near-field microscopy (Pohl et al., 1984; Lewis et
al., 1984; Betzig et al., 1991) are novel, particularly prom-
ising approaches to that goal. On the other hand, fluores-
cence correlation spectroscopy (Elson and Magde, 1974,
Magde et al., 1974) and fluorescence photobleaching meth-
ods (Peters et al., 1974; Edidin et al., 1976; Jacobson et al.,
1976; Axelrod et al., 1976) have been in use for many years.
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In particular, photobleaching methods have amply proved
their usefulness in biological studies (for review, see Peters,
1981; Peters and Scholz, 1991; Edidin, 1992b; Ishihara and
Jacobson, 1993).

In the conventional fluorescence photobleaching method,
a stationary laser beam is directed into the vertical illumi-
nator of a fluorescence microscope and focused into the
sample to yield an irradiated area, usually of ~1 pwm radius.
In the irradiated area fluorescence is irreversibly photo-
bleached by a light pulse of approximately 1 mW power and
0.1 s duration. After photolysis the laser beam power is
largely reduced to monitor the dissipation of the fluores-
cence inhomogeneity by lateral transport. The spatial reso-
lution of conventional fluorescence photobleaching experi-
ments could be increased to approximately 0.3 um by
focusing the laser beam down to the diffraction limit. This,
however, would require additional measures, such as an
extraordinary mechanical stability, a high temporal resolu-
tion of fluorescence measurements, and a largely increased
efficiency of photobleaching. Most of these problems can be
overcome by beam scanning, as first shown by Koppel
(1979). He constructed a photobleaching apparatus in which
the irradiated area could be sequentially positioned at 12
locations on the x coordinate. The availability of commer-
cial confocal laser scanning microscopes (CLSM) opened
new possibilities for photobleaching methods (Scholz et al.,
1988). Thus, Blonk et al. (1993) employed the line-scanning
mode of a CLSM, as we have in the present study, but using
the CLSM essentially in its commercial form, obtained only
a small spatial (radius of photobleached area ~4 um) and a
moderate temporal (photolysis time ~70 ms) resolution.

Recently we introduced (Wedekind et al., 1994) a new
photobleaching method, intending to make full use of the
advantages of the CLSM. The method, referred to as scan-
ning microphotolysis (SCAMP), can be easily installed on
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any CLSM and has a broad range of applications. A CLSM
was complemented with a fast programmable optical
switch, the SCAMPER, permitting us to turn the laser beam
on and off during scanning according to a freely program-
mable image mask. Thus, within the scanned field areas of
virtually any size, geometry, and number can be selected for
photolysis, and the dissipation of the photolysis pattern can
be monitored by repetitive imaging at full confocal resolu-
tion (Wedekind et al., 1994; Kubitscheck et al., 1994;
Schmidt et al., 1994; Tschodrich-Rotter et al., 1996). More-
over, combined with two-photon absorption (Kubitscheck et
al., 1996), SCAMP achieves a true three-dimensional selec-
tivity of photolysis.

Although SCAMP features the high spatial resolution
inherent in confocal imaging, its temporal resolution is
limited by the image repetition time of the CLSM, typicaily
0.1-1.0 s. In the present study a new high-resolution version
of SCAMP, referred to as LINESCAMP, was developed. By
reconstructing the SCAMPER, using a CLSM of latest
design and, most importantly, employing the line scan mode
of the CLSM, the time resolution could be increased to
~0.5 ms. The spatial resolution was only limited by dif-
fraction (~0.34 um). Concomitantly with the experimental
methods, a new theoretical framework was developed for
evaluating measurements of two-dimensional lateral diffu-
sion. The theory is based on the numerical iteration of the
diffusion equation, can be applied to arbitrary photolysis
geometries, and takes the convolution of scanned beam and
photolysis pattern into account. Furthermore, it has the
potential to be extended to photobleaching measurements of
three-dimensional diffusion. The new experimental and the-
oretical methods for lateral diffusion measurements were
carefully characterized by using simple test samples. Pre-
liminary measurements on cell nuclei demonstrated the
potential of LINESCAMP for the analysis of heterogeneous
biological systems.

PRINCIPLE OF LINE
SCANNING MICROPHOTOLYSIS

In LINESCAMP experiments a modified CLSM is em-
ployed to obtain a confocal x,y scan of a specimen. The
image is used to select a line and to mark on this line
segments to be photolysed. The length and position of the
segments as well as their number are freely selectable.
Switching to the line scan mode, the laser beam is repeti-
tively scanned at high speed along the selected line. Fluo-
rescence originating from the focal volume is measured
during scanning pixel by pixel, and the digitalized intensity
values are continuously written into the memory. Thus,
displaying the memory on a video screen produces an
“image” whose horizontal (x) coordinate represents the po-
sition of the beam along the scanned line, and whose ver-
tical (y) coordinate represents time. A high time resolution
results from the circumstance that the time per line is small,
e.g., ~0.5 ms, in the CLSM used in this study. The further
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procedure is illustrated in Fig. 1. Among line scans one may
discriminate between imaging and bleaching ones. The ex-
periment starts with a few imaging line scans (Fig. 1, A and
B) at low, nonbleaching beam power. Then a single or a few
bleaching line scans (Fig. 1, C-F) follow at a greatly in-
creased beam power. However, the laser beam is not con-
tinuously switched on during these bleaching scans, but
only when inside previously selected sections of the
scanned line (Fig. 1, D and E). After photolysis the laser
beam power is reduced to the initial low level (Fig. 1 F), and
the memory is filled with imaging line scans to monitor the
dissipation of the bleaching pattern (Fig. 1, G and H).
Definition of the sections to be bleached (Fig. 1, D and E)
as well as the rapid switching between laser beam powers
are accomplished by a special device, the SCAMPER, de-
scribed below.

THEORETICAL FRAMEWORK FOR TWO-
DIMENSIONAL DIFFUSION MEASUREMENTS BY
LINE-SCANNING MICROPHOTOLYSIS

The outlined procedure differs from that of conventional
photobleaching experiments in that a scanned instead of a
stationary laser beam is used to induce photolysis and to
monitor the time development of the photolysis pattern, and
in that the photolysed area in general is not radially sym-
metrical. Thus, the theoretical approach used to analyze
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FIGURE 1 Principle of line-scanning microphotolysis. A confocal mi-

croscope is operated in the line scan mode, in which a laser beam is
scanned along a single line in the x direction. The fluorescence intensities
of the pixels are written line by line into the video memory to yield an
“image,” the coordinates of which are length (horizontal) and time (verti-
cal). The laser beam power can be switched during scanning between low
imaging levels (A-B, G-H) and high photolysing levels (D-E). The number
and position of line segments to be photolysed can be freely determined.
The size of the photolysed segments is limited only by diffraction.
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conventional photobleaching measurements of two-dimen-
sional lateral mobility (Axelrod et al., 1976; Soumpasis,
1983) does not apply to the present case. We therefore
developed a new versatile numerical approach that is appli-
cable to any photolysis geometry and that takes into account
the convolution of monitoring beam and photolysis pattern.

In analogy to conventional photobleaching experiments,
we considered an idealized specimen consisting of an infi-
nite plane. Before photolysis fluorescent molecules were
thought to be uniformly distributed in the plane and to
comprise two populations, a mobile fraction, f,.,, with
lateral diffusion coefficient D, and an immobile fraction,
Simmob = 1 — fmops With D = 0. Photolysis was assumed to
occur at the origin of the coordinate system at time ¢t = 0,
and to be instantaneous, i.e., the time T required for pho-
tolysis was assumed to be negligibly small compared to
diffusion times. Photobleaching was assumed to be irrevers-
ible, and of first order with rate constant af; (x,y), where
I;,(x,y) denotes the total light intensity deposited in the
sample during repeated bleaching scans.

The special conditions prevailing in LINESCAMP exper-
iments were accounted for as follows. Scanning was as-
sumed to proceed along the x axis. The illumination pattern
of a laser beam focused down to the diffraction limit is
theoretically given by a radialy symmetrical Airy pattern
(Born and Wolf, 1986). Experimentally we found, however,
that the intensity distribution could be well approximated by
a radially symmetrical Gaussian function with a standard
deviation o, depending on the numerical aperture (NA) of
the microscope objective lens. During the time that the
scanning beam irradiated the sample at bleaching intensity,
it advanced by a (Fig. 1, D and E), thus giving rise to an
elongated, elliptical intensity profile:

+a/2
In(x,) = j Ape TR (1)

—al2

Here A;, designates the line density of the illumination
intensity. Using this expression, the distribution of bleached
fluorophores immediately after photolysis (¢ = 0) was

c(x, y, 0) = ¢o(1 — e~ oTlalx)y, )

where ¢, is the spatially constant fluorophore density before
photolysis. After photolysis the total concentration of
bleached fluorophores, c(x,y,f), was the sum of that of the
mobile fraction, c,(x,y,), and that of the immobile fraction,
Cim(xy). Whereas c¢;,(x,y) would not change with time,
cm(x,y,t) was governed by the diffusion equation

ch(x, Yy, t) 82 ’
a—t = D W + 52' Cm(x, y, t)’ (3)

with the boundary condition ¢,,(x,y—>%,t) = 0. D denoted
the diffusion coefficient. Equation 3 was numerically
solved under the given boundary condition and the initial
condition, Eqs. 1 and 2, employing the modified two-
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dimensional Crank-Nicholson iteration scheme outlined
in the Appendix.

To take a measurement, a laser beam of greatly attenuated
power was scanned along the x axis, and the space- and
time-dependent fluorescence was registered via a confocal
pinhole by a photomultiplier. Thus, imaging of the bleach-
ing pattern was basically determined by the confocal mi-
croscope point spread function, PSF(x,y). However, because
the monitoring beam was quickly scanned across the pho-
tolysed area along the x coordinate, the x-t image actually
represented a convolution of c(x,y,t) and PSF(x,y) according
to

+o +oo
F(x,y=0,t)=kj f PSF(x',y") X

C)
[Co_cm(x - x” _y,9 t) - cim(x - xla —y,)] dx, dyl'

The factor k is an overall constant taking quantum effi-

ciency, excitation, and detection probabilities into account.
Experimental data were evaluated in terms of D and f,,,

by a computer program performing the following tasks:

1. The pixel values belonging to the photolysed section of
a scanned line (Fig. 1, D and E) were averaged. This yielded
a fluorescence recovery curve, i.e., the time dependence of
the average intensity of the photolysed area. When several
sections of a line were photolysed (cf. Fig. 5), each of the
sections was averaged independently to yield a set of fluo-
rescence recovery curves, as shown, for instance, in Fig. 6.

2. The concentration distribution immediately after pho-
tolysis was simulated using Egs. 1 and 2. In the data
analysis program the integral in Eq. 1 was replaced by
summation over n = a/Ax Gaussians, where Ax was the
pixel size. Each of the Gaussians was centered on a different
pixel along the line segment of length a. The result of this
summation was used in Eq. 2 for the calculation of the
initial condition. Here the factor aT determined the depth
and shape of the photobleaching profile.

3. The time evolution of the initial concentration distri-
bution was calculated by the modified Crank-Nicholson
scheme in the Appendix. The size of the discretization steps
Ax and Ay used in the numerical integration was set accord-
ing to the pixel size, and At was chosen in accordance with
the line repetition time, i.e., 4.55 ms, 2.22 ms, 1.05 ms, or
0.525 ms, depending on the scanning mode selected (see
below).

4. The convolution of the time-dependent concentration
distribution with the microscope point spread function was
calculated according to Eq. 4. Again the integration was
replaced by the appropriate matrix multiplication. The in-
tensity values of the n = a/Ax pixels of the photolysed line
segment were averaged and presented a single time-depen-
dent recovery signal.

5. Eventually, the simulated recovery curve was fitted to
the experimental by minimizing the y*> function of the
experimental and simulated data using a Simplex algorithm
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(Press et al., 1992). Variables were the extent of bleaching
oT, the length of the bleached line segment a, the diffusion
constant D, and the mobile fraction f,, .

MATERIALS AND METHODS

Specimen for determination of photobleaching
parameters and diffusion measurements

For the visualization of photobleaching patterns gel layers containing
immobilized fluorescein were generated. A 70-kDa dextran labeled with
fluorescein isothiocyanate (FITC-dextran) was added to a solution of
acrylamide (final concentration 35% by weight), ammonium persulfate,
and N,N,N',N'-tetramethylethylendiamide. A small volume of the mixture
was deposited on a glass slide and covered with a coverslip. By variation
of the volume (2-10 ul) and the pressure applied to the coverslip during
polymerization, layers ranging in thickness between 2 and 50 wm were
generated. )

For measurements of lateral diffusion, b-phycoerythrin (Molecular
Probes, Eugene, OR) was dissolved in a glycerol/water mixture (89.85/
11.15, w/w). This was spread as a very thin layer between a slide and a
coverslip. In addition, FITC-dextrans of various average molecular weights
(40, 70, 150, or 2000 kDa; obtained from Sigma, Deisenhofen, Germany)
were dissolved in 1 M Tris buffer (pH 8.8) at a final concentration of 5-10
mg/ml. These stock solutions were mixed with glycerine (40-90%, w/v).
To yield perfectly homogeneous mixtures, the solution was heated to 70°C
for 24 h. The solutions (1-5 ul) were placed on glass slides, covered with
coverslips, and compressed for several hours. Afterward, samples were
allowed to relax for 24 h to minimize internal flow. The procedure yielded
homogeneously fluorescent layers of 1.5-5 wm thickness.

Cells and their preparation for intranuclear
diffusion measurements

3T3 cells were cultured in Dulbecco’s minimum essential complete me-
dium (Boehringer-Mannheim) at 37°C, 5% CO,, and passaged every 3
days. For labeling, cells were used 24—48 h after seeding on coverslips.
Cells on coverslips were washed and permeabilized with Triton X-100
(Merck, Darmstadt, Germany; 50 pg/ml) for 6—8 min at 4°C. After
washing, coverslips were mounted upside down on glass slides, using tape
spacers to create small chambers that were filled with 5 ul dye solution
(FITC-dextran in Tris buffer; 2 mg/ml). Samples were allowed to equili-
brate for 20 min after mounting before microscope analysis.

LINESCAMP instrumentation

The set-up used in the present study is shown schematically in Fig. 2. It
consisted of a 2-W argon ion laser (model 164/265; Spectra Physics,
Darmstadt, Germany), a fast and programmable optical switch, the SCAM-
PER, and a CLSM (model TCS; Leica, Heidelberg, Germany). The laser
was usually operated at 488 nm and 300 mW. The laser beam was directed
into the SCAMPER, passing there a beam deviation/photoshutter assembly
and an acoustooptical modulator (AOM) (model TEM 80-2; Bimrose,
Champbell, Baltimore, MD). The AOM-generated first diffraction order
was guided onto the input aperture of the CLSM via fiber optics.

The SCAMPER, a profoundly improved version of the one described
previously (Wedekind et al., 1994), could be operated in either of two
modes, depending on the required time resolution and contrast ratio. In the
first mode the photoshutter was permanently opened and the AOM driver
was operated in the analog mode, using a computer-controlled interface to
set the control voltage of the AOM driver to 0.0, 0.005, or 50 V,
respectively. This yielded laser beam powers in the object of approximately
<100 nW (“zero” level), 1 uW (imaging level), and 1 mW (photolysis
level), respectively. The time required for switching between power levels
amounted to a few nanoseconds. The maximum contrast between imaging
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FIGURE 2 Schematic view of the instrument used for line-scanning
microphotolysis. A confocal laser scanning microscope was combined with
a powerful laser and a fast beam switch, referred to as SCAMPER. The
SCAMPER essentially consists of an acoustooptical modulator, a beam
deviation, and a computer.

and photolysis levels was 2000:1. Although this was sufficient for all
experiments described in this paper, there might be situations where even
higher contrast ratios are required. In such cases the SCAMPER could be
operated in the second mode. The AOM was operated in the digital mode
to rapidly switch the beam power between zero and the photolysis levels.
However, switching between imaging and photobleaching power levels
was achieved by the beam deviation/photoshutter assembly indicated in
Fig. 2. In this assembly the contrast between imaging and photobleaching
light levels was adjusted by neutral density filters and hence could be
chosen at will. The switching time was limited by the opening and closing
times of the photoshutter, i.e., about 1 ms.

The CLSM could be operated at three scanning speeds. In the “slow”
mode a complete line scan, i.e., a back-and-forth deflection in the x
direction, required 4.55 ms, whereas 2.22 ms or 1.05 ms was required in the
“normal” and “fast” modes. In addition, bidirectional scanning could be
selected to yield a minimum of 0.525 ms per line scan. By means of the
zoom factor, the length of the imaged line could be varied between 3.13
and 100 wm when a 100X objective was used. With a 40X or 16X
objective, correspondingly larger lines were imaged. Independently of the
length of the imaged line the number of pixels could be chosen to be
between 128 and 1024 per line.

LINESCAMP measurements were coordinated by a fast personal
computer (Intel Pentium 90, SMC I/O onboard) and dedicated software,
the LINESCAMP Program. The program, written in C, was based on
principles similar to those described previously for SCAMP measure-
ments (Wedekind et al., 1994). However, because a faster computer and
a new CLSM with improved hardware and software were used in the
present study, the program was widely modified. The program used two
signals provided by the CLSM’s trigger interface to perform the tasks
indicated in Fig. 1. The input signals were “Scan,” which indicated the
beginning of a scan, and “Line-Start,” which marked the subsequent
beginning of the line. Based on this information, the program adjusted
the laser power to imaging or bleaching levels. The way this goal was
achieved depended on the operational mode of the AOM. The number
of imaging lines before photobleaching, the number of bleaching lines,
and positions and lengths of photobleached sections on that line could
be defined at will. To avoid photobleaching during monitoring, the
imaging laser could be completely switched off for selected time
intervals during extended monitor measurements.

The LINESCAMP was optimized for high temporal resolution. If de-
sired, however, the temporal resolution could easily be reduced by either of
two methods. In the line-averaging mode of the CLSM, a selectable
number of line scans (maximum 512) is recorded and averaged before
being written into memory. Thus, in the slow line-scanning mode the time
per averaged line scan could be extended to a maximum of 2.329 s,
corresponding to about 40 min per frame of 1024 lines. The second
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possibility was to simply extend the acquisition time by recording a
continuous series of line-scanning images. In that case the total monitoring
time was only limited by the available computer memory.

RESULTS AND DISCUSSION

Resolution of confocal imaging and radius of the
laser beam focus in the LINESCAMP instrument

The resolution of the confocal microscope used in this study
was determined for three objective lenses for a detection
pinhole diameter of 4 optical units. FITC-labeled beads
(Sigma) of 105 nm diameter were imaged in the fluores-
cence mode by both x, y and x, z scans. From these images
axial and radial intensity profiles of individual beads were
obtained, averaged, and then fitted by Gaussians. These
Gaussians were employed as the respective imaging point
spread functions. The ¢~ 2 radii obtained in this manner for
the x and y axes varied between 0.18 and 0.41 um, and those
for the z axis between 0.51 and 4.4 um, depending on the
objective. The complete data are given in Table 1.

The radius of the laser beam in the focal plane of the
CLSM was determined by the gold edge method according
to Schneider and Webb (1981) and Petersen et al. (1986). In
short, the broken edge of a gold-sputtered coverslip was
imaged in the reflection mode for various settings of the
detection pinhole. Intensity profiles across the broken edge
were obtained, differentiated, and fitted by Gaussians. The
e~ ? radii of the best-fitting Gaussians were plotted as a
function of the pinhole diameter, and the limiting values
were determined by extrapolation to an infinitely large
pinhole. The resulting limiting values divided by 2 were
used as standard deviations of the illuminating spots (i.e., as
Ona in Eq. 1). The e~ radii for the three objective lenses
employed are given in Table 1.

Spatial selectivity and efficiency of
photobleaching in the LINESCAMP instrument

The capability of the LINESCAMP instrument to selec-
tively photolyse line segments of predetermined size and
number was tested with thin layers of polyacrylamide gels
containing immobilized FITC-dextrans. As illustrated in
Fig. 3, the LINESCAMP was able to fulfill this task. By
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FIGURE 3 Visualization of areas photobleached by line-scanning mi-
crophotolysis. Thin gel layers containing immobilized, fluorescently la-
beled macromolecules were employed to visualize the geometry of pho-
tobleaching patterns. (A) The SCAMPER was programmed to photolyse
(50 scans) line segments of decreasing length down to the diffraction limit
(100X, NA 1.3 objective lens). The result was subsequently visualized by
an xy scan. (b) xz scan of one of the small, diffraction-limited photolysed
line segments.

gradually reducing the length of the photobleached seg-
ment, the diffraction limit was approached. Thus, although
the LINESCAMPER could be instructed to switch on the
photobleaching laser beam for a single pixel only (of, e.g.,
0.02 wm length), the actual size of the photobleached seg-
ment was determined by the diffraction-limited diameter of
the illuminating laser spot. This was studied experimentally
by reducing the length of the photobleached line segment to
a minimum (lower line in Fig. 3 A) and then imaging the
minimum bleached area by both x,y scans (Fig. 3 A) and x,z
scans (Fig. 3 B). The images were evaluated for the intensity
profiles of the bleached area in the x, y, and z directions.
These profiles were fitted by Gaussians and deconvoluted
with regard to the microscope point spread function to
account for the limited imaging resolution. In case of the
100X, NA 1.3 oil immersion objective, the ¢~ distances of
the deconvoluted intensity profiles of the smallest photo-
bleached areas were thus found to be 0.27, 0.22, and 1.1 um
for the x, y, and z axes, respectively, in reasonable agree-
ment with expectations based on an e~ 2 radius of the laser
beam of 0.17 um.

TABLE 1 Characteristics of the instrument for line-scanning microphotolysis with regard to imaging resolution, laser beam

radius, and photobleaching efficiency

Photobleaching efﬁciency§ (residual

. . Radius of . ..
" ;
Objective Imaging resolution* (um) laser beam” fluorescence in % of the initial value)
lens X, y z (em) After 1 scan After 10 scans
16X NA 0.5 041 4.40 0.47 76 36
40X NA 1.0 0.24 1.17 0.24 83 49
100X NA 1.3 0.18 0.51 0.17 92 52

*¢~? radius of the confocal image of FITC-labeled beads with 105-nm diameter.

#,-2

e~ “ radius of the laser beam in the focal plane of the CLSM as determined by the gold-edge method.
$Residual fluorescence of a thin gel layer containing immobile FITC-dextran after one or ten scans as a percentage of the initial fluorescence at a beam

power of 1 mW in the object and using the medium scanning speed.
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Thin gel layers containing immobilized FITC-dextrans
were also used to assess the efficiency of photobleaching. A
line segment was repeatedly photobleached, and the fluo-
rescence originating from the photolysed segment was mon-
itored during photobleaching, employing an appropriate
small photomultiplier voltage. Thus, the reduction of fluo-
rescence by photobleaching could be directly followed scan
by scan. An example of such measurements, employing the
40X, NA 1.0 objective lens; the medium scan speed (2.2 ms
per line); a segment of nominally 300 nm length; and a laser
beam power of 1 mW in the sample, is shown in Fig. 4.
Values for the photobleaching efficiency at other conditions
are given in Table 1. The results show that in general a
single scan or a few scans were sufficient to substantially
reduce the fluorescence of FITC-dextrans.

Lateral diffusion measurements at diffraction-
limited spatial resolution

The capabilities of the LINESCAMP method for two-di-
mensional lateral diffusion measurements at high spatial
resolution were tested with simple systems. To cover a wide
range of diffusion coefficients, FITC-dextrans of various
molecular weights were dissolved in water-glycerine mix-
tures of different viscosities and spread as very thin layers
between a glass slide and a coverslip. An example, for a
typical measurement employing the 40X, NA 1.0 objective

06 |- e -

normalized intensity
[ ]

02 |- —

0 5 10 15 20 25 30 35 40
number of scans

FIGURE 4 Efficiency of photobleaching in line-scanning microphotoly-
sis. In a thin gel layer containing immobilized fluorescently labeled mac-
romolecules a predetermined line segment was repetitively photolysed
(analogous to the situation indicated in Fig. 1). During photolysis the
fluorescence of the segment was monitored to assess the efficiency of
photobleaching. The experiment was performed with a 40X, NA 1.0
objective lens at approximately 1 mW laser power in the object. For other
conditions, see Table 1.
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lens and the medium scanning speed (2.2 ms per line), is
shown in Fig. 5. A thin layer of a FITC-dextran of 2000 kDa
molecular mass in a glycerine-water mixture (70/30 by
weight) was used as a sample. Before the measurement an
x,y scan had been obtained to select a line and mark on it
several segments for photobleaching. The length of the
segments was chosen to be 0.55 um, to be close to the
diffraction limit (cf. Table 1). The LINESCAMP experi-
ment yielded an x,¢ image (Fig. 5), revealing three time
domains: prebleaching, bleaching, and postbleaching. In
each of the selected line segments the fluorescence substan-
tially decreased by photobleaching and then recovered with
time by lateral diffusion. It is noteworthy that the photo-
bleaching traces were straight parallel lines, an immediate
and direct indication of the absence of convective flow.
The analysis of the data of Fig. 5 in terms of the lateral
diffusion coefficient and the mobile fraction followed the
theoretical framework outlined above and is illustrated in
Fig. 6. For each of the photobleached segments the averaged
intensity was plotted versus time to yield fluorescence re-
covery curves. The graphs labeled by a—f in Fig. 6 corre-
spond directly to traces a—f in Fig. 5. The experimental data

FIGURE 5 Measurement of lateral diffusion by line-scanning micropho-
tolysis using small diffraction-limited photolysed areas. A thin layer of a
solution of a FITC-dextran (2000 kDa) in a glycerine-water mixture (70/30
by weight) was used as a test sample. Six segments of 0.55 pm length were
chosen along a line for photobleaching. Because the 40X NA 1.0 objective
was employed, the laser beam had an e~ radius of 0.24 um (cf. Table 1),
and the photobleached segments thus were diffraction limited. During the
bleaching scan the laser power was 1.0 mW in the object. The experiment
yielded an “image” with the x position (abscissa) and time (ordinate) as
coordinates and with the origin at the left upper corner. The prebleaching,
bleaching, and the postbleaching domains are indicated by 1, 2, and 3,
respectively.
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FIGURE 6 Evaluation of lateral diffusion measurements using small
diffraction-limited photolysed areas. The experiment shown in Fig. 5 was
evaluated by plotting the averaged intensities of the photolysed segments
versus time after photolysis. This yielded the fluorescence recovery curves
a—f (corresponding directly to traces a—f of Fig. 5). The experimental data
(square symbols) were fitted by Eqs. 1-4 (full lines) to yield the diffusion
coefficient D and the mobile fraction f;,,, as indicated in the figure.

(squares) were then fitted by Eqs. 1-4 (full lines). The
results for the individual photobleached segments are de-
noted in the figure. On average, D amounted to (4.62 *+
0.04) X 1073 um?s™ !, and f,,,, to 1.003 * 0.020 (mean *
SD), suggesting a favorable reproducibility.

The accuracy and range of LINESCAMP diffusion mea-
surements at diffraction-limited resolution was studied by a
direct comparison with lateral diffusion measurements per-
formed on identical samples by the SCAMP method.
SCAMP and its application to lateral diffusion measure-
ments has been described in detail (Wedekind et al., 1994,
Kubitscheck et al., 1994). In the present case, SCAMP was
used to homogeneously photobleach a circular area of 3.7
pm radius. The intensity in the photobleached area, derived
from repetitive x-y scans, was averaged, plotted versus time,
and evaluated for D and f,,, employing the theoretical
methods of Axelrod et al. (1976) and Soumpasis (1983). To
vary the diffusion coefficients over a broad range, FITC-
dextrans were dissolved in glycerine-water mixtures using
dextrans of 40-2000 kDa and glycerine/water ratios of
04-0.9 (w/w). For each specimen LINESCAMP and
SCAMP measurements were performed immediately after
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each other on the same or closely neighboring sites. The
results of these comparative measurements are given in Fig.
7, as far as D is concerned. The mobile fraction was close to
unity in all cases and therefore is not shown. Fig. 7 shows
a good agreement of LINESCAMP and SCAMP results
over the range of diffusion coefficients studied, approxi-
mately 10™* to 0.5 um? s~'. This suggests that the LINES-
CAMP method is particularly well suited to the study of
lateral mobility at high spatial resolution in viscous systems,
e.g., cell membranes.

This conclusion is supported by theoretical consider-
ations. The upper limit for the diffusion coefficient D to be
determined by the LINESCAMP method can be roughly
estimated from D =~ r*/4t;, where r is the radius of the
bleached area and 7, is the characteristic diffusion time. The
smallest possible r is about 0.18 wm (Table 1). The char-
acteristic diffusion time #j, has to be at least 10 times larger
than the temporal resolution of the measurements given by
the line repetition time of 0.5 ms. With these values the
largest diffusion coefficient that can be measured at the
highest spatial resolution amounts to ~1.5 wm?/s. Larger
diffusion coefficients should be accessible at reduced spatial
resolution.

To further test for the correctness of LINESCAMP mea-
surements, we measured the lateral diffusion coefficient of
b-phycoerythrin in glycerol/water mixtures spread as very
thin layers between slides and coverslips. LINESCAMP
measurements were performed employing the 40X, NA 1.0
objective and a diffraction-limited photobleached area. In
15 separate series of measurements comprising a total of
150 individual measurements, the lateral diffusion coeffi-
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FIGURE 7 Accuracy and range of diffraction-limited diffusion measure-
ments. Diffusion measurements were made on identical samples by both
line-scanning microphotolysis and scanning microphotolysis, employing a
small diffraction-limited spot in the former and a circular area of 3.6 um
radius in the latter case. The determined standard deviations are smaller
than the plotted symbols. Within experimental reproducibility the diffusion
coefficients were the same over a range of approximately 107 to 10°
um?/s.
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cient of b-phycoerythrin was found to be 0.21 * 0.11 pwm?
s~! (mean % SD) in a glycerol/water mixture of 89.85/
11.15 (w/w) at 25°C. To estimate the theoretical lateral
diffusion coefficient of b-phycoerythrin according to the
Stokes-Einstein equation D = kT/f, where k is the Boltz-
mann constant, T is absolute temperature, and f is the
viscous drag coefficient, we approximated the b-phyco-
erythrin hexamer by a prolate ellipsoid of revolution. For
this f is given by 67na/ln(2a/b) (Berg, 1983), where 7 is
solvent viscosity. According to an x-ray analysis at 0.23 nm
resolution (Ficner and Huber, 1993), the b-phycoerythrin
hexamer has a discoid shape with a diameter of 2 = 11 nm
and a thickness of 2b = 6 nm. Using, furthermore, a value
of 225 cP for m, as extrapolated from the data in the
Handbook of Chemistry and Physics (Weast and Astle,
1979), the theoretical diffusion coefficient amounted to
0.225 um® s~ and thus agreed well with the measured
value.

Lateral diffusion measurements at different sizes
of the photobleached area

A simple means of changing the size of the photobleached
area is to use objective lenses with different NAs. The
radius of the laser beam increases (Table 1) from 0.17 to
0.24 pm or to 0.47 um when exchanging the 100X, NA 1.3
objective for the 40X, NA 1.0 or the 16X, NA 0.5 one.
Employing a thin layer of a solution of a FITC-dextran
(2000 kDa) in a glycerine-water mixture (40% by weight),
LINESCAMP measurements were performed with all three
objectives. In each case the size of the photobleached area
was diffraction limited. The results are given in Table 2 and
show that, within experimental accuracy, the same diffusion
coefficients were obtained for all conditions. Moreover,
measurements performed by the SCAMP method on the
same samples yielded the same diffusion coefficients as
obtained by LINESCAMP.

The LINESCAMP method offers a simple method for
changing the size and shape of the photobleached area:
elongation of the photobleached line segment. A typical

TABLE 2 Lateral diffusion measurements by line-scanning
microphotolysis employing a diffraction-limited
photobleached area

D (um?/s)*
Objective (pm/s)
lens LINESCAMP SCAMP*
16X NA 0.5 0.200 * 0.014 0211 + 0.019
40X NA 1.0 0.225 *+ 0.023 0.218 + 0.013
100X NA 1.3 0.233 * 0.016 0.216 *+ 0.013

*Lateral diffusion coefficient (mean * SD of 5-10 measurements) of a
FITC-dextran of 2000 kDa molecular mass in a 40% (w/w) glycerine-water
mixture.

“In SCAMP measurements a circular area of 3.6 um diameter was homo-
geneously photobleached and the fluorescence recovery, derived from
repetitive x-y scans, was analyzed according to the method of Axelrod et al.
(1976) and Soumpasis (1983), as described previously (Kubitscheck et al.,
1994).
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example for such measurements is given in Fig. 8. Employ-
ing again a thin layer of a solution of a FITC-dextran in a
glycerine-water mixture and the 40X, NA 1.0 objective, the
length of the photobleached line segment was increased in
several steps from the diffraction limit of approximately
0.54 um to 1.64 um. The photobleaching recovery curves
derived from this experiment are shown in Fig. 9. Upon
evaluation of the experimental data (symbols) by Egs. 1-4,
the best fitting curves (full lines) were obtained. The values
for the diffusion coefficients are given in Table 3. It can be
seen that the same coefficients were obtained within exper-
imental accuracy for the differing line segments.

As mentioned in the theory section, the methods used to
evaluate conventional photobleaching experiments for lat-
eral mobility parameters according to Axelrod et al. (1976)
and Soumpasis (1983) do not apply to the present case, at
least not in a rigorous sense. The conventional analysis
pertains to experiments employing a stationary and axially
symmetric laser beam, whereas the LINESCAMP method
uses a scanned beam and may involve photobleached areas
that are either almost axially symmetric or not at all, de-
pending on the length of the line segment photobleached
(Fig. 3 A). However, at least in the case of the diffraction-
limited, almost axially symmetric photobleached area, the
differences of the premises on which the conventional anal-
ysis or the numerical methods presented here are based are
not very large. We found it interesting therefore to apply the
conventional analysis to the present data and to compare the
results with those of the numerical simulation. This has been

FIGURE 8 Measurement of lateral diffusion by line-scanning micropho-
tolysis employing line segments of increasing lengths. A thin layer of a
solution of FITC-dextran (2000 kDa) in a glycerine-water mixture (20/80
by weight) was used as a test sample. Segments of increasing length (0.54,
0.82, 1.23, 1.36, and 1.64 um) were chosen along a line for photobleach-
ing, and a measurement with a 40X, NA 1.0 objective lens was performed
at 1.1 mW laser power in the object.
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FIGURE 9 Evaluation of lateral diffusion measurements using line seg-
ments of different length. The experiment shown in Fig. 8 was evaluated by
plotting the intensities of the photolysed segments versus time after pho-
tolysis. This yielded the fluorescence recovery curves a—e (corresponding
directly to traces a—e of Fig. 8). The experimental data (square symbols)
were fitted by Eqs. 1-4 (full lines) to obtain the diffusion coefficient D and
the mobile fraction f .. The length a of the photobleached segment is
indicated. In spite of the different recovery kinetics, the evaluation yielded
the same diffusion coefficients for all line segments (cf. Table 3).

done for the data of Fig. 9, and the outcome is listed in
Table 3. As the radius of the photobleached area in the
conventional analysis, we chose that of a circle having the
same area as the actually photobleached one. Table 3 sug-
gests that the conventional analysis yields results similar to

TABLE 3 Analysis of lateral diffusion measurements using
differently sized line segments and their evaluation by either
numerical simulation or the approach used commonly for
conventional photobleaching experiments

D (um?/s)*

Length of the photobleached Numerical Analysis according to

line segment (tm) simulation Axelrod et al. (1976)
a) 0.54 0.48 0.56
b) 0.82 0.46 0.36
c) 1.23 0.42 0.39
d) 1.37 0.47 0.42
e) 1.64 0.42 0.29

*Lateral diffusion coefficient of a FITC-dextran of 2000 kDa molecular
mass in a 20% (w/w) glycerine-water mixture.
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those of the numerical simulation in the case of diffraction-
limited, almost axially symmetric photobleached areas.
However, with increasing length of the photobleached line
segment, the differences between conventional analysis and
numerical simulation become substantial.

Preliminary measurements of intranuclear
lateral mobility

We are interested in the lateral mobility of macromolecules
inside the cell nucleus, as described in the Conclusion.
Therefore we have conducted preliminary experiments to
find out whether the LINESCAMP method is suitable for
this purpose. 3T3 cells were permeabilized with Triton
X-100 and incubated with FITC-dextran of 150 kDa mo-
lecular mass. The dextran could easily permeate into the cell
nuclei, indicating that the nuclear pores, and possibly the
nuclear envelope altogether, had been removed. Surpris-
ingly, however, the nuclear interior did not appear homo-
geneously fluorescent. Instead, an elaborate network of less
fluorescent, apparently interconnected fibers, dots, and
granules became visible, as shown in Fig. 10. The identity
of these structures has not yet been established, but obvi-
ously should be related to chromatin. The larger dark areas
probably represent nucleoli.

FIGURE 10 Application of line-scanning microphotolysis to lateral dif-
fusion in the cell nucleus. 3T3 cells were permeabilized with Triton X-100
and incubated with a FITC-dextran of 150 kDa. The figure shows a
confocal section (xy scan) taken through the center of a nucleus at high
magnification using the 100X, NA 1.3 objective lens. An elaborate net-
work of less fluorescent, apparently interconnected fibers, dots, and gran-
ules is visible. The identity of the structures is not known, but they are
probably related to chromatin. The line selected for the lateral diffusion
measurement (shown in Fig. 11) is indicated, as well as the location and
size (¢~? radius) of the two photobleached areas.
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Using LINESCAMP, mobility measurements were per-
formed inside single nuclei. An example of such measure-
ments is shown in Fig. 11. The intranuclear sites of these
measurements together with the ¢~ radii of the bleached
spots are indicated in Fig. 10. The photobleaching curves
(Fig. 11 A) suggest that distinct differences exist, even after
normalization (Fig. 11 B). A further evaluation of the data
was not attempted at present because diffusion in the cell
nucleus is clearly a three-dimensional process not covered
by the theory presented in the present paper (cf. the Con-
clusion). Nevertheless, the measurements demonstrate that
the LINESCAMP method can be applied to spatially re-
solved mobility measurements in the cell nucleus and is able
to pick up local mobility differences.

CONCLUSION

The paper describes a new method for the study of molec-
ular transport in microscopic systems. Referred to as LI-
NESCAMP, the method combines microphotolysis with
confocal scanning and is characterized by a maximum tem-
poral resolution of ~0.5 ms and a maximum lateral resolu-
tion of ~0.34 um. In effect, the new method is a high-
resolution version of the SCAMP method that was
described recently (Wedekind et al., 1994). SCAMP also
features a high spatial but a much smaller temporal (~100
ms) resolution. In principle, the increase in temporal reso-
lution was made possible by employing the line scan mode
of the CLSM. A number of additional technical improve-
ments were necessary to put the concept into practice. Thus,
the AOM of the SCAMPER was operated in the analog
mode, permitting us to switch the laser beam power between
monitoring and photolysing levels in less then a microsec-
ond. A more accurate control of beam switching was
obtained by using a faster computer and improved program-
ming. Furthermore, the availability of a confocal micro-
scope of latest design, featuring an improved transmission
of the laser beam as well as a better utilization of the
fluorescence emitted by the sample, was essential.
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FIGURE 11 Mobility of a 150-kDa FITC-dextran in the nucleus. The

fluorescence recovery curves obtained in the experiment outlined in Fig. 10
are given (a) before and (b) after normalization to the fluorescence before
photobleaching. The upper curves refer to the left spot of Fig. 10, and the
lower curves refer to the right spot.
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Together with the instrumentation, a theoretical frame-
work for the evaluation of diffusion measurements was
developed. Based on the numerical simulation of diffusion
processes using a modified two-dimensional Crank-Nichol-
son iteration scheme, the approach has the advantage that it
can be applied to any arbitrary initial condition, and not just
to photobleached areas of axial symmetry. Moreover, the
extension of the theory to three-dimensional diffusion is
conceptually and computationally straightforward. The the-
ory could also easily be extended to rather complicated
processes, such as those encountered in continuous micro-
photolysis (Peters et al., 1981), in which photobleaching
and lateral diffusion proceed simultaneously.

The possibility of extending the current experimental and
theoretical methods to three-dimensional molecular trans-
port appears particularly important to us. As mentioned in
the Introduction, the cell nucleus is thought to comprise an
intricate system of chromosome domains and interchroma-
tin channels (Manuelidis, 1985; Schardin et al., 1985;
Pinkel et al., 1988; De Boni, 1994; Blobel, 1985; Spector,
1990; Cremer et al., 1993; Zachar et al., 1993). It may well
be that this three-dimensional arrangement of chromosomes
ultimately encodes the three-dimensional arrangement of
cellular components, and as a consequence the three-dimen-
sional building plan of the organism. In this scenario the
interchromatin channels assume a crucial role because they
may selectively direct certain transcription products from
specific genes to specific sites of the nuclear periphery.
Therefore, the experimental characterization of intranuclear
transport could shed light on the intranuclear organization
and help to test the outlined hypothesis.

So far, we have observed that the LINESCAMP method
can be used in principle to perform spatially resolved mea-
surements of lateral transport in cell nuclei. In these mea-
surements the resolution in the x,y plane was quite good
(~0.34 pm) but much poorer (~1.1 wm) in the z direction.
This, however, might be improved by application of two-
photon excitation (Denk et al., 1990), which yields a true
confinement of the excitation volume, also in the z direc-
tion. We have shown (Kubitscheck et al., 1996) that two-
photon absorption can be combined with the SCAMP
method to permit spatially resolved transport measurements
in three-dimensional cellular arrays. The combination of the
LINESCAMP method with two-photon absorption, and the
extension of the theoretical description from two- to three-
dimensional problems, has yet to be achieved, but this is
currently being worked on in our laboratory.

APPENDIX: NUMERICAL SOLUTION OF THE
DIFFUSION EQUATION FOR ARBITRARY
INITIAL CONDITIONS

For one-dimensional diffusion the Crank-Nicholson scheme is given by
(Crank, 1975)
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Here the indices n and ! describe the time and space discretization,

respectively. Setting DA#/Ax® = 1, this results in a tridiagonal matrix
system for C} *
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that can easily be solved by standard techniques (Crank, 1975; Press et al.,
1992). In a system with two space dimensions, and DA/Ax?> = DAY/AyY* =
1, the corresponding discretization reads

—nt1R2 n+12 _ n+12 _ o n
o T 4C 41— Cj,l—l + Cj.l-H

(Ada)
where the indices /, j, and n denote the discretization in x, y, and time
coordinates, respectively. The evolving matrices are no longer tridiagonal
and hence require significantly more computation time to be solved.
Therefore, we applied the alternating-direction implicit method using the
concept of time step splitting (Ames, 1977; Press et al., 1992). The
principal idea was to divide each time step into two substeps of A#/2. In
each substep, a different dimension was treated implicitly. This led to the
following discretization scheme:

—Cl HACH! — CL = CIE\P + CIE. (Adb)

Using Eq. A4, it was straightforward to calculate c(x,y,?), starting with an
arbitrary initial condition under the given boundary conditions.
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