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Abstract The wide availability of the confocal micro-
scope and the emergence of green fluorescent protein
(GFP) transfection technology has led to the increasing
use of photobleaching studies to examine aspects of
cellular dynamics in living cells. In this review, we ex-
amine the theory and practice of performing photoble-
aching studies using a confocal microscope. We
illustrate the application of photobleaching protocols
using our own measurements of fluorescently labelled
red blood cells and of malaria parasite-infected ery-
throcytes expressing GFP fusions and examine other
examples from the literature.
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Introduction

The technique of fluorescence recovery after photo-
bleaching (FRAP, also known as fluorescence photo-
bleach recovery or microphotolysis) was developed over
two decades ago to study the diffusive characteristics of
biological molecules in living cells (Axelrod et al. 1976).
The method relies on the ability to incorporate a fluo-
rescent label into specific protein or lipid components.
The classical approach to performing FRAP measure-
ments utilizes an epi-fluorescence microscope to focus
the excitation beam to a small spot (~1 um) on a region
of interest in the cell. This beam is used to both bleach
the fluorescent molecules in the region of interest and, in
an attenuated form, to monitor the fluorescence from
the same region. In the most common application of the
technique, the fluorescence increases after bleaching
owing to the diffusion of unbleached molecules into the
illuminated region, so that an analysis of the fluores-
cence recovery provides the diffusion coefficient of the
fluorescent molecule. However, any process that leads to
the recovery of fluorescence may be quantified and
examined by this method (see reviews by Webb 1981;
Elson 1985; Petersen and Elson 1986; Meyvis et al. 1999;
Reits and Neefjes 2001).

Until recently, performing photobleaching experi-
ments required a dedicated instrument. The introduction
of the confocal laser scanning microscope (CLSM) has
made the technique available to anyone who has access
to such an instrument. The CLSM generates images by
focusing the laser to a diffraction-limited point on a
specimen and recording the emitted fluorescence inten-
sity through a small pinhole located at the confocal
position in front of the detection unit. An image is built
up pixel-by-pixel by scanning the diffraction-limited
point across the specimen and represents a thin optical
section of the specimen due to the rejection of out-of-
focus light by the pinhole. Many confocal microscopes
possess acousto-optical tuneable filters (AOTF), which
permit the rapid (microsecond to millisecond) attenuation



of the laser (Kao and Verkman 1996) and hence allow
the rapid switching between a bleaching and sampling
beam to perform FRAP-type measurements.

The ability to use the CLSM to selectively bleach
regions within the cell, coupled with the ability to
quantitatively monitor the fluorescence from individual
compartments within the cell, makes it possible to use
photobleaching studies to answer a range of biological
questions. Moreover, the ability to tag proteins of in-
terest at the gene level with the green fluorescent protein
(GFP) makes it possible to selectively target the fluo-
rescent fusion protein to specific compartments of the
cell and to monitor the fluorescence in live cells during
the course of the cell cycle. Transfection approaches
have provided valuable insights into the complex orga-
nization and reorganization of cellular components in
real time and can provide considerably more informa-
tion in combination with photobleaching methods (see
reviews by Storrie and Kreis 1996; White and Stelzer
1999; Lippincott-Schwartz et al. 2000).

The purpose of this paper is to review the theory and
practice of performing photobleaching studies with a
CLSM. We begin with an outline of the classical
approach to FRAP measurement and analysis and
consider the additional approaches possible using the
CLSM. We describe a number of literature reports of
FRAP applications and illustrate some aspects of the
technique using our own data for human erythro-
cytes labelled with fluorescent probes and for malaria
parasite-infected erythrocytes expressing GFP-fusion
proteins.

Materials and methods

Confocal microscopy and photobleaching

Specimens were mounted on a glass slide and covered by a glass
coverslip (0.17 mm thickness; Longman Scientific, Melbourne,
Australia). All samples were imaged within 30 min at ambient
temperature (maintained at 20 °C) using an upright Leica TCS NT
laser scanning confocal microscope with a 100x planapochromatic
oil immersion objective (1.4 NA). Excitation was with a 60 mW
Kr/Ar laser. Erythrocytes were labelled in the actin component
with rhodamine-phalloidin as described by Knowles et al. (1997).
5(6)-Carboxyfluorescein N-hydroxysuccinimide ester (Molecular
Probes, Eugene, Ore., USA) was reacted with casein (Sigma) in
0.1 M NaHCOs;, purified by gel filtration chromatography, and
trapped inside hypotonically lysed and resealed erythrocytes as
described by Knowles et al. (1997). For the carboxyfluorescein and
GFP probes, excitation was with the 488 nm line and the emitted
light was detected through a fluorescein filter set. For the rhod-
amine probe, excitation was with the 488 and 568 nm lines of the
laser and the emission was detected through a tetramethylrhod-
amine filter set. The gain on the photomultiplier was kept high and
the laser power was adjusted using an AOTF to a level sufficient to
minimize photobleaching of the sample during image acquisition
and to maintain pixel values below saturation in regions of interest.
Image sizes were 512x512 pixels. Other parameters such as pixel
resolution, speed of image acquisition and pinhole size are detailed
in the figure legends.

Photobleaching studies were performed using the time-lapse
feature of the Leica TCS NT software. The laser was focused on a
single point (representing a diffraction-limited point) defined on a
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pre-bleach image. The point was illuminated with the unattenuated
laser for a specified time and post-bleach images were obtained
immediately after the high-intensity illumination and at time
intervals after bleaching. A typical sequence would involve multiple
pre-bleach images to assess the degree of bleaching during image
acquisition, and multiple post-bleach images at different time
intervals to follow recovery.

Theory and analysis for determination of diffusion
coefficients

Conventional spot photobleaching

Biological molecules undergo translational diffusion
within the three-dimensional space of a cellular system.
Axelrod et al. (1976) considered the special case for
measuring the two-dimensional diffusion of membrane
components within a bilayer based on the model of
Saffman and Delbruck (1975), which assumes that
membrane-bound molecules are confined to an infinite
plane but undergo free lateral diffusion within this fluid
plane. Measurements are performed by illuminating the
sample with a perpendicular beam with a radius w in the
object plane on the cell surface, where ® is the 1/e?
Gaussian radius. The beam is used both to produce lo-
calized bleaching in the illuminated region and to
monitor the fluorescence from the same region. For the
bleach event, the power of the beam is increased 10°~10*
times to induce photochemical destruction of the mole-
cules in the illuminated region. This effectively creates a
concentration gradient of unbleached fluorophores
across the bleached area. For a system containing a
single diffusible species, the fluorescence intensity, F,
increases as a function of time, ¢, after the bleach pulse,
owing to diffusion of molecules into the area probed by
the beam. The fluorescence recovers according to:
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where K is a parameter related to the degree of bleach-
ing:
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and F, and F, are the fluorescence intensities prior to
and immediately after the bleach event, respectively. The
Tp parameter is the characteristic time of recovery and is
related to both the beam radius and the diffusion coef-
ficient (D) of the probed molecule:
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A common observation in FRAP measurements is that
the fluorescence does not recover to its initial pre-bleach
intensity owing to the presence of a population of
fluorophores that is immobile on the time scale of the
FRAP measurement (this will be discussed below).
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Under these conditions, the recovery is described by
(Tsuji and Ohnishi 1986):

SRS

n=0
(4)
where o represents the fraction of the mobile species:
F.—F
p=rX 0 (5)
F,—F,

and F, is the fluorescence at infinite time. A simulation
of a FRAP recovery curve generated according to
Eq. (4) is shown in Fig. 1.

Equations (1) or (4) can be directly fitted to experi-
mental FRAP data. However, the complex nature of
these equations has led to alternative methods for ex-
tracting the relevant parameters from a FRAP curve. A
common approach is to determine the half time of re-
covery (71,2) from a recovery curve (Axelrod et al. 1976).
As shown in Fig. 1, 1;, is similar to tp. The two values
are related according to:
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where f is a function of the degree of bleaching (1.22 in
the example shown in Fig. 1; see Yguerabide et al. 1982).
Since measuring the beam width is not a trivial matter
(see below), the value of 7, is often used and is con-
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Fig. 1 A simulated recovery curve illustrating relevant parameters
of a FRAP experiment. At =0 a high-intensity light beam is
applied to a region on a fluorescently labelled cell, causing a rapid
drop in the fluorescence signal. Owing to diffusional events,
bleached molecules in this region exchange with unbleached
molecules from other regions of the cell, allowing recovery of the
fluorescence signal. In the case depicted, the final fluorescence
intensity, Fi, is less than F;, because a proportion of the fluorescent
molecules are immobile on the time-scale of the experiment. tp is
the characteristic time of recovery and is related to both the beam
radius and the diffusion coefficient of the probed molecule. Data
were simulated according to Eq. (4) with parameters F,= 1, K=2.2
(60% bleach), 75% mobile fraction. Also shown is the half time of
recovery (1y2) at t/tip=1.22

sidered sufficient to compare the relative diffusion coef-
ficients of molecules, provided the beam width is kept
constant (e.g. see McCown et al. 1981).

Other methods have been developed to analyse the
data in a FRAP recovery curve and to identify whether
convective flow or multiple diffusing species also con-
tribute to the recovery. Yguerabide et al. (1982) and van
Zoelen et al. (1983) have described methods for linea-
rizing FRAP data which conform to Eq. (4). Kwon et al.
(1994) have presented a useful empirical equation that
can be directly fitted to FRAP data:
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Spot photobleaching using the CLSM

FRAP measurements can be performed and analysed as
described above using the CLSM by parking the laser
beam over the region of interest, bleaching with the
unattenuated laser and then monitoring the fluorescence
over the same region with the attenuated laser using an
open pinhole. Considerably more information can be
obtained by considering what happens to the fluores-
cence from regions of the cell that are not directly in-
terrogated by the bleaching beam. Koppel (1979)
described a way of doing this using multipoint scanning
following either a spot or line bleach. Video and con-
focal microscopy permit recovery to be monitored over
images of whole cells. The theoretical treatment of
Axelrod et al. (1976) has been extended by Blonk et al.
(1993)! to cover the time-dependence of the spatial dis-
tribution of fluorescence in images obtained with a fully
open confocal aperture:
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and r is the radial distance from the centre of the bleach
spot. Figure 2 shows data simulations calculated using
Eq. (8). The bleached area immediately after the bleach
pulse appears to be broader than the beam profile
(Fig. 2a) because the fluorescence image of the bleached
region is a convolution of the actual image with the
point spread function of the microscope. As a result, @

"Blonk et al. (1993) provide an equation which describes the spatial
distribution of fluorescence in three dimensions following bleaching
by a Gaussian beam, as would be measured in a CLSM with an
open pinhole. Brown et al. (1999) argue that the equation is not
valid for three-dimensional diffusion. However, this equation re-
mains valid for the case considered here, i.e. two-dimensional dif-
fusion within a membrane bilayer or for diffusion of a solute in the
cytoplasm or in solution where the bleaching beam is effectively
cylindrical



cannot be determined directly from the image without
deconvolution. However, as a rule of thumb, Blonk et al.
suggest that dividing the measured Gaussian radius by a
factor of 1.6 can be used to determine the actual value of
 from the initial post-bleach image. During the course
of recovery, there is a broadening of the radial distri-
bution of intensity and a decrease in its amplitude
(Fig. 2a). In addition, the recovery profile is dependent
on the region being examined, with some regions
exhibiting an initial decrease in intensity (Fig. 2b).
Post-bleach images can be analysed in a number of
ways to extract the diffusion coefficient. The images can
be analysed in Fourier space to provide the diffusion
coefficient without any knowledge of the beam profile or
the microscope’s point spread function (Cardullo et al.
1991; Tsay and Jacobson 1991; Berk et al. 1993). The
temporal changes in the amplitude and width of the
spatial distribution of fluorescence can also be employed
to measure the diffusion coefficient (Cardullo et al. 1991).

w4+
o 2 a4 & 8 10

time (s)

Fig. 2a, b Time-dependence of the radial distribution of fluores-
cence intensity in an illuminated region at different times following
photobleaching with a Gaussian beam. a The fluorescence signal
(F) is plotted as a function of r, the radial distance from the centre
of the bleach spot. Data were simulated according to Eq. (8) with
the following parameters: w=1 pm; D=025 pm?/s; tp=1s;
K=5. Shown in thin lines from the lower to the upper curve are
the radial distributions at 0, 2, 4, 6, 8 and 10 s after bleaching. Also
shown is a Gaussian profile with w=1 pm (thick line), which
represents the profile of the bleaching beam and hence the initial
concentration gradient of fluorophores at time 0. b Curves from
bottom to top represent the recovery of fluorescence following
photobleaching calculated from the data in a at radial positions of
0, 0.5, 1, 1.5, 2 and 2.5 pm plotted as a function of time after
photobleaching
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In principle, the intensity of the pixel at the centre of
the bleached region can be analysed using the ap-
proaches described above for conventional spot photo-
bleaching. In practice, we have found that individual
pixel values are too noisy in real data obtained from a
confocal image to be analysed in this way. Considerable
improvement in signal-to-noise can be obtained by using
the average pixel value in the region of the bleach centre.
This approach is valid provided the region examined is
less than the width of the bleaching beam (Blonk et al.
1993; Wedekind et al. 1996). As shown in the simulated
data in Fig. 3a, the recovery profile is altered when
values are averaged over larger areas and in some cases
the recovery curve is sigmoidal. The recovery of the
average fluorescence intensity within a circle of radius w;

F(t
.
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F(t)

.80

75 . . . ‘ . .

time (s)

Fig. 3a,b Analysis of the recovery of the fluorescence signal within
an illuminated region following bleaching by a Gaussian beam. a
The average fluorescence intensity is followed as a function of time
for data simulated on a two-dimensional pixel grid using the same
parameters as in the previous figure. The average intensity within a
radius (w;) of 0.6 (diamonds), 1 (squares), 1.5 (up triangles) and
3 um (down triangles) of the bleach centre are shown at different
times following the bleach. Also shown is the fluorescence of the
pixel at the bleach centre (solid circles). Inset: expanded plot of data
at 3 pm. The curves are the results of non-linear regression analysis
using Eq. (10). The value of w was fixed at 1.67 um, based on fitting
of the =0 curve in Fig. 2a to a Gaussian distribution. The F,, F
and D values were floated and the data analysed globally using the
same mobile fraction (o) and D value to link each data set. The
fitted o and D values are 1.00 and 0.255 um?/s, respectively. b The
same data as in a but with the 4 s time point reset to zero time. The
analysis was performed in the same way but with the w value
(3.25 um) obtained from the r=4 s curve in Fig. 2a. The fitted
parameters were o=1.00 and D=0.253 pm?%/s
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of the bleach centre can be calculated according to Berk
et al. (1993):

_ _ 1 —exp(=292/(1 + 8D¢t/w? L
oo (e,

(10)
where:
Wr

Y= W (11)

and w is the Gaussian radius of the bleaching beam and
the horizontal bar over the parameters denotes that they
represent the average values calculated within a circle of
radius w; of the bleach centre. In the formulation of
Berk et al. (1993), w is equivalent to w and the fluores-
cence intensity at each position in the image is directly
proportional to the concentration of fluorescent mole-
cules at that position. Hence, Eq. (10) is valid for situ-
ations where w or w is much greater than the diffraction
limit but cannot strictly be employed when employing w
at the diffraction limit, since the fluorescence intensity is
a function of the fluorescence intensity in the region and
the microscope point spread function. However, as
shown in Fig. 3a, we have found that simulated data can
be accurately analysed using Eq. (10) if the value of w
used is the Gaussian radius of the fluorescence distri-
bution (1.67 um) rather than the actual beam radius
(1 um). Moreover, the data can also be successfully
analysed even if the initial time points of the recovery
phase are missed. For example, Fig. 3b shows the same
data as in Fig. 3a but with the data at time =4 s set to
zero time. The correct diffusion coefficient is obtained if
the Gaussian radius of the new =0 image (3.25 um) is
employed. These results indicate that this analytical
approach does not require knowledge of the actual beam
width or the acquisition of the initial image immediately
after the bleach pulse. As such, it may be valid for the
analysis of a single diffusing species (or a single diffusing
species in the presence of an immobile population) in
any situation where the radial distribution of fluores-
cence is Gaussian in nature.

Additional photobleaching formats using the CLSM

The FRAP technique can be carried out using a number
of different photobleaching formats. These include (1)
bleaching with a uniform disc illumination or line profile
(Koppel 1979; Soumpasis 1983), (2) the pattern photo-
bleaching or modulation method (Smith and McConnell
1978; Mozo-Villarias and Ware 1985), (3) continuous
scanning microphotolysis (Peters et al. 1981), (4) polar-
ized photobleaching (Smith et al. 1981; Velez and
Axelrod 1988; Scalettar et al. 1990) and (5) in associa-
tion with total internal reflection microscopy (Thomp-
son et al. 1993). The flexibility of the confocal
microscope means that it can be employed using addi-
tional bleaching formats. For example, rectangular

bleaching profiles can be obtained by zooming in on the
area to be bleached, imaging the area using an unat-
tenuated laser, then zooming out and imaging the fluo-
rescence recovery with an attenuated laser. Line bleaches
can be employed in a similar way by using the xt scan-
ning function of the microscope. The more recent com-
mercially available confocal microscopes permit the user
to define and bleach regions of interest in almost any
pattern or shape. Kubitscheck et al. (1994) describe a
variance method for analysing fluorescence recovery
following bleaching using radially symmetric profiles.
This analysis has been demonstrated for both uniform
disc (Kubitschek et al. 1994) and for rectangular
(Gribbon and Hardingham 1998) bleaching profiles.
Wedekind et al. (1996) describe the use and analysis of
variable line bleaching using line scanning, the major
advantage of which is the increased temporal resolution
for measuring fast diffusive processes.

Considerations and problems in FRAP analysis
General aspects
Degree of bleaching (K parameter)

The degree of bleaching needs to be <80% (K<Y5) for
the proper analysis of conventional spot photobleaching
data. Bleaching levels greater than this result in a non-
Gaussian distribution of molecules following bleaching
(see Axelrod et al. 1976).

Bleach times and recovery times

The accurate analysis of FRAP data requires that the
bleach event is essentially instantaneous. In practice, this
means that it must be much shorter than the recovery
time. In addition, the accurate quantification of the
immobile population requires the recovery event to be
monitored for times much greater than 7,, or p (see
Fig. 1).

It is instructive to consider recovery times for differ-
ent molecules using a typical beam radius of 1 um.
Membrane-embedded proteins in cells typically exhibit
D values of 0.001-0.01 um?/s, corresponding to tp val-
ues in the hundreds of seconds. Hence, bleach times of
10-100 ms with recoveries monitored over tens of min-
utes are employed. In contrast, membrane phospholipids
(D~0.1-1 pum?/s; Tp~0.1-1 s) require millisecond bleach
times with recovery monitored over seconds. FRAP
measurements of soluble molecules such as proteins
(D~10-100 um?/s; 1p~0.001-0.01 s) require specialized
instrumentation which can produce microsecond bleach
pulses and can rapidly switch to a sampling beam to
monitor the millisecond recovery. Alternatively, since
the recovery time is dependent on w?, the beam radius



can be altered so that the recovery occurs on an ap-
propriate time scale for measurement (see below). A
point worth noting when altering bleach times is that the
bleaching beam must possess a greater intensity for short
bleach times in order to obtain the same degree of
bleaching.

Beam radius

Knowledge of the beam profile (w) is necessary for the
correct determination of the diffusion constant (Eq. 3).
A number of methods have been described for directly
measuring this parameter (e.g. see Zs.-Nagy et al. 1985;
Stolpen et al. 1988). Alternatively, @ can be calculated
from the recovery time of a standard possessing a known
diffusion coefficient (Thompson and Axelrod 1980).
Wolf et al. (1980a) have also suggested measuring the
diffusion coeflicients of standards to ensure that reports
from different laboratories can be directly compared.

The beam radius can be varied to confirm that the
recovery time obeys the expected dependence on w? in
order to confirm that the recovery is due to diffusion
(Wu et al. 1978). This can be achieved by changing the
magnification/aperture of the objective or by focusing
the beam above or below the area of interest to generate
a larger bleach profile (Barisas and Leuther 1979;
Yechiel and Edidin 1987).

Relative geometry of sample and beam

The fluorescence recovery described by Egs. (4) and (10)
assumes the diffusing molecule is located in an infinite
plane perpendicular to the illuminating beam and that
recovery occurs due to diffusion of the molecule in two
dimensions. This is an adequate approximation for
molecules confined to the plasma membranes of many
cells. However, this is not valid for cells where the
membrane geometry approximates a cylinder, for ex-
ample in sperm flagella or neuronal processes (Wolf
1992), or for cells containing convoluted membranes, for
example microvilli or blebs (Aizenbud and Gershon
1982). In these cases, other analytical approaches are
required. For example, Wey et al. (1981) considered the
situation where a Gaussian beam was used to bleach
rhodopsin in rod outer-membrane segments. In this case
the optical axis is parallel rather than perpendicular to
the membranes and the fluorescence recovery is effec-
tively due to one-dimensional diffusion. In addition,
Wey et al. (1981) considered effects that arise due to a
finite system (i.e. where a significant proportion of the
total population of fluorescent molecules undergoes
photodestruction).

Similarly, many intracellular organelles cannot be
modelled as planar structures and the fluorescence re-
covery cannot be directly related to the diffusion coef-
ficient of the molecular species using the above
approaches. In their analysis of diffusion in the endo-
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plasmic reticulum (ER) membrane, Sciaky et al. (1997)
and Siggia et al. (2000) modelled the ER as a series of
randomly orientated and connected tubular and cister-
nal components with a non-uniform spatial distribution.
A large rectangular region of the ER was bleached and
the entire pre-bleach and post-bleach images were used
in the analysis so that the variation in density and
geometry of the ER in the cell was taken into account. It
was assumed that recovery occurred owing to a single
one-dimensional diffusion coefficient and that the fluo-
rescence recovered towards the pre-bleach intensity. In
the special case where the fluorescence is totally
bleached, the recovery of fluorescence within the
bleached strip can be fitted to the empirical equation:

w2
F()=Fo|1—4/— 2
®) w2 4+ 4nDpt

where Dp is the one-dimensional diffusion coefficient
and w is the width of the bleached strip. According to
Ellenberg et al. (1997), the recovered diffusion coefficient
of a membrane component can be estimated within an
accuracy of 30% with this equation.

Complications in the analysis of diffusion can also
arise from the fact that the illuminating beam has a
three-dimensional profile (i.e. it bleaches and records
fluorescence in a three-dimensional volume). This is
particularly a problem for the analysis of the diffusion of
cytoplasmic components. The analysis can be simplified
by using a low-power objective to produce a beam
profile that is approximately cylindrical so that recovery
is effectively due to two-dimensional diffusion
(Wojcieszyn et al. 1981; Kreis et al. 1982). An alternative
approach is to relate the half time of recovery to stan-
dards (Kao et al. 1993; Seksek et al. 1997).

A number of studies have demonstrated the feasibil-
ity of performing FRAP measurements to investigate
diffusion of soluble components in the lumen of the
mitochondria and ER (Olveczky and Verkman 1998;
Partikian et al. 1998; Dayel et al. 1999). These structures
were modelled as thin cylinders and planar sheets,
respectively. It is found that such geometries have little
effect on the recovery time compared to unrestricted
diffusion in solution, even when the mitochondria con-
tain significant occlusions.

(12)

Photobleaching artefacts

A number of studies have demonstrated the validity of
results obtained with the FRAP technique (see White
and Stelzer 1999). Initially it was suggested that local
heating caused by the bleach pulse might artefactually
increase the rate of diffusion of molecules close to the
beam profile. However, Axelrod (1977) calculated that
the temperature increase due to bleach illumination
under typical conditions was 0.3 °C. Wolf et al. (1980b)
labelled two different components in a cell membrane
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and demonstrated that the bleaching of one component
did not affect the recovery of the second component.
Wey et al. (1981) demonstrated that the diffusion coef-
ficient of rhodopsin measured by FRAP is the same as
that determined with other techniques. Nonetheless, the
intense illumination required to bleach fluorescent mol-
ecules can have a number of undesirable effects on the
system being investigated (see Wolf et al. 1980b). For
example, cross-linking of membrane proteins (Lepock
et al. 1978), deleterious effects on microtubules (Takeda
et al. 1995) and damage to erythrocytes (Bloom and
Webb 1984) have been reported following exposure to
intense radiation. Corbett et al. (1994) also reported that
different results may be obtained under low and normal
oxygen levels.

Reversible photobleaching

Recent studies have shown that many of the common
fluorophores utilized in FRAP are not irreversibly
bleached but exhibit a small degree of reversibility on the
microsecond and millisecond time scales. This effect has
been shown for carboxyfluorescein under deoxygenated
conditions (Stout and Axelrod 1995), fluorescein in vis-
cous media (Periasamy et al. 1996) and wild-type GFP in
viscous media (Swaminathan et al. 1997). This has im-
portant consequences for the analysis of FRAP data,
especially for fast diffusive processes that recover on
similar time scales (e.g. soluble proteins). A simple way
of identifying whether reversible photobleaching is oc-
curring is to bleach the entire cell and look for any flu-
orescence recovery.

CLSM-specific considerations
Bleaching during image acquisition

The intensity of the scanning laser employed in the
acquisition of typical confocal images is often sufficient
to produce significant bleaching of the sample during
the course of image acquisition. In fact, each point in
the scanned sample receives the same total intensity of
light, resulting in an even bleaching of the whole
sample. A number of approaches can be employed to
reduce this background bleaching. These include (1)
decreasing the pixel resolution by zooming out, (2)
employing line scans rather than 2D scans, (3) de-
creasing pixel dwell times by using faster scans, (4)
decreasing the laser power and (5) using fluorescent
probes that are less susceptible to photobleaching.
Obviously some of these approaches result in a de-
crease in the signal-to-noise ratio. This can be partly
compensated by increasing the aperture of the confocal
pinhole, but this comes at the expense of a decrease in
resolution of the image.

Although undesirable, a small degree of background
bleaching can be tolerated and corrected for. Because

background bleaching is effectively constant throughout
the field of view, the fluorescence intensities in a region
of the cell that is far from the bleached region, or in
another cell in the field of view, can be employed to
correct the images for this effect. Alternatively, the data
can be corrected by normalizing the total fluorescence
intensity in each image (e.g. see Dundr et al. 2000).

Cell movement during image acquisition

Small translations or morphology changes in cells can
affect the quantitation of fluorescence during a bleach
experiment. This is particularly important for measure-
ments performed using a confocal pinhole with a small
aperture, as even small movements can affect which part
of the cell is in the image view. A convenient way of
checking for such movement is to compare 8-bit fluores-
cence or differential interference contrast (DIC) images at
different times (i.e. Image 1 and Image 2) using the fol-
lowing formula to generate a difference (DIFF) image:

Image 1 ;Image 2) 4128 (13)

When DIFF is viewed as a greyscale image, regions where
there is no difference between the two images appear grey,
whereas regions with increased pixel values approach
black and regions with decreased pixel values approach
white. As a result, regions that have moved slightly be-
tween the images appear as reliefs; large-scale movements
give rise to a white-and-black image of the region.

DIFF = (

Time resolution

The AOTF on a confocal microscope can typically
switch between bleaching and sampling modes in milli-
seconds and acquisition of a 512x512 image typically
requires ~1 s. These times are sufficiently rapid to allow
accurate measurements of the diffusion rates of most
membrane proteins using a spot bleach approach;
however, they are not adequate for measuring faster
diffusive processes. The speed of image acquisition can
be increased ~5-fold by taking smaller images or using
faster scans. A more than 100-fold increase in time res-
olution can be achieved by using a line scan rather than
a 2D scan. This is sufficient to allow the analysis of the
diffusion of membrane phospholipid and soluble pro-
teins. The increased time resolution comes at the expense
of signal quality and the number of pixels that can be
utilized in the analysis.

An alternative approach for measuring fast diffusive
process is to increase the effective recovery time by in-
creasing the size of the bleached area. From Eq. (3), it
follows that a bleach spot with a radius of 10 um pro-
duces a recovery time on the order of seconds for a
component with a diffusion coefficient on the order of
10 pm?/s. Large bleaching profiles can thus permit accu-
rate quantitation of soluble protein diffusion. Square



bleach profiles in this range can be performed on most
available confocal microscopes using the zoom function.

Pixel saturation

Most confocal microscopes currently in use produce 8-
bit images. For accurate quantitation of images it is
necessary to adjust the power of the illuminating beam
and/or the gain on the photomultiplier to limit the
number of pixels that exhibit the maximum intensity
(255). This may present a problem, particularly for noisy
images since it means that the average pixel value may
be substantially less than this maximum, thus effectively
decreasing the dynamic range of the measurement. Thus
features on the cell that differ in intensity by a factor of
10 are difficult to quantify in the same measurement.
This problem can be partly alleviated by increasing the
dwell time per pixel (i.e. using slower scans), but this
comes at the price of increasing background bleaching
and decreasing time resolution. Newer confocal micro-
scopes offer the possibility of acquiring 12-bit images,
which increases the dynamic range and alleviates many
of these problems.

Choice of fluorescent probes

The ideal fluorescent probe for photobleaching studies is
highly fluorescent and moderately susceptible to
photobleaching. This permits bleaching within realistic
time frames but limits bleaching during image acquisi-
tion. We have found that fluorescein is not the ideal
probe for quantitative FRAP studies using the CLSM,
owing to large background bleaching during image
acquisition. The Alexa series of dyes appear to have
superior properties in that they exhibit high fluorescence
yields and relatively low susceptibility to bleaching
during image analysis, but can be adequately bleached
by a 0.1-1 s exposure to a full power laser illumination.
Some GFP mutants also exhibit very good photo-
stability characteristics (Patterson et al. 1997), which is
an advantage for image acquisition, but require longer
bleach times (e.g. >1 s) to achieve adequate bleaching.

Applications to cell biology and variations
on the basic technique

Diffusion in the plasma membrane

The earliest applications of FRAP examined the diffu-
sion of plasma membrane proteins and phospholipids
(see reviews by Axelrod 1983; Peters 1983; Jacobson et al.
1987; Jovin and Vaz 1989; Tocanne et al. 1989). The
diffusion of small molecules, such as phospholipids, that
are comparable to the size of the molecules that make up
the membrane bilayer can be modelled by free volume
theory (Vaz et al. 1984). Membrane phospholipids
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typically exhibit diffusion coefficients close to these
predicted values (0.1-1 um?/s) and the mobile popula-
tion is usually close to 100% (Vaz et al. 1985).

The diffusion coefficients of large molecules such as
proteins can be predicted on the basis of the model of
Saffman and Delbruck (1975), which treats membrane-
embedded components as cylinders diffusing in a medi-
um of uniform viscosity. The model predicts that the
diffusion coefficient is only weakly dependent on the
radius of the diffusing species. Thus the diffusion rate of
a membrane protein is expected to be only a few-fold
slower than that of phospholipids. The diffusion rates of
some membrane proteins are well predicted by the
Saffman/Delbruck model. For example, proteins, such
as rhodopsin and the Thyl antigen (which is associated
with the membrane via a lipid anchor), and a number of
membrane proteins that have been reconstituted into
synthetic vesicles, have been shown to diffuse with close
to expected diffusion rates (Cone 1972; Poo and Cone
1974; Peters and Cherry 1982; Ishihara et al. 1987).
However, most membrane proteins in cells exhibit dif-
fusion coefficients (0.001-0.01 pm?/s) that are 10-100
times lower than expected values and a significant pro-
portion of the population may be immobile on the time
scale of the FRAP measurements (Vaz et al. 1982;
Yechiel and Edidin 1987; Tocanne et al. 1989). This has
been generally attributed to interactions of membrane
proteins with other proteins and/or the underlying
cytoskeleton (e.g. Edidin et al. 1994).

More recent measurements of membrane protein
diffusion utilizing single particle tracking or ‘“‘optical
tweezers” methods have revealed that the diffusion of
individual molecules is not isotropic. Rather, the mole-
cules appear to be temporarily restricted to microscopic
domains before diffusing to adjacent domains. A num-
ber of models that take this into account have been
developed (Jacobson et al. 1995; Feder et al. 1996;
Cherry et al. 1998; Periasamy and Verkman 1998;
Salome et al. 1998). An interesting conclusion is that the
incomplete recovery observed in many FRAP measure-
ments may represent the spatial and temporal depen-
dence of diffusion due to these submicroscopic
heterogeneities in the membrane rather than two distinct
populations of molecules.

In many cells the heterogeneity of the plasma mem-
brane is clearly evident on the macroscopic scale. For
example, Angelides et al. (1988) found that voltage-
dependent sodium channels, which are non-uniformly
distributed in nerve cells, show rapid diffusion
(D~0.1 um?/s) in the cell body and slower (D=0.001-
0.01 pm?/s) diffusion in the axon hillock. Thomas et al.
(1994) found that the phospholipid probe 3,3’-dihexa-
decylindocarbocyanine, which tends to co-aggregate
with immunoglobulin E receptors in rat basophilic leu-
kaemia cells, is immobile in the aggregated regions but
mobile in the other regions. Cowan et al. (1997) found
that a number of membrane proteins were confined to
specific domains in the plasma membrane of guinea pig
sperm but exhibited free diffusion within these domains,
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indicating, in this case, the presence of barriers located
at the domain boundaries.

Diffusion in intracellular membranes

Investigations of the dynamics of lipids and proteins in
intracellular organelles are comparatively recent. In
contrast to most plasma membrane proteins, most
membrane-embedded proteins in the ER and Golgi that
have been examined exhibit large mobile fractions and
diffusion coefficients, similar to those expected from the
Saffman and Delbruck model, ie. D=0.1-0.5 pm?/s
(Storrie et al. 1994; Cole et al. 1996; Ellenberg et al.
1997; Sciaky et al. 1997; Nehls et al. 2000). Cytochrome
P450 is an exception, exhibiting a diffusion coefficient
that is ten times lower (D=0.06 pm?/s; Szczesna-Sko-
rupa et al. 1998). Sciaky et al. (1997) have also found
that the rate at which Golgi contents are resorbed into
the ER during brefeldin A treatment cannot be ex-
plained by simple membrane diffusion and suggest that
the transport in this case occurs via flow-assisted mem-
brane transport processes.

The rate of diffusion of emerin-GFP in the inner
nuclear membrane has been reported to be similar to
that in the ER and Golgi membranes (Ostlund et al.
1999). By contrast, the lamin B receptor and POM121,
which forms part of the nuclear pore complex, are es-
sentially immobile (Ellenberg et al. 1997; Daigle et al.
2001). However, in both cases the proteins are highly
mobile when the nuclear envelope is absorbed into the
ER during mitosis.

Diffusion in the cytoplasm and in the lumen
of intracellular organelles

The diffusion coefficient of a solute is related to the
viscosity of the medium and the size of the molecule
according to the Stokes-Einstein equation. For a protein
in solution this corresponds to D~10-100 pm?/s. FRAP
measurements using macromolecules that do not inter-
act with other cytoplasmic elements have revealed that
diffusion in the cytoplasm is 3- to 4-fold slower than in
water (Luby-Phelps et al. 1986, 1987; Kao et al. 1993;
Seksek et al. 1997; Swaminathan et al. 1997; Arrio-
Dupont et al. 2000). This decrease has been attributed to
the increased viscosity of the cytoplasm and/or the
presence of elements that create a cytoplasmic mesh-
work, which acts as a barrier and restricts diffusion.
Some studies have concluded that molecules much larger
than 26 nm (Luby-Phelps et al. 1986, 1987) exhibit
severe restriction in their diffusion, although other
studies dispute this (Seksek et al. 1997). However, the
latter studies also report an increase in the immobile
fraction for molecules with increased size.

Early FRAP measurements of diffusion coefficients of
components in the cytoplasm yielded values of about
1 um?/s, which were independent of the size of the

protein (Wojcieszyn et al. 1981; Jacobson and
Wojcieszyn 1984). This was attributed to the interaction
of the proteins with cytoplasmic elements. Other studies
have also shown that some cytoplasmic proteins have
much lower diffusion rates. For example, Luby-Phelps
et al. (1995) found that 95% of the calmodulin in
smooth muscle cells was immobile and the remainder
possessed a 7-fold lower diffusion coefficient compared
to a dextran of equivalent size. This indicates that the
calmodulin is not present as a freely diffusible species
but is compartmentalized in the cytoplasm. Swamina-
than et al. (1996) found that the diffusion of a small
fluorescent molecule was 6- to 10-fold slower in cyto-
plasmic regions close to the plasma membrane, perhaps
reflecting increasing meshing of cytoskeletal elements in
this region. Much larger effects have been observed in
the periplasm of Escherichia coli, where diffusion coef-
ficients of soluble proteins were found to be 1000-fold
lower than in water (Brass et al. 1986).

Partikian et al. (1998) found that the rate of diffusion
of a GFP fusion protein in the mitochondrial lumen was
similar to that in the cell cytoplasm, i.e. 3- to 4-fold
lower than in water. This is surprising, given the large
concentration of solutes in the mitochondrion, and may
indicate that matrix enzymes are present as membrane-
associated complexes, leaving an unobstructed aqueous
space that permits free diffusion of solutes. Using sim-
ulations, Olveczky and Verkman (1998) demonstrated
that the presence of obstructions in the mitochondrion
or the presence of a reticular system in the ER generally
do not have a large effect on the diffusion of molecules in
the lumen of these structures. However, Dayel et al.
(1999) found that the rate of diffusion of a GFP-KDEL
fusion protein present in the ER lumen was 9- to 18-fold
lower than that in water, indicating the diffusion of some
proteins in this compartment may be considerably
slower than in other compartments. More recent studies
suggest the presence of branched oligosaccharides on
lumenal ER proteins or the interactions of ER proteins
with chaperones may affect diffusion in the ER lumen
(Nehls et al. 2000).

Using FITC-dextrans, Seksek et al. (1997) reported
that, as in the cytoplasm, rates of macromolecular dif-
fusion in the nucleus are 3- to 4-fold lower than in water.
However, FRAP studies of GFP-fusion proteins using a
number of proteins that localize in the nucleus show that
these chimeras diffuse at rate up to 100-fold slower than
in aqueous buffers (Kruhlak et al. 2000; Phair and
Misteli 2000; Houtsmuller and Vermeulen 2000). As
detailed below, this reflects the dynamic exchange
between the proteins located in the nucleoplasm and
those associated with specific nuclear compartments.

Protein-protein associations
FRAP studies have been employed to demonstrate

associations between proteins. Although the magnitude
of the diffusion coefficient is only weakly sensitive to the



size of the diffusing species in membrane bilayers
(Saffman and Delbruck 1975), protein aggregation or
interactions of proteins with immobilized components
can be readily monitored by FRAP analysis. Katzir et al.
(1989) used FRAP to determine whether two proteins in
the plasma membrane formed a complex. They
employed antibodies to cross-link and immobilize one of
the proteins and examined whether this had any affect
on the diffusive properties of the other membrane pro-
tein. Knowles et al. (1994) reported that binding either a
monoclonal antibody or its monovalent Fab fragment to
the exoplasmic domain of glycophorin A in human
erythrocytes immobilized the receptor, suggesting a co-
operative coupling between liganded glycophorin A and
the underlying membrane skeleton. Sloan-Lancaster
et al. (1998) examined the interaction between ZAP-70
and T-cell receptor subunits on the plasma membrane by
comparing the kinetics of recovery. The different kinet-
ics of the two proteins and the ability to model the latter
(D~0.01 yum?/s) but not the former (D~0.2 pm?/s) as
simple diffusion within a membrane indicated the
interaction between the two proteins was dynamic and
that exchange with a cytoplasmic pool contributed to
the recovery of the former. Ochoa et al. (2000) demon-
strated an interaction between actin and dynamin in
podosomes using GFP fusions. Both proteins gave rise
to similar recovery kinetics following bleaching, thereby
indicating their association.

Berk et al. (1997) used FRAP to quantitate the
binding of a fluorescently labelled monoclonal antibody
to cells. In the absence of binding, a rapid recovery was
observed owing to aqueous diffusion of unbound anti-
body. In the presence of binding the fluorescence
recovery was dependent on the diffusion of the cellular
components and an analysis of the kinetic parameters
allowed an estimation of the binding constant. The
combination of FRAP with total internal reflection
microscopy has also been widely employed to obtain
such information (Thompson and Lagerholm 1997).

FLIP for determining connectivity
between compartments

The technique termed fluorescence loss in photoble-
aching (FLIP) has been used to reveal the connectivity
between different compartments in the cell (Cole et al.
1996; Ellenberg et al. 1997). This involves repeatedly
bleaching a small region in the cell and acquiring an
image of the whole cell. The fluorescence from any
regions that are connected to the bleached region will
eventually disappear. By contrast, the fluorescence in
unconnected regions will not be affected. This method
has been used to illustrate the connectivity between
some plastids in plant cells (Kohler et al. 1997), the
continuity of the ER during various stages of the cell
cycle (Ellenberg et al. 1997; Szczesna-Skorupa et al.
1998; Dayel et al. 1999; Kline et al. 1999; Terasaki
2000), the redistribution of Golgi contents to a
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continuous ER during mitosis (Zaal et al. 1999) and the
presence of an open lumenal structure between the ER
and the nuclear envelope (Subramanian and Meyer
1997). The technique has also been used to study the
continuity between the ER membrane and the Golgi and
nuclear membranes (Ostlund et al. 1999) and between
the nucleus and cytoplasm (Sloan-Lancaster et al. 1998)
and to reveal the fragmentation of the ER in presence of
high calcium (Subramanian and Meyer 1997).

The FLIP technique can also be used to observe
fluorescence from unconnected compartments that nor-
mally cannot be seen against the large fluorescence sig-
nal arising from other parts of the cell. For example,
Dayel et al. (1999) found some residual polynuclear,
Golgi-like fluorescence in CHO cells expressing GFP-
KDEL after they had used FLIP to completely bleach
the ER fluorescence. Nehls et al. (2000) used FLIP of the
KDEL receptor in the ER to demonstrate that some of
the receptor was located in post-ER compartments,
which were not connected to the rest of the ER. Nakata
et al. (1998) examined vesicular transport in axons by
completely bleaching the fluorescence in an axonal re-
gion to permit visualization of the transport of weakly
fluorescent transport vesicles.

Image analysis for semi-quantitative determination
of diffusion coefficients

The image profiles following bleaching and the time
taken to achieve a certain degree of bleaching can provide
qualitative information about the diffusion coefficients.
For example, Fig. 4a shows bleaching of an erythrocyte
labelled at the membrane skeleton with rhodamine-
phalloidin. The image following a 0.1 s bleach shows
localized loss of fluorescence in the bleached region. This

pre-bleach .'

post-bleachg. i

Fig. 4a, b Photobleaching of fluorescently labelled components in
the human erythrocyte. a The erythrocyte cytoskeleton was labelled
by incorporating rhodamine-phalloidin (which binds to actin)
inside reversibly lysed erythrocytes. Images were obtained before
and immediately after bleaching a region in the centre of the cell for
0.1 s. b CF-casein was incorporated into the cytosol of resealed
erythrocytes. Images were obtained before and immediately after
bleaching the indicated region for 0.1 s. Confocal images were
obtained under the following conditions: pinhole 1.0 optical units,
512x512 pixels, 0.098 nm/pixel, 1.1 s/image. Bar=35 um
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result, coupled with the absence of recovery (data not
shown), is consistent with an immobile membrane skel-
eton. This contrasts with the bleaching of an erythrocyte
containing carboxyfluorescein (CF)-casein in the cytosol
(Fig. 4b). In this case, the image obtained following a
0.1 s bleach shows an even loss of fluorescence
throughout the entire compartment. This is consistent
with the rapid diffusion of CF-casein (D~50 pm?/s)
within the confines of the cytosol, which has a cross-
sectional surface area of about 30 pm?. Hence, the time
for image acquisition (~1 s) is sufficient for the CF-casein
to equilibrate throughout the cytosol. In addition, the
bleach time (0.1 s) was sufficient for a significant
proportion of the CF-casein molecules to find them-
selves in the path of the bleaching beam, thereby pro-
ducing the large loss of fluorescence throughout the cell.

A similar result is obtained with malaria parasite-
infected erythrocytes expressing a GFP-fusion protein in
the cytosol [Fig. 5a; see Wickham et al. (2001) for
experimental details]. In this case a 5 s bleach results in
the loss of fluorescence throughout the compartment,
consistent with the GFP-fusion protein being present in
a soluble form in the cytoplasm. Similar results have
been reported with other GFP fusions located in the
nucleus and cytoplasm of other cells (Sloan-Lancaster
et al. 1998; Kruhlak et al. 2000).

A different bleach profile is observed when the GFP-
fusion protein is located within the lumen of the par-
asitophorous vacuole (PV) that encloses the malaria
parasite within the erythrocyte cytosol (see fig. SE-H in
Wickham et al. 2001). In this case, bleaching results in a
loss of fluorescence throughout the entire PV but the loss
is greatest in the region that is bleached. After 30 s, re-
covery of fluorescence into the bleached areca was ob-
served resulting in an even (though lower) fluorescence
signal throughout the compartment. This result indi-
cates that the lumen of the PV is continuous but that the
diffusion of the GFP fusion is restricted compared to
that in solution, possessing a recovery time on the order
of seconds. Hence this result indicates that either (1) the
viscosity within the PV is very large, (2) the lumen is
highly constricted on the order of dimensions of the
GFP-fusion molecule, (3) the GFP is in a highly aggre-
gated form in the lumen or (4) the GFP-fusion protein is
associated in some way with the membrane.

Dynamics of cellular components with bound
and free forms

Many biological molecules are present in an equilibrium
between bound and free states. For example, cyto-
chrome c¢ is a soluble protein located in the intermem-
brane space of mitochondria but also associates with
the inner mitochondrial membrane. Hence, recovery of
the fluorescence signal following photobleaching of the
membrane-associated population occurs both from lat-
eral diffusion within the membrane and by exchange
with the free population (Gupte et al. 1984; Gupte and

DIC

pre-bleach

post-bleach
(t=0)

post-bleach
(t=2 minutes)

Fig. 5a, b Bleaching of GFP-fusion proteins in malaria parasite-
infected erythrocytes. a An immature parasite-infected erythrocyte
expressing a GFP-fusion protein in the erythrocyte cytosol. The
DIC image shows ring stage parasites (highlighted) within the
erythrocyte cytosol. The cell was bleached at the position indicated
in the pre-bleach image for 5s and the post-bleach image was
obtained immediately after bleaching. b A mature parasite-infected
erythrocyte expressing a GFP-fusion protein that is associated with
the erythrocyte membrane. The DIC image shows a late-stage
parasite in the erythrocyte cytosol. The pre-bleach image indicates
that the fluorescent protein is associated with the erythrocyte
membrane. The region indicated was bleached for 1 s and a post-
bleach image obtained immediately and 2 min after bleaching.
Confocal images were obtained under the following conditions:
pinhole 1.0 optical unit, 512x512 pixels, 0.049 nm/pixel. Each
image is the average of four consecutive images obtained at 1.1 s/
image. Bar=5 um

Hackenbrock 1988). Such instances can be identified in a
number of ways:

(i) Estimation of the magnitude of the diffusion
coefficient. Kwon et al. (1994) concluded that the large
diffusion coefficient of the membrane-bound o-subunit
of the G-protein (0.2 um?/s) reflected exchange with a
cytoplasmic pool rather than lateral diffusion in the
membrane. Luxon and Weisiger (1993) found that the
low diffusion coefficient of a fluorescent fatty acid in
the cytoplasm of rat hepatocytes (0.3-0.5 pm?/s)
reflected its association with fatty acid-binding proteins
in the cytoplasm and with the cellular membrane.



(i1) Determination of the dependence of the measured
diffusion coefficient on w (Eq. 3; Henis et al. 1988). The
GFP-Ras fusion protein, which is located predomi-
nantly in the plasma membrane, exhibits recovery
kinetics that are dependent on the size of the beam,
indicating that recovery is due to lateral diffusion (Niv
et al. 1999). By contrast, the actin population present in
stress fibres and focal contacts in embryonic chicken
gizzard cells exhibits a slow recovery that is independent
of bleach dimensions, indicating that recovery occurs via
an exchange with diffusible cytosolic actin (Kreis et al.
1982).

(iii)) Use of FLIP analysis to demonstrate that
bleaching of one compartment affects another com-
partment. Vasudevan et al. (1998) found two popula-
tions of ADP-ribosylation factors that were located in
the cytoplasm and associated with the Golgi, respec-
tively. Bleaching of the cytoplasmic pool resulted in a
decrease in fluorescence from the Golgi, demonstrating
that the two populations were exchanging dynamically.
Kruhlak et al. (2000) and Phair and Misteli (2000) have
shown that nuclear-located proteins are present
throughout the nucleoplasm but are concentrated in a
number of nuclear compartments such as nucleoli and
nucleosomes. During a FLIP experiment, loss of fluo-
rescence associated with both foci and nucleoplasm in
regions distal from the bleach spot occurred at similar
rates, demonstrating that the proteins in the nucleo-
plasm and in the foci were in a dynamic equilibrium.
Daigle et al. (2001) used FLIP analysis to show that the
cytoplasmic and nuclear pools of the nuclear pore
complex component, Nupl53, exist as separate pools.
Thus the fluorescence recovery observed following the
bleaching of Nupl53 associated with the nuclear pore
complex was attributed to the presence of a soluble pool
of the complex located in the nucleus and distinct from
the cytoplasmic pool.

(iv) Examination of the spatial distribution of the
recovery profile. Figure 2 shows that the spatial distri-
bution of recovery due to lateral diffusion is complex
and occurs at different rates in different regions of the
bleached area. In contrast, recovery due to exchange
with the aqueous phase results in all parts of the
bleached area recovering at a similar rate. An examin-
ation of the spatial distribution of recovery can therefore
provide a qualitative indication as to whether recovery is
due to lateral diffusion or due to aqueous exchange. For
example, Cuppen et al. (1999) found that the recovery of
the fluorescence signal for a protein located in the sub-
membrane region occurred evenly throughout the
bleached area, indicating that recovery occurred through
the exchange with a cytoplasmic pool. Similarly,
Vikstrom et al. (1992) showed that the recovery of flu-
orescence from bleached vimentin intermediate filaments
exhibits no polarity, indicating steady-state exchange of
vimentin subunits along the length of the intermediate
filament. Another example is illustrated in Fig. 5b,
which shows a GFP-fusion protein expressed in a
malaria parasite-infected erythrocyte that is trafficked to
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and associates with the cytoplasmic surface of the ery-
throcyte membrane (see Wickham et al. 2001 for de-
tails). In this case, bleaching the membrane region
results in a localized loss of fluorescence in the region of
the bleach. The bleached area exhibits some recovery
after two minutes that could be due to diffusion of a
membrane-embedded fluorescent protein into the
bleached area. However, a quantitative analysis (not
shown) shows that recovery occurs evenly throughout
the bleached region, which suggests that the recovery of
fluorescence probably occurs due to dissociation of
bound bleached GFP-fusion proteins from the cyto-
skeletal network and binding of unbleached molecules
from the aqueous pool onto this region. Independent
evidence also suggests that the GFP-chimera is associ-
ated with components of the immobilized erythrocyte
cytoskeleton rather than with an integral membrane
protein (Wickham et al. 2001).

Transport between compartments

The ability to selectively bleach specific compartments
permits the quantitation of the transport of molecules
across membranes or between subcellular compart-
ments. Peters (1985) bleached the cytoplasmic contents
of a cell and then analysed the recovery due to transport/
diffusion of fluorescent solutes from the external medi-
um to obtain quantitative information about transport
across the plasma membrane. A similar technique has
been employed to examine the level of communication
between cells connected by gap junctions. In this case,
cells were loaded with a fluorescent solute and the con-
tents of one cell were bleached. The fluorescence recov-
ered due to diffusion or transport of the solute through
the gap junction connecting the cells (Wade et al. 1986;
Pluciennik et al. 1996). In another variant of the tech-
nique, calcium-dependent transport of calmodulin be-
tween the cytoplasm and the nucleus was investigated by
selectively bleaching the nuclear region and monitoring
the recovery of fluorescence due to diffusion of cal-
modulin from the cytoplasm (Liao et al. 1999; Teruel
et al. 2000).

“Bleach-chase” experiments

Photobleaching measurements can be performed in a
fashion analogous to the classical pulse chase experi-
ments that wutilize radiolabelled tracers, with the
bleaching event employed to generate an instantaneous
perturbation of the system that can be followed in real
time. The fate of the bleached region and its effect on the
rest of the cell can be examined to reveal various aspects
of cellular dynamics. This approach has been used to
examine the dynamics of the cytoskeleton (Okabe and
Hirokawa 1990; Takeda et al. 1995; Yoon et al. 1998).
For example, Okabe and Hirokawa (1990) found that
bleached regions of fluorescently labelled actin filaments
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and tubulin microtubules in murine neuronal axons did
not move or spread down the axon but remained sta-
tionary and gradually recovered their fluorescence.
These data indicated that microtubules and actin fila-
ments are not rigid polymers moving forward within the
axon, but are dynamic structures that continue to
assemble along the length of the axon.

“Bleach-chase”” measurements have also been
employed to study various aspects of protein trafficking.
Zaal et al. (1999) examined GFP-fusion proteins tar-
geted to the Golgi. They utilized the ability of the con-
focal microscope to selectively bleach an irregular shape
within a 2D confocal section to selectively bleach a
target organelle. They observed a temporal decrease in
Golgi fluorescence following bleaching of the ER as well
as a recovery of Golgi fluorescence following bleaching
of the Golgi. This demonstrated that the GFP-fusion
proteins were continually recycled through the ER
during interphase. Dahm et al. (2001) obtained similar
results with VIP36, which is involved in protein traf-
ficking between the ER and Golgi. In this case, they
employed 3D bleaching to ensure that the entire
organelle was bleached. Other measurements have
demonstrated the exchange of proteins between Golgi
structures (Cole et al. 1996; Storrie et al. 1998). The
precise mechanism of the exchange is unclear and may
reflect trafficking via an ER intermediate or diffusion
through interconnected Golgi stacks.

Landmark or patterned bleaching

The presence of an AOTF in modern confocal micro-
scopes and the flexibility of modern software and
hardware permit the user to define and bleach a region
of any shape or pattern. This has been ingeniously
utilized by Daigle et al. (2001) to “mark” a featureless
component and permit its tracking. For example, a
striped bleach pattern was used to mark the lamin net-
work underlying the nuclear envelope. An examination
of the dynamics of the striped pattern revealed occa-
sional transient movement of the network followed by
regeneration of the original image, showing it as a
dynamic but elastic structure. In another application, a
spot bleach pattern on the same lamin network was
employed to demonstrate that there was no net move-
ment of the nuclear pore complex relative to the
underlying lamin network.

Summary

The technique of FRAP was developed two decades ago
but has recently undergone something of a renaissance
owing to the development of confocal microscope-based
methods for performing photobleaching experiments
and the introduction of GFP as a convenient and highly
specific label of particular cellular components. In this
work we have examined some of the advantages, dis-

advantages and potential pitfalls of performing photo-
bleaching studies using the confocal microscope.
Innovative applications of the technique have enabled
real-time analysis of the complex organization and
reorganization of cellular components. Clearly, the
potential uses of this very accessible technology are
enormous.
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