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Introduction

Translational mobility is involved in every
process in neurobiology—released neuro-
transmitter diffuses through the synaptic
cleftin search of receptor targets, membrane
receptors traffic to synaptic sites in the neu-
ron, RNA and other cargo are transported
to distal dendrites, and cell signaling is me-
diated by circuits of diffusing proteins.
However, accurate methods for quantifying
translational mobility have not been wide-
spread due to their technical demands and
complicated analysis. Over the past decade,
this trend has begun to reverse as major
advancements have been made in the appli-
cation of quantitative optical techniques,
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specifically fluorescence recovery after pho-
tobleaching (FRAP or FPR), fluorescence
correlation spectroscopy (FCS), raster im-
age correlation spectroscopy (RICS), and
single-particle tracking (SPT), that can
quantitatively analyze molecular diffusion
and concentration within living cells with
high spatial and temporal resolution.

Here we present a review of these opti-
cal methods to measure translational mo-
bility in three dimensions of fluorescent
molecules in neurons and address the
strengths, limitations, and potential arti-
facts of each of the methodologies. In ad-
dition, we discuss the use of two-photon
excitation in conjunction with these tech-
niques. Two-photon excitation provides
inherent optical sectioning, a well defined
focal volume, and benefits of increased vi-
ability and decreased photobleaching and
phototoxicity. Focusing these highly sen-
sitive techniques on the analysis of molec-
ular mobility in neurons opens up a new
realm of quantitative spatial and temporal
information about the dynamics of mole-
cules in the intracellular milieu.

Choice of fluorescent probes

and delivery

All of these optical methods rely on the
ability to tag the molecule of interest with
a fluorescent label and then deliver them
to the intracellular environment (Fig. 1).
The choice of the fluorophores and
method of delivery depends heavily on the
technique being used. FRAP experiments

require the fluorescent molecule to be
sensitive to photobleaching to minimize
the bleach intensity and duration, while
ECS, RICS, and SPT experiments benefit
from fluorophores optimized for high
quantum yields and excellent photostabil-
ity. The most important trait is that the
fluorescent probes need to be free from
nonspecific interactions with molecules
or structures in the cell and should inter-
fere as little as possible with the biological
activity of the protein being studied.

A variety of different methods of fluores-
cently labeling molecules have successfully
been implemented for these applications,
such as in vitro labeling of molecules, quan-
tum dot labeling, and genetically encoded
fluorescent proteins. Small fluorescent
organic tags, such as the Alexa dye series,
have distinct advantages—small size (~300—
1000 Da), commercial availability with
chemical reactivities to label either amines
or cysteines, and a wide array of mole-
cules with unique excitation and emis-
sion characteristics. Their use requires
that the molecule to be investigated is
produced, purified, labeled, and then de-
livered to living cells through microinjec-
tion, electroporation, or other chemical
delivery methods (Craig, 1998). Note that
this approach is not limited to proteins;
any molecule with appropriate reactive
sites can be labeled, including lipids, nu-
cleic acids, glycolipids, etc. Quantum dots
(Q Dots), water-soluble semiconductor
nanoparticles, have also been coupled to
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biological molecules for optical applica-
tions, particularly for SPT experiments.
Advantages of these molecules are their
brightness, photostability, and large ab-
sorption cross sections, but their bulky,
large size (~10—40 nm; often larger than
the molecule of interest) and blinking
properties introduce complications that
must be considered for optical tracking
and mobility studies (Chan et al., 2002;
Pinaud et al., 2010). Although delivering
quantum dots to the cell is challenging due
to their size, several methods have been de-
veloped, including delivery using endocytic
mechanisms, lipid- and polymer-mediated
delivery, and microinjection. An attractive
alternative is genetically encoded tags, such
as green fluorescent protein (GFP; ~28
kDa) or one of its many colored or photoac-
tivatable variants (for review, see Shaner et
al., 2005). The gene for one of these fluo-
rescent molecules is fused to the gene of
the protein of interest, and the DNA can
then be introduced into neurons using
standard transfection techniques (e.g.,
lipid-mediated carriers, biolistics, or elec-
troporation) or infected through the use
of engineered virus particles. The type of
delivery depends, in part, on the labeling
method but also on the required concen-
trations of fluorescent molecules for the
technique being used (range: FRAP in the
high nanomolar to micromolar; FCS in
the lower nanomolar; RICS from nano-
molar to micromolar; SPT observes single
molecules).

Additionally, advances have been made
in the development of new methods that
couple genetically encoded fusion proteins
of interest that are not directly fluorescent
but act as targets that can be covalently la-
beled with chemical fluorophores. Exam-
ples of such systems include the self-labeling
proteins, SNAP-tags [22 kDa (Keppler et al.,
2003)] and HaloTags [33 kDa (Los et al.,
2008)], both of which rapidly, specifically,
and irreversibly label fusion proteins under
physiological conditions. Complementary
protein-labeling systems have been devel-
oped that use phosphopantetheinyl trans-
ferases (PPTases) to perform the covalent
attachment of small fluorescent molecules
to genetically encoded short peptide tags
(~8 kDa), specifically PCP and ACP do-
mains (Johnsson et al., 2005; Yin et al.,
2006). However, these systems are currently
restricted to use with cell-surface proteins.
Titering of the fluorescent ligand permits
some control over the level of fluorescently
tagged molecule to be examined, which is a
significant advantage.
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Probe delivery and characteristics. Left, Probe delivery. The first step toward quantification of translational mobility

is the introduction of the fluorescently tagged molecules to the cell of interest. Fluorescent probes that are conjugated with the
molecule of interest or genetically encoded are delivered to the interior of the cell most commonly by transfection, microinjection,
electroporation, viral infection, or some combination. Here, a dissociated hippocampal neuron was transfected using liposome-
mediated gene transfer for high expression of GFP (the image is pseudocolored according to fluorescence intensity). The delivery
method strongly depends on the optical technique and tagging method being used. Top right, The Jablonski diagram compares
the difference between the electronic states of a fluorescent molecule excited by 1PE or 2PE. For 1PE, a higher-energy photon
(shown in blue) is used to generate fluorescence, while for 2PE, two lower-energy photons (shown in magenta) are combined to
excite the fluorophore from the ground state to an excited state. The fluorescence emission is used in each optical technique for
quantifying the mobility of molecules through a specified volume. Bottom right, A comparison between the excitation (illumi-
nation) volume with 1PE or 2PE is shown. To achieve a confocal volume with 1PE (gray mesh), a pinhole placed in the detection
path is introduced to spatially restrict the signal, while 2PE has an intrinsic spatial confinement by the square of the intensity

profile of the laser (magenta ellipsoid).

FRAP

FRAP was introduced as a technique to
measure the diffusion of fluorescently la-
beled molecules bound to the plasma
membrane of living cells (Axelrod et al,,
1976a). Since then, it has found wide-
spread use in cell biology and the neuro-
sciences [for a few examples, see Svoboda
et al. (1996), Majewska et al. (2000), Bats
etal. (2007), and Yoshii and Constantine-
Paton (2007)]. In a FRAP experiment, the
fluorescence of a labeled probe is initially
monitored at low intensity for a short time
(typically a few seconds) to establish a
baseline fluorescence intensity; F, (Fig. 2,
FRAP panel). A brief, high-intensity light
exposure is used to photobleach a portion
of the fluorescently labeled molecules
in the focal volume. The laser is rapidly
attenuated, and the rate at which un-
bleached fluorophores diffuse into the
focal volume from the surrounding envi-
ronment is assessed. The resulting recov-
ery curve has an amplitude proportional
to the initial local bleaching of the fluoro-
phore and recovery kinetics that depend
on the diffusion of fluorescent molecules
back into the observation volume. Slower
recovery results in a slower calculated dif-
fusion coefficient. FRAP provides another
critical piece of information about the sys-
tem—whether an immobile fraction ex-
ists. During the initial round of bleaching,

the freely mobile and immobile pools are
bleached simultaneously; however, if the
immobile pool is significant, the recovery
curve will not return to the initial baseline.
Animmobile fraction is revealed when the
asymptotic value of the postbleach moni-
toring fluorescence (F(%)) is less than the
prebleach fluorescence (F,) (Fig. 2, FRAP
panel).

In the past, the most common applica-
tion of FRAP has been for studying two-
dimensional (2D) membrane systems.
For this, the bleached area for FRAP ex-
periments was confined to a 2D geometry
by use of thin samples, such as a mem-
brane, or by use of low numerical objec-
tives to generate a cylindrical beam in a
thick sample (Axelrod et al., 1976a,b; Sek-
sek et al., 1997). FRAP was later extended
to determine 3D diffusion of fluorophores
in cells using one-photon excitation (1PE)
photobleaching with a high NA lens and
confocal detection (Blonk et al., 1993).
This is problematic for the case of 1PE
with a high NA objective due to the ex-
tended double cone of bleached fluoro-
phore, which cannot be mathematically
defined in a simple enough form to derive
fitting functions for the determination of
diffusion coefficients (Brown et al., 1999).
Two-photon excitation (2PE) offers an
ideal extension of conventional FRAP
techniques where volume issues are min-
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Figure2.  Comparison of optical methods used for quantifying translational mobility in neurons. Top left, FRAP. Typically, a higher concentration of labeled probe is required for FRAP, since the
technique depends on the irreversible photobleaching of a population of fluorophores and assessment of the rate of recovery back into the volume. In a FRAP experiment, a short, intense pulse of
lightis used to photobleach a portion of the fluorescently labeled molecules in the focal volume positioned in a region of interest, immediately after which the laser s attenuated and the rate at which
new fluorophores diffuse back into the focal volume is measured. Using an appropriate model, the recovery curve is fit, and a diffusion coefficient is determined. Examples of bleaching in the soma
orin a dendrite are shown (top rows). A model FRAP curve (shown below) indicates the different phases of an experiment: £, is the baseline fluorescence intensity immediately before photobleach-
ing, F(0) is the fluorescence intensity after photobleaching, and F(c°) is the fluorescence at the asymptote of the recovery (the color of the dots indicates the level of fluorescence being recovered).
Data fitting extracts quantitative values from the recovery time course. Slower recovery (longert, ,) represents a slower diffusion coefficient (see dashed curve). Top right, FCS. For FCS experiments,
the excitation beam can be “parked” at any location in the cell. When molecules diffuse through the observation volume, florescence is emitted and the corresponding intensity fluctuations are
measured over time (bottom left). The autocorrelation gives a measure of self-similarity after a certain time delay. Since the correlation of the position of any given molecule with respect to its
original position decreases as the molecule diffuses, the average values of the products of points separated by shorter time intervals (orange colors points) are larger than those for longer times
(green colored points). The fluctuations are then autocorrelated to produce the decay function (bottom right) that depends on the average number of molecules in the focal volume element (V) and
diffusion (D). Decreasing values of D shift the autocorrelation curve to the right, while increasing N decreases the amplitude of G(7) (see dashed curve). Bottom left, RICS. A diagram model of a raster
scan on a preselected neuron is shown (top left). Horizontal lines represent the scan to collect data, and dashed lines represent the return and shift of the scanned volume between periods of data
collection. The colored boxes are discrete parts of the scan used to calculate the spatial correlation of molecules moving within the sampled regions (bottom left). Molecules are captured for a longer
period of time in the x dimension because of the rapid sampling in that axis, but it is less likely to find the same molecules in the spatial correlation of the y dimension because they have diffused away
during the longer sampling interval between line scans. The focal volume, illustrated as blue circles, is oversampled to capture adequate information for calculating the molecules rate of movement
(top right). A randomly diffusing particle is shown along with the scanned volume element (pixel), and the histogram below shows the fluorescence intensity that would be detected in each of the
pixels. Fitted with the appropriate model, the number of molecules (V) and the diffusion ( D) can be extracted for particular regions of interest (ROls). By analyzing continuous ROIs through the image,
a spatial map for the diffusion molecules of interest can be obtained (bottom right). In this example, diffusion is fairly homogenous through the cytoplasm but shows more (Figure legend continues.)
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imized (Svoboda et al., 1996; Brown et al.,
1999). Using 2PE with high numerical ap-
erture objectives, fluorescence excitation
and photobleaching can be confined to
subfemtoliter volumes (see Fig. 1 for a
comparison between 1PE and 2PE vol-
umes), significantly increasing the poten-
tial for sampling different regions of the
same cell, point by point. Therefore, data
can be collected by “parking the beam” of
a multiphoton microscope at different
positions throughout the cell to create a
3D diffusion map [for technical details,
please refer to Brown et al. (1999) and
Zipfel and Webb (2001)]. The spatial pat-
tern of photobleaching recovery has also
been used to determine the mobility of
molecules within confined geometries of
organelles, such as the nucleus, endoplas-
mic reticulum, mitochondria, and Golgi
complex, and within membranes (Sbalza-
rini et al., 2005; Tagawa et al., 2005; Mitra
and Lippincott-Schwartz, 2010) and be-
tween organelles (Presley et al., 1997; Ward
et al,, 2001). This is particularly useful for
neurons where geometric constraints and
compartmentalization are critical but re-
quires special consideration of complex
shape and defined boundaries to avoid un-
derestimated diffusion coefficients.

FRAP has transformed our understand-
ing of molecular dynamics and cellular or-
ganization in living cells, but optimization
of the experimental conditions and careful
consideration of the analysis and theory are
required for accurate measurements of
translational mobility. One limitation is
that relatively high intracellular concen-
trations of fluorescent probes are typically
required to achieve a reliable signal over
background for FRAP experiments. In-
troducing or expressing molecules at
these concentrations may saturate endog-

<«

(Figure legend continued.) ~ rapid diffusion in the nucleus.
Bottom right, SPT, accomplished with video microscopy, uses
numerical algorithms to select single bright molecules on the
images to “track” their position as the video elapses. This
builds a map of many single trajectory paths in the same cell.
Random walk traces are then converted to MSD versus time
plots to analyze their transport properties (bottom left). At
short timescales, single-particle traces follow nicely a linear
relationship with time, but at longer times, the statistical na-
ture of random walks allows them to deviate from one an-
other. Thus, the standard deviation cannot be judged from a
single curve but requires an average curve [see average of
these 5 traces (gray line)) and its linear fit (dashed black line)].
The slope of this curve corresponds to the diffusion coeffi-
cient, and in this case the diffusion is constant. When the
diffusion coefficient or the slope of MSD versus time is not
constant, other types of mobility corresponding to different
transport properties can be assumed, such as diffusion with
flow or hindered diffusion (bottom right).

enous binding partners and therefore
shift the system away from its normal
equilibrium, reporting a faster diffusion
coefficient. Another concern with photo-
bleaching techniques is that the brief
high-intensity pulses required to rapidly
photobleach the molecules might intro-
duce artifacts. Severing of polymers or
cross-linking of macromolecules within
the focal volume is a concern, as are po-
tential unwanted chemical reactions due
to the generation of free radicals as a result
of the photobleaching process. The flu-
orophores themselves can also enter dif-
ferent quantum states whose time course
of recovery is unrelated to diffusion
(Periasamy et al., 1996). High-intensity
laser pulses from one- and two-photon
excitation have also been found to induce
photo-unbinding under certain condi-
tions, which can also influence the inter-
pretation of recovery curves (Akaaboune
et al., 2002; Heinze et al., 2009). However,
these experimental artifacts can be mini-
mized or eliminated by careful monitor-
ing of the bleaching depth and intensity in
conjunction with appropriate controls
[see Brown et al. (1999), Zipfel and Webb
(2001), and Mavrakis et al. (2008) for
technical details about FRAP].

A related and complementary tech-
nique, photoactivation, works by convert-
ing molecules to a fluorescent state by
brief exposure to high-intensity irradia-
tion and then following these molecules as
they reequilibrate into the surrounding
cellular environment (Lippincott-Schwartz et
al., 2003). Photoactivation of caged com-
pounds and proteins has been used for more
than 20 years but has reemerged in popular-
ity with the development of genetically en-
coded photoactivatable fluorescent proteins.
Fluorescence photoactivation of these pro-
teins is rapid and yields a stable signal over
time, which allows them to be used for
studying protein dynamics, such as diffu-
sion and compartmental transport, both in
cultured neurons and in vivo (Tsuriel et al.,
2006; Sato et al., 2007; Blanpied et al., 2008).
A particular benefit of this technique is the
high signal-to-noise ratio, particularly in the
earliest points of the photoactivation exper-
iment, but on the other hand, the signal dis-
sipates significantly as it moves throughout
the neighboring regions.

FCS

FCS analyzes fluorescence intensity fluc-
tuations of molecules diffusing through
the illuminated volume (Fig. 2, FCS panel)
rather than relying on photobleaching of
fluorophores. Introduced almost 40 years
ago (Magde et al., 1972; Ehrenberg and
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Rigler, 1974; Elson and Magde, 1974), FCS
is exquisitely sensitive, provides fast tem-
poral and high spatial resolution, and of-
fers access to a multitude of measurement
parameters in real time. Such advantages
have been realized by applying FCS to
measurements of translational mobility in
neurons [for a few examples, see Terada et
al. (2000), Gennerich and Schild (2002),
Meissner and Hiaberlein (2003), and Stagi
etal. (2005)]. FCS is based on the concept
that at equilibrium, the number of fluo-
rescent molecules fluctuates about a mean
value due to individual molecules diffus-
ing in and out of the observation volume.
Data collection starts at an arbitrary time
0, and at increasing time intervals, the
fluctuations in the measured fluorescence
are compared to the average fluorescence
in the form of an autocorrelation func-
tion, G(7). The intensity autocorrelation
is a statistical tool that compares intensi-
ties across different points in time. Given
that the detected intensity is related to the
dwell time of the molecule in the illumi-
nation volume, a decay function such as
the one shown in Figure 2 (FCS panel) is
expected. A typical curve is constructed
with at least 10 s of data collection, which
is repeated multiple times (5-10) to in-
crease statistical reliability of the data.

The power of FCS measurements is
that they can access a wide variety of pa-
rameters simultaneously. Any factor that
alters the fluorescence fluctuations can be
detected using such analysis. Photophysi-
cal events, such as blinking or triplet state,
are detected in the microsecond and faster
timescales, and these events occur while
the same molecules remain resident in the
illumination volume. The translational
mobility of a molecular species can be de-
rived from the same experimental auto-
correlation curve where the timescales of
the decay of G(7) can be directly related to
the diffusion coefficient (D). Molecules
moving faster (smaller hydrodynamic ra-
dius) enter and exit the volume more
quickly and therefore exhibit a faster cor-
relation decay and faster D. In addition to
the mobility, direct assessment of the con-
centration of molecule species is possi-
ble—the number of fluorophores (N) in
the focal volume is inversely proportional
to the amplitude of the autocorrelation
function. All values are extracted from the
experimental data by fitting to the appro-
priate physical model in which the free
parameters correspond to the desired ex-
perimental quantities.

The observation of only a small num-
ber of fluctuating molecules in a small vol-
ume can be achieved using 1PE with
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confocal detection but can be accom-
plished more effectively with 2PE, which
optically defines a subfemtoliter volume
and permits the use of more efficient,
wide-field detection (Berland et al., 1995;
Schwille et al., 1999; Zipfel and Webb,
2001). The major advantages of 2PE in-
clude the following: minimal cumulative
photobleaching of the fluorophores, high
axial resolution of the focal volume with
inherent optical sectioning, and back-
ground suppression of cellular autofluo-
rescence. Most important is the benefit of
increased cell viability, which becomes
critical due to the longer measurement
time [see Kim et al. (2007) for technical
discussion of the implementation of FCS
for intracellular measurements].

FCS requires two key features of the
molecular system under investigation—
low probe concentrations (in the nano-
molar range) and mobility. Too many
molecules in the focal volume result in a
higher average fluorescence intensity but
with smaller relative contributions from
each molecule, which decreases the ampli-
tude of the FCS curve. Artifacts due to the
appearance of sparse aggregates diffusing
through the focal volume can greatly dis-
tort the autocorrelation function, and
subpopulations of different diffusive spe-
cies are difficult to distinguish based on
diffusion alone. To differentiate subpopu-
lations of molecules by fitting routines,
their diffusion coefficient must differ by
at least 1.6-fold (Meseth et al., 1999), an
important consideration to differentiate
molecules that exist in multiple forms
(e.g., monomer vs oligomer). The counts
per molecule or molecular brightness is an
alternative parameter that may be used to
distinguish the formation of monomers
versus oligomers. The second necessary
property is that molecules must be mobile
for FCS measurements to induce a decay
of the autocorrelation function, and D of
~500-0.01 um*/s is accessible using this
technique. The need for molecules to exit
the focal volume means that the immobile
fraction is not accessible to FCS. Longer
diffusion times, due to the large size of
the molecule or increased viscosity (as
in membranes), require longer acquisi-
tion times to acquire the full decay of the
autocorrelation function. In practice,
photobleaching becomes problematic with
slower diffusion rates, since the molecules
remain in the focal volume for an ex-
tended period. The bleaching of mole-
cules will distort both the determination
of molecular concentration and diffusion
times. However, corrective calculations
for photobleaching, removal of unexpected

fluorescent spikes, and background can be
implemented in postcollection data analysis
on raw data (Eggeling et al., 2001; Hess and
Webb, 2002).

Super-resolution microscopy has re-
cently brought a new dimension to FCS
measurements. By decreasing the illumi-
nation volume, one can sample different
regions of a cell at much greater resolu-
tion, and because the number of mole-
cules within the volume is decreased, it is
possible to make correlation measure-
ments at higher concentrations of fluo-
rescent molecules. One example of this
approach is to combine the power of stim-
ulated emission depletion (STED) nanos-
copy (Hell and Wichmann, 1994) and
FCS. STED relies on the overlap between a
standard excitation laser and a second
“depletion laser” that has an optically en-
gineered point-spread function to deplete
fluorescent molecules from the periphery
of the focal volume. The maximum reso-
lution attained to date is 6 nm, which is
25- to 50-fold better than the 250 nm res-
olution obtained with diffraction-limited
microscopy techniques (Rittweger et al.,
2009). An example of STED-FCS in live
cells is the direct observation of dynamics
of membrane lipids (Eggeling et al., 2009).
Certainly, such advancements will find
important applications in evaluating dif-
fusion in small neuronal compartments
such as dendrites and synaptic spines.

RICS

Image correlation spectroscopy (ICS)
considers not a single fixed point in space,
as with FRAP and FCS, but rather a field of
view that can be large enough to include a
significant area of the cell. This is impor-
tant in assessing intracellular protein dy-
namics that have an associated spatial
heterogeneity and spatial compartmental-
ization. Several methods using the main
concept behind ICS have been imple-
mented with a major goal of extracting
dynamic information concerning molec-
ular mobility when collecting and analyz-
ing imaging data [for review, see Kolin
and Wiseman (2007), Nohe and Petersen
(2007), and Digman et al. (2009)]. Here
we focus our attention on RICS, which
can access a range of timescales relevant to
intracellular diffusion. A number of suc-
cessful applications of RICS have recently
appeared and include studying diffusion
from heterogeneous solutions (Gielen et
al., 2009), examining the dynamics of cal-
modulin mobility (Sanabria et al., 2008),
focal adhesion dynamics (Digman et al,,
2008, 2009), and lipid diffusion (Gielen et
al., 2009). In addition, RICS can be ac-
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complished on standard confocal micro-
scopes, with 1P or 2P excitation, making
the equipment for data acquisition imme-
diately available to many investigators.

As the acronym suggests, RICS uses the
raster scan to generate confocal images of
particular regions of interest (Fig. 2, RICS
panel). Each point, or pixel, on the image
registers the emitted fluorescence from
the sample with the where and when in-
formation embedded on the register.
RICS capitalizes on the natural scanning
pattern of a confocal microscope where
the pixels on each horizontal line are sep-
arated from each other on the microsec-
ond timescale, lines are separated on the
millisecond timescale, and full frames are
separated on the second timescale. Fluc-
tuation analysis can then be performed to
extract the mobility of molecules within
subregions of the scanned image.

A key factor for RICS is determination
of an appropriate scan rate—the faster the
molecules diffuse, the faster the needed
scan rates. An average image size for RICS
is 256 X 256 pixels, which means a scan
rate (dictated by the pixel dwell time) of
~20 us/pixel would be sufficient to cap-
ture a broad range of diffusion coefficients
relevant to cell biology (D of ~100-0.001
wm?/s). Another important setting in
RICS is an accurate “zoom” that will cap-
ture the mobility of the fluorescent mole-
cules. A rule of thumb is that the chosen
pixel size (e.g., 0.05 wm) is no more than
one-sixth of the point-spread function as
determined by the objective lens and
wavelength of excitation. Both the scan
rate and the pixel size are chosen specifi-
cally to increase the probability that mol-
ecules can be “tracked” in the direction of
the scan before they leave the illumination
volume (Fig. 2, RICS panel). However,
these impose certain limitations on the
possible “zoom” setting and scan rates at
which the scanning microscope needs to
be set and should not to be confused with
the optical resolution, which is given by
the point-spread function. Once the scan
rate and pixel size have been established,
the minimal number of frames required
to provide statistical reliability of the data
is determined. The autocorrelation is cal-
culated frame by frame and averaged over
many frames to increase the fluorescent
signal-to-noise ratio (Brown et al., 2008).
The amplitude of the correlation function
obtained by RICS, as in the case of FCS, is
inversely proportional to the average
number of molecules present in the illu-
mination volume. Thus, the technique
benefits from a lower concentration of
fluorescent molecules where the possibil-
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ity of altering the overall cellular concen-
tration of the molecule under study is also
minimized.

A distinct advantage of RICS is the
ability to detect whether the system under
examination is exhibiting motion that
would influence the determination of an
accurate diffusion coefficient. This could
be motion due to the movement of the
cell, the plasma membrane, or other intra-
cellular organelles. All such movement
can potentially contaminate the primary
data for the determination of translational
diffusion of molecules. Both FRAP and
FCS measurements typically ignore such
potential artifacts unless they happen to
produce recognizable signatures in the
raw data. In RICS, these factors can be
identified and at least partially accounted
for in the processing of the data for final
analysis. For example, one can use a mov-
ing average algorithm to “detrend” the
data to minimize fluctuations due to the
collective motion of the cell or motions
associated with slowed diffusion values,
such as vesicle or organelle motion.
Photobleaching that occurs during data
collection can also be assessed and com-
pensations applied. With these factors
properly addressed, the faster diffusion
component or components can be
quantified in the data by applying spa-
tial correlation algorithms within a sub-
region of the scanned area [see Brown et
al. (2008) for a more comprehensive ex-
planation]. By systematically moving
the subregion across the image, a coarse
map of diffusion values can be obtained
(Digman et al., 2008; Sanabria et al.,,
2008). This quantitative spatial map
provides critical information about the
heterogeneity of translational mobility
of a given fluorescent molecule within
the cell. Thus, RICS is well suited to as-
sess whether the motion of molecules is
affected by spatial compartmentaliza-
tion. A weakness of RICS is the limited
spatial and temporal resolution. The
spatial resolution is restricted to the
subregion in which the spatial correla-
tion is calculated (~0.8 wm X 0.8 wm)
inside the overall image (Brown et al.,
2008), and the temporal resolution is
limited by the scan rate.

SPT

SPT has been used since the early 1980s
(Barak and Webb, 1982) as a tool to quan-
tify molecular mobility in living cells. In
the field of neuroscience, SPT has been
mainly applied to investigate the diffusion
of channels and receptors as they move
within the plane of the plasma membrane.

A recent Toolbox article (Groc et al.,
2007) and the references therein described
in more detail the SPT approach in this
context. Thus we will only introduce the
technique, compare how ensemble tech-
niques, such as FRAP, FCS, and RICS, dif-
fer from SPT, and briefly describe new
extensions of SPT using two-photon and
fluorescence photoactivated localization
microscopy (FPALM/PALM).

The principle behind SPT is based on
obtaining the spatial coordinates of single
tagged molecules as a function of time.
Given adequate tracking time a mean
squared displacement (MSD) can be con-
structed that can be used to calculate the
diffusion coefficient of single molecules
and possibly reveal the underlying trans-
port mechanism (Saxton and Jacobson,
1997). For example, a linear function of
MSD versus time reveals normal diffu-
sion, while deviations in the slope suggest
active transport, hindered diffusion, or
other physical/chemical properties of the
system that alter diffusion. Importantly,
SPT is a single-molecule technique, and
therefore it has the ability to resolve differ-
ences in the diffusional behavior of mole-
cules that are averaged together by the
ensemble techniques of FRAP, FCS, or
RICS.

The most common implementation of
SPT is via the use of fast electron-
multiplying cameras (EM-CCD) that can
collect enough photons per molecule to
localize single particles with an accuracy
of 10—-100 nm at millisecond frame rates
(Kubitscheck et al., 2000). To gather
traces in three dimensions, most image-
based techniques acquire z-stacks as a
function of time (Bornfleth et al., 1999;
Thomann et al., 2002). Fast postprocess-
ing algorithms are used to extract traces of
each particle moving in the field of view,
where a Gaussian intensity function is
used to determine the main position of
the signal that is followed over consecu-
tive frames (Saxton, 2008). Particles can
be either single dye-labeled molecules or
single particles, such as quantum dots, at-
tached to the molecule of interest (Pinaud
etal., 2010). Like the other techniques de-
scribed above, SPT is affected by photo-
physical properties of the dyes, such as
bleaching and blinking, that may cause
the molecule to disappear permanently,
or more problematically, transiently and
randomly over time. In addition to these
problems, other pitfalls could be due to
high particle density or particle merging
or splitting (Jagaman et al., 2008).

A recent alternative approach to image-
based SPT is to scan a two-photon illumi-
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nated volume in orbital loops around
single molecules (Levi et al., 2005). The
particle is tracked in three dimensions by
detecting changes in its intensity while
making two orbital scans at two different
focal planes. The position of the particle is
determined by the phase and modulation
of the signal after several orbits over and
under the molecule. Then, the calculated
position centers the next set of orbits and
the process is repeated. As molecules dif-
fuse away from the first location, the scan-
ning orbital follows the position with
suboptical resolution of ~20 nm (Levi et
al., 2005). Another promising new tech-
nique called sptPALM (Manley et al., 2008)
combines the super-resolution technique of
fluorescence photoactivated localization
microscopy (FPALM/PALM) with SPT to
resolve the dynamics of ensembles of many
molecules simultaneously. The addition of
super-resolution imaging allows for the lo-
calization and tracking of many previously
overlapping trajectories, since the distance
between the fluorescent molecules at any
given time is greater than several times the
width of their point-spread function.

Quantifying translational mobility

in neurons

From all the optical methods described
here, the motivation is to derive a quantita-
tive value for the translational mobility of
molecules within the intracellular milieu of
the neuron. The diffusion coefficient de-
scribes the rate at which molecules move
and, in ideal cases, obey the Stokes—Finstein
relation, where diffusion is inversely pro-
portional to the hydrodynamic radius of the
probe and the viscosity of the intracellular
milieu. However, the intracellular environ-
ment is not homogeneous, and specific and
nonspecific interactions also affect molecu-
lar diffusion (Minton, 2001). A multiple dif-
fusion model can be used to describe a
situation where a molecule displays two or
more diffusing species, each of which can be
described using a single diffusion coefficient
(e.g., a protein in the presence of a binding
partner). When the diffusion coefficient is
no longer a constant over time, then diffu-
sion is said to be anomalous (Brown et al.,
1999) and can either be characterized as
subdiffusion or superdiffusion. Subdiffu-
sion is the result of physical hindrances
presented by other mobile or immobile
obstacles or by complex physical/chemi-
cal interactions (Bouchaud and Georges,
1990). Superdiffusion appears when the
molecule takes long “flights” and is most
often associated with flow or directed mo-
tion as in the case of active transport (So-
lomon et al., 1993).
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To distinguish which diffusion mode s
present, SPT has an advantage over FRAP,
FCS, or RICS because of the straight-
forward calculation of MSD versus time
from single-particle traces. If these plots
deviate from a straight line, then diffusion
is anomalous (Fig. 2, lower right panel).
FCS and FRAP are also suitable for distin-
guishing between free diffusion and
anomalous diffusion through the use of
complex fitting models (Magde et al,
1974; Brown et al., 1999; Wu and Berland,
2008); however, sometimes more than
one model might appear to correctly de-
scribe the data (Goins et al., 2008). RICS is
not necessarily suited for such tasks, but
differences in the spatial heterogeneity of
diffusion can be directly observed on 2D
diffusion maps (Fig. 2, D panel). One ca-
veat that needs to be considered in all the
methodologies is the choice of an appro-
priate model for diffusion for fitting of the
data. For example, whether 3D, 2D, or 1D
diffusion, flow, or anomalous diffusion is
expected should be determined and will
significantly impact the choice of an ap-
propriate model to fit the data. In neuro-
science, this is of particular importance
because neurons are highly structured,
where each compartment might demand
adistinct fitting model, and possess differ-
ent kinds of mobility or transport, which
are biologically significant.

Conclusions

In this article, we highlighted the strengths
and weaknesses of four optical techniques
to quantify translational mobility in living
cells: FRAP, FCS, RICS, and SPT. Signal-
ing at the cell surface, within the cyto-
plasm and nucleus or in dendrites and
synapses in neurons are all mediated
through the movement and interactions
between ligands, proteins, lipids, and nu-
cleic acids. Individually, or even better in
combination, these techniques can provide
unparalleled quantitative information needed
to advance our understanding of cellular-level
systems biology.
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