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ABSTRACT Since its initial development in 1976, fluorescence recovery after photobleaching (FRAP) has been one of the
most popular tools for studying diffusion and protein dynamics in living cells. Its popularity is derived from the widespread avail-
ability of confocal microscopes and the relative ease of the experiment and analysis. FRAP, however, is limited in its ability to
resolve spatial heterogeneity. Here, we combine selective plane illumination microscopy (SPIM) and FRAP to create SPIM-
FRAP, wherein we use a sheet of light to bleach a two-dimensional (2D) plane and subsequently image the recovery of the
same image plane. This provides simultaneous quantification of diffusion or protein recovery for every pixel in a given 2D slice,
thus moving FRAP measurements beyond these previous limitations. We demonstrate this technique by mapping both intranu-
clear diffusion of NLS-GFP and recovery of 53BP1-mCherry, a marker for DNA damage, in live MDA-MB-231 cells. SPIM-FRAP
proves to be an order of magnitude faster than fluorescence-correlation-spectroscopy-based techniques for such measure-
ments. We observe large length-scale (>~500 nm) heterogeneity in the recovery times of NLS-GFP, which is validated against
simulated data sets. 2D maps of NLS-GFP recovery times showed no pixel-by-pixel correlation with histone density, although
slower diffusion was observed in nucleoli. Additionally, recovery of 53BP1-mCherry was observed to be slowed at sites of DNA
damage. We finally developed a diffusion simulation for our SPIM-FRAP experiments to compare across techniques. Our
measured diffusion coefficients are on the order of previously reported results, thus validating the quantitative accuracy of
SPIM-FRAP relative to well-established methods. With the recent rise of accessibility of SPIM systems, SPIM-FRAP is set to
provide a straightforward means of quantifying the spatial distribution of protein recovery or diffusion in living cells.

SIGNIFICANCE We developed selective plane illumination microscopy combined with fluorescence recovery after
photobleaching (SPIM-FRAP) to perform simultaneous FRAP measurements for each pixel in a two-dimensional slice.
This technique has the potential to be implemented on almost any light-sheet microscope with minimal software
development. FRAP studies were previously unable to resolve spatial heterogeneity, and fluorescence correlation
spectroscopy techniques require longer acquisition times; SPIM-FRAP remedies both of these issues by generating
FRAP-based diffusion maps in reduced time relative to fluorescence correlation spectroscopy. This technique can easily
be expanded to three dimensions by photobleaching a single plane and performing light-sheet volumetric imaging, which
has the benefits of minimal photobleaching and phototoxicity for studying long-term protein turnover.

INTRODUCTION cence of the bleached region recovers, allowing one to un-
derstand both the timescales of the recovery as well as the
(im)mobile fraction. The widespread availability of both
fluorescent proteins and point-scanning confocal micro-
scopes has dramatically increased the accessibility of per-
forming FRAP experiments. The other most common

technique for studying such dynamics is fluorescence corre-

Fluorescence recovery after photobleaching (FRAP) (1) is
one of the most prevalent techniques for studying intracel-
lular diffusion and protein dynamics. In brief, a region of
interest of a fluorescently labeled sample is exposed to a
high-intensity light source, thus photobleaching this specific

region. Either through diffusion or (un)binding, the fluores-
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lation spectroscopy (FCS) (2). FCS takes advantage of the
fluorescence intensity fluctuations resulting from diffusion
in and out of an excitation volume and uses correlation anal-
ysis to extract quantitative measures of diffusion (i.e., the
diffusion coefficient). FRAP and FCS have dramatically
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accelerated research in the realm of diffusions and protein
dynamics.

The relative merits of FCS and FRAP are well docu-
mented. Both FRAP and FCS require precise knowledge
of the illumination volume for an accurate measurement
of the diffusion coefficient, often making absolute quantifi-
cation difficult (3,4), although descriptions of relative
changes of intracellular dynamics under various interven-
tions are still readily possible. Beyond diffusion measure-
ments, FRAP can measure immobile fractions, whereas
FCS can measure absolute concentration and, in principle,
faster dynamics than FRAP. As for limitations, FRAP can
be sensitive to bleach correction, whereas FCS requires
careful consideration of the concentration of the fluorescent
protein of interest and has higher signal/noise requirements
than FRAP (5). However, the primary drawback of FRAP is
the inability to distinguish heterogeneity of diffusion in a
given sample. That is, each FRAP experiment produces
one measurement for a given region of interest. Investigators
have looked to FCS for studying such heterogeneous dy-
namics. By either iteratively performing FCS measurements
across a cell of interest or using a selective plane
illumination microscopy (SPIM) system coupled with FCS
(SPIM-FCS), investigators have been able to generate
two-dimensional (2D) maps of intracellular diffusion
(6-12). These measurements require acquisition times on
the order of minutes to create such maps, presumably
because of the high signal/noise requirements of FCS.
Here, we address these limitations of both FRAP and FCS
by combining SPIM with FRAP (SPIM-FRAP) to generate
simultaneous 2D maps of intranuclear diffusion.

SPIM systems, specifically single-objective implementa-
tions (13-16), have become increasingly accessible to the
biophysics community. Previous work has used an
SPIM microscope to image after photobleaching with a
focused beam (17). Here, we use the light sheet to both
photobleach and image our sample. By photobleaching a
single plane that coincides with our image plane, we still
allow for diffusion into the image plane from the rest of
the three-dimensional (3D) volume. Each pixel in our im-
age then provides a simultaneous FRAP measurement.
We demonstrate our SPIM-FRAP technique by mapping
the diffusion of NLS-GFP in MDA-MB-231 cells with
improved temporal resolution over FCS-based techniques
(SPIM-FRAP: 4 s, FCS-based: approximately minutes)
and added spatial information compared with traditional
FRAP. This decrease in acquisition time in not a feature
of the specific experiment at hand, but rather, is indicative
of fundamental limitations of FCS and FRAP. For accurate
FCS measurements, the acquisition time should be no less
than 100 7p, where 7p is the relevant timescale given by
Tp = Aey4D, A is the effective area, and D is the diffu-
sion coefficient (18). Accurate FRAP measurements
require only acquisition times of ~10 7p. The observed
order-of-magnitude gain in acquisition time of SPIM-

FRAP is then a fundamental feature of the technique itself.
We further simulate SPIM-FRAP experiments to determine
what degree of heterogeneity can be detected by our tech-
nique. To convert recovery times to diffusion coefficients,
we generate a simulation of diffusion that accounts for
diffusion during the bleach pulse. Both the diffusion coef-
ficients we report are consistent with previous FRAP and
FCS literature. We finally show that SPIM-FRAP can be
applied to samples with larger heterogeneity than NLS-
GFP by performing experiments on 53BP1-mCherry, a
marker for DNA damage.

MATERIALS AND METHODS
Cell culture and sample preparation

Two MDA-MB-231 cell lines, transfected with NLS-GFP and either H2B-
mCherry or 53BP1-mCherry, were generous gifts from the Lammerding
Lab (Cornell University, Ithaca, NY). Complete transfection protocols
and reagents can be found in a prior publication (19). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)/F12 with 10% fetal
bovine serum (Sigma-Aldrich, St. Louis, MO) and 1x antibiotic antimy-
cotic (Gibco, Gaithersburg, MD) without phenol red. The media has
15 mM Hepes buffer, which helps stabilize the pH during experiments.
1 day before the experiment, 50-70% confluent cultures were trypsinized
and plated on polyacrylamide gels such that only one to three cells were
present per field of view at 60x magnification. Polyacrylamide gels were
used to eliminate reflections during side-view imaging. They were made
with high stiffness (55 kPa) as described in our previous work (20,21)
and coated with collagen as a final extracellular matrix protein. Briefly,
10 uL of activated gel solution was deposited on (3-aminopropyl)triethox-
ysilane (APTES)-treated 40 mm round coverslips, and a 22 X 22 mm
square coverslip was quickly placed on top. The top coverslip had been
treated with hexamethyldisilazane (HMDS) via vapor deposition to facil-
itate easy removal after polymerization. The gel included 1% polyacryl
acrylic acid to provide carboxylic acid groups within the gel. This pro-
moted adhesion to the APTES-coated glass substrate and reactive sites
for attachment of collagen after gelation. After gelation and coverslip
removal under deionized water, the gel was allowed to dry briefly such
that a 10 mm diameter glass cloning cylinder (316610; Corning, Corning,
NY) lightly coated with vacuum grease (1597418; Dow Corning, Midland,
MI) could be secured. Immediately, a solution of 10 mg/mL 1-ethyl-3-(-3-
dimethylaminopropyl) carbodiimide hydrochloride (EDAC) and 1 mg/mL
N-hydroxysuccinimide (NHS) in phosphate-buffered saline (PBS) was
placed into the cloning rings, and the assembly was placed into sterile
plastic petri dishes. The dishes were then placed in a 37°C chamber at
100% humidity for 15 min. The EDAC buffer was then replaced twice
with PBS at room temperature and then with 50 ug/mL collagen (Rat
Tail Type I; Invitrogen, Carlsbad, CA) for 30 min at 37°C. The collagen
solution was then replaced with PBS twice and then with DMEM F12
growth media. Samples were then placed in the cell culture incubator to
equilibrate at least 30 min before cells were added.

For treatment with trichostatin-A (TSA), TSA was dissolved to 10 mM in
dimethyl sulfoxide (DMSO) and then serially diluted in PBS to 4 uM on the
day of treatment. 10 uL of the 4 uM solution in PBS was then added to the
cells as they were growing in 190 uL of media in 10 mm cloning cylinders
for a final concentration of 200 nM. Experiments were carried out 24-28 h
after drug addition. The 2 x 107> dilution of DMSO, giving 0.002% v/v
final concentration, was judged to be insignificant to the TSA effect. To
challenge the cells with osmotic compression (OC), we prepared a solution
of 1.8 0osM sorbitol (Thermo Fisher Scientific, Waltham, MA) in our
DMEM/F12 medium and added it 1:1 (v/v) to the cells on the microscope.
This gave a fourfold increase in osmolarity.



Image acquisition and analysis

Live MDA-MB-231 cells coexpressing either NLS-GFP and H2B-
mCherry or NLS-GFP and 53BP1-mCherry were plated on 55 kPa poly-
acrylamide gels 1 day before examination on our custom light-sheet
microscope (13). We utilized vertical light-sheet-based illumination and
side-view imaging via a reflective prism adjacent to a cell of interest to
first collect side-view (Y-Z) light-sheet fluorescence images. For cells ex-
pressing H2B-mCherry, we first collected one image of the H2B at an
exposure time of 200 ms. We then collected 100 images of the NLS
with a 5 ms exposure time and 5 ms readout time (40 ms exposure and
10 ms readout for OC experiments because of the markedly slower recov-
ery times). At this point, a single Y-Z sheet was bleached for 100 ms with
high-intensity 488 nm light. Immediately after the vertical sheet was
bleached, an additional 300 images of the NLS were collected at the
same exposure and readout time. The laser power was measured to be
1.50 = 0.03 mW for the bleach pulse and 53.3 = 0.7 uW for the standard
image acquisition. For the SPIM-FRAP experiment with 53BP1-mCherry,
the same protocol as above was executed with a 561 nm laser, a bleach
time of 1 s, and an imaging rate of 10 Hz.

Image sequences were loaded into FIJI (22), and the first image was used
to generate a mask of the nucleus as described in our previous work (20).
The image sequence was subsequently blurred using a one-pixel Gaussian
blur. All further analysis is performed in Wolfram Mathematica 11.2. The
first 100 images were used to correct the time series for photobleaching
via an exponential bleach correction. This photobleaching correction was
applied to all images in the time series and was not performed on a
pixel-by-pixel basis, but rather, uniformly across the whole image. There
is potential for the photobleaching to be spatially dependent along the axial
direction because of dispersion of the light sheet; however, this effect is
negligible in our work because our imaging conditions seek to minimize
photobleaching, and the depth of field of the light sheet is greater than
the height of the nuclei. For each pixel in the mask of the nucleus, an expo-
nential recovery curve of the form

1(0) :A+B[1—Exp[—£” (1)

was fitted to the first 200 intensity values of that pixel immediately after the
bleaching step. From each curve, we extracted both the characteristic recov-
ery time, 7, as well as the recovery percentage, (B /Ipe pieach — Imin)-

Finally, we sought to verify the geometry of our photobleaching. To do
so, we photobleached a single plane of a live MDA-MB-231 nucleus ex-
pressing H2B-mCherry. H2B has a recovery time on the order of hours for
mammalian cells (23), so this sample was chosen such that we could
observe the bleached region without concern for it recovering too quickly.
After photobleaching a single plane, we collected volumetric images with
our custom SPIM microscope (Fig. S1). We observed a clear photo-
bleached plane through the center of the nucleus as well as slight photo-
bleaching from the concentric side lobes characteristic of a line Bessel
sheet. These side lobes are accounted for in our diffusion simulation.
We did not observe any significant bleaching outside of the light-sheet re-
gion due to scattered light. This demonstrated that photobleaching with a
light sheet, and subsequently SPIM-FRAP, is indeed a reliable and repro-
ducible technique.

SPIM-FRAP simulation

To validate our analysis protocol, we simulated SPIM-FRAP experiments
based upon our experimental measurements (Fig. S2). Simulated data
sets were generated by first calculating the mean and standard deviation
of both the recovery time and recovery percentage as well as the standard
deviation of the plateaued recovery curve. For a given nucleus, the NLS im-
age immediately after the bleach pulse was used as the starting image. Each
pixel was prescribed an exponential recovery (Eq. 1) with a specified recov-

ery time and recovery percentage based upon the mean of the experimental
data. We simulated three conditions to isolate the contribution of each
aspect of our analysis pipeline. First, we added noise to the simulated recov-
ery based on the noise in the experimental data and fit an exponential recov-
ery curve to each pixel. Next, we added a one-pixel Gaussian blur along
with the additional noise before fitting the recovery. Note that this serves
to tighten the distribution of recovery times at the cost of spatial resolution.
Finally, we added a predetermined spatial pattern of the recovery times in
the form of 5 x 5 pixel squares with recovery times 20% lower than the
rest of the pixels. We were able to clearly discern this structure after the
addition of noise and Gaussian blurring. That is, the prescribed 20% change
is well above the noise floor of our technique. These simulations can be
compared to the experimental data set to validate the heterogeneity present
in the maps of recovery times.

Diffusion simulation theory

Traditionally, FRAP experiments use simple bleaching geometries and
minimize bleaching times to use analytical models to convert recovery
time to a diffusion coefficient (3). Our light-sheet microscope employs a
line Bessel sheet (LBS), which features additional side lobes concentric
to the main central lobe (13). This prevents us from applying any model
with a simplified geometry. Furthermore, our bleach time of 100 ms is on
the order of the measured recovery time. This means that we must account
for diffusion occurring during the bleach pulse itself. To understand how
our measured recovery times corresponded to diffusion coefficients, we
computationally modeled diffusion in our system. The full three-dimen-
sional diffusion equation is given by

WD = 7-[D(¢,F)P (. 1)], @

ot

where ¢(7,t) represents the concentration of bright molecules as a func-
tion of space and time, and D(¢,7) represents the diffusion coefficient
as a function of concentration and space. We next describe the assump-
tions of the simulation and the justification for each assumption that is
made.

Assumption 1

D(¢,7)=D(F). The justification is as follows: first, the concentration of
NLS-GFP in the nucleus is effectively uniform, so there is little variation
in ¢, which subsequently means there is little change in D due to variation
in ¢. Additionally, the concentration is that of dark versus bright molecules.
Whether or not the molecules are fluorescing has no physical bearing on the
local diffusion coefficient, and therefore, D(F) is effectively independent of
¢. It is important to note that this assumption may not hold true for all ex-
periments, and care should be taken in considering this assumption when
implementing SPIM-FRAP simulations for other studies. By removing
the dependence of D on ¢, we find that

W) — p.D(7) V(7 1)]. ®)

ot

Expanding V¢ (7, ) in Eq. 3 gives
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Continuing to expand the right-hand side of Eq. 4 gives that
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Finally, further expansion of Eq. 5 yields
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Assumption 2

dD(F)= d,D(r) = 3,D(r) =0. The justification is as follows: we observe
changes in the diffusion coefficient on the order of only a factor of
two across the entire nucleus, meaning the local changes in the diffusion
coefficient are negligible. By considering assumption 2 in Eq. 6, we find

dp(7, 1) = 7
L () [0+ 0+ 0o (7.0) ™

Assumption 3

Oyo(F,1) = 0.4(F,1) < 0,¢(7,). The justification is as follows: the primary
plane of symmetry being broken is that of the x direction because the
bleached pattern forms a Y-Z sheet. Diffusion in the y and z directions
will then cause a far smaller change in concentration than diffusion in the
x direction. This may not hold true for samples with larger spatial hetero-
geneity than NLS-GFP, which would subsequently require more detailed
modeling. Additionally, this assumption could be compromised if there is
significant dispersion of the light sheet across the sample. Accounting for
assumption 3 in Eq. 7 then gives

a 7
% = D()3:¢(7,1)- ®)

Initial conditions

¢(7,0) =1 — LS(F), where LS(r) represents the normalized, theoretical pro-
file of the light sheet.

Bleaching conditions

¢(7,0) = ¢(7,6t) x (1 — LS(7)). That is, Equation 8 was iteratively solved
during the bleaching time, and at each iteration, the concentration was
multiplied by the inverse profile of the light sheet. The new concentration
profile was then used as the initial condition for the next iteration. It was
assumed that the peak intensity of the light sheet was just sufficient to
entirely bleach the sample. This was an assumption of the model and could
be adjusted through multiplication by a scaling factor to either increase or
decrease the effect of the light sheet during the bleaching phase. However,
the observed recovery percentages (Fig. | C) were consistent with the simu-
lated recovery percentages (Fig. 4 C), and therefore, the current scaling fac-
tor of 1 was appropriate for our simulation. The simulated bleaching also
allowed for saturation (Video S2).

Boundary and normalization conditions

[ (7.t > tg)dx = constant. That is, once the bleaching has stopped, the to-
tal concentration of bright molecules remained constant.

RESULTS AND DISCUSSION

SPIM-FRAP maps intranuclear heterogeneous
diffusion of NLS-GFP

SPIM-FRAP experiments were performed with a custom
light-sheet microscope (Fig. 1 A) by photobleaching a single

plane of live MDA-MB-231 cells coexpressing either NLS-
GFP and H2B-mCherry or NLS-GFP and 53BP1-mCherry.
We then used the same light sheet at a reduced power to im-
age the photobleached plane as the NLS-GFP intensity
recovered via diffusion into the image plane (Fig. | B; Video
S1). Images were bleach corrected before analysis as
described in the Materials and Methods. The recovery im-
ages were minimally blurred in FIJI (22) with a single-pixel
Gaussian blur before analysis. An exponential recovery
(Eq. 1) was fitted to the intensity of each pixel during the re-
covery portion of the time series (Fig. 1 D). From these data,
we can extract a characteristic recovery time, 7, and recov-
ery percentage, (B/Iyre pieach — Imin), fOr every pixel in the
image plane (Fig. 1 C). This subsequently provides a 2D
map of intranuclear diffusion of NLS-GFP. A single expo-
nential recovery fits our data for diffusion of NLS-GFP
well (Fig. 1 D) because R? = 0.99973 + 0.00003 (mean
+ standard deviation) across all pixels in the data set shown
in Fig. 1. For dynamics in which this is not the case, howev-
er, the function used to analyze the recovery for each pixel is
interchangeable. That is, a double-exponential curve could
be used as opposed to Eq. 1 if it better suits the data set at
hand. The total acquisition time for each experiment was
~4 s, providing an order-of-magnitude improvement to
FCS-based techniques (6—12).

Before drawing conclusions regarding the spatial distri-
bution of 7, we sought to determine what our method is
able to resolve. To study this, we generated a suite of simu-
lated SPIM-FRAP data sets (Fig. S2). Simulations with a
uniform recovery time showed that the addition of noise
to the recovery curve broadened the distribution of
measured recovery times and that our one-pixel Gaussian
blur served to tighten this distribution at the cost of spatial
resolution. Extracting 7 for every pixel, then, does not
necessarily mean that we have single-pixel resolution for
discerning structure in recovery maps. Additionally, we
simulated recovery with 5 x 5 (540 x 540 nm) pixel squares
that were prescribed a 20% faster recovery time than the rest
of the data set. Our analysis was still able to easily detect
this structure. We then concluded that the short length-scale
(~2-3 pixels, ~216-324 nm) mottling structure is an arti-
fact of the Gaussian blurring process coupled with noise
in the image sequence. Thus, the lower bound on our spatial
resolution with this analysis protocol is on the order of
~500 nm. This is not necessarily the lower bound of
SPIM-FRAP itself, but rather, of SPIM-FRAP applied
to this sample with our analysis protocol. The large
length-scale (>5 pixels, 540 nm) heterogeneity in the
experimental recovery time map, however, is not an
artifact of the analysis. This implies there is a spatial depen-
dency of intranuclear diffusion of NLS-GFP, consistent with
FCS measurements (9). This distribution was, in some in-
stances, bimodal, which is suggestive of liquid-liquid phase
separation. We verified that this heterogenous structure is
reproducible by performing back-to-back SPIM-FRAP
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FIGURE 1 SPIM-FRAP generates simultaneous
2D maps of intranuclear NLS-GFP recovery times.
(A) A schematic of our custom, single-objective
SPIM microscope. (B) A side-view SPIM-FRAP
image sequence of NLS-GFP shows the simulta-
neous recovery across the entire image plane
(Video S1). Scale bars, 5 um. (C) 2D maps and his-
tograms of NLS-GFP recovery times and recovery
percentages for the SPIM-FRAP experiment
shown in (B). (D) Time series of a single-pixel in-
tensity of the image sequence shown in (B) after
Gaussian blurring. The recovery is bleach cor-
rected, and the orange curve represents an expo-
nential recovery fit. To see this figure in color, go
online.
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experiments on the same nucleus (Fig. S3 A). We observed a
positive correlation between the recovery time maps for the
first and second experiment (Fig. S3 B); however, the
magnitude of the recovery times seemed to fluctuate be-
tween measurements, potentially because the second exper-
iment is not an exact replicate of the first experiment, but
rather, a duplicated measurement in the same location
with already-depleted signal.

The source of the heterogeneous diffusion of NLS-GFP is
presently unknown and warrants further studies. Intranu-
clear phase separated nucleoli have been shown to be
more viscous than the surrounding nucleoplasm (6).
The observed heterogeneity in diffusion could then be indic-
ative of liquid-liquid phase separation in the nucleus (24).
Alternatively, these data could suggest that the heterogene-
ity of the viscosity of the nucleoplasm is due to variations in
concentration of macromolecules. This could have profound
effects on nuclear mechanical properties and mechanotrans-
duction (25). Finally, binding of the NLS to RNA could be a
source of varied diffusion (26). Regardless of the origin, the

observed spatial heterogeneity of intranuclear diffusion
highlights that intranuclear transport is similarly heteroge-
neous on >~500 nm length scales. To understand the poten-
tial origin of this heterogeneity, we sought to correlate our
diffusion measurements with nuclear structure.

Chromatin does not inhibit diffusion of NLS-GFP

Previous FCS literature has suggested that the diffusion of
small molecules through the nucleus has little correlation
with chromatin concentration (9). Further work, however,
reported through use of an FCS variant using pair correla-
tion functions that DNA does indeed play a role in hindering
transport of small molecules (27). SPIM-FRAP provides an
opportunity to address such questions as it allows for corre-
lation of recovery time maps with fluorescence images of
other structures. By collecting a fluorescence image of
H2B-mCherry before performing an SPIM-FRAP experi-
ment of NLS-GFP on the same image plane (Fig. 2 A), we
can explore any correlation between histone density and
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FIGURE 2 Chromatin density does not inhibit
diffusion of NLS-GFP. (A) SPIM-FRAP recovery
time map for NLS-GFP and a corresponding image
of H2B-mCherry. Image width is 27.2 um. (B) A
plot of normalized H2B intensity versus recovery
time shows little correlation between chromatin
structure and diffusion. (C) Correlation coeffi-
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diffusion. For each cell examined (n = 11), we plotted the
normalized H2B intensity versus the measured recovery
times per pixel (Fig. 2 B) and calculated the correlation co-
efficient (Fig. 2 C). We observed a large spread in the corre-
lation coefficients with no significant difference from zero
correlation. This implies, similar to previous work (9),
that there is no immediate spatial correlation between his-
tone density and intranuclear diffusion of NLS-GFP. How-
ever, this does not negate some of the more intricate
theories regarding barriers to long-range diffusion and sud-
den bursts of motion across dense regions of DNA (27). This
also does not exclude the possibility of a correlation be-
tween diffusion of larger molecules and chromatin density,
which could be studied by similar experiments using GFP
multimers. Additionally, SPIM-FRAP may not be able to
detect a correlation on a length scale of ~100 nm.

We further treated MDA-MB-231 cells coexpressing NLS-
GFP and 53BP1-mCherry with TSA to decondense interphase
chromatin levels (28) before performing SPIM-FRAP exper-

iments. The peak of each recovery time distribution was deter-
mined by fitting a Gaussian curve to the respective histogram;
for bimodal distributions, two peak recovery times were ex-
tracted. We observed no significant difference in peak recov-
ery times for wild-type (WT) and TSA-treated cells (Fig. 2 D).
As a positive control, we also osmotically compressed (OC)
nuclei by exchanging the media with a solution at four times
the osmolarity. OC has been previously shown to slow intranu-
clear dynamics (29). Similarly, we observed a significant in-
crease in the recovery times for OC nuclei as compared to
WT. This indicates that the lack of a difference between
TSA and WT nuclei is not due to a lack of sensitivity, but
rather, that chromatin decompaction has no physical impact
on diffusion of NLS-GFP.

Diffusion of NLS-GFP is slowed in nucleoli

It is well documented that nucleoli exhibit longer diffusion
times than the surrounding nucleoplasm (6). As a positive



control for SPIM-FRAP, we wondered whether our tech-
nique would also detect differences in diffusion across
the nucleolus. A representative example of our data is
given in Fig. 3, A—C. Nucleoli are clearly identifiable in
an H2B-mCherry image because of the absence of his-
tones and sphericity (Fig. 3 A). We also observed similar
regions of longer recovery times of NLS-GFP from the
corresponding SPIM-FRAP experiments (Fig. 3 B). To
quantify this apparent feature, we defined the nucleolus
region based solely upon the H2B-mCherry image and
subsequently separated the pixels in the corresponding
pixel-by-pixel plot of H2B intensity versus recovery time
into the nucleolus and nucleoplasm (Fig. 2 C). We
observed a clear segregation in this phase space between
the nucleolus and the nucleoplasm. This same trend of
slowed diffusion in the nucleolus held true for n = 5 sepa-
rate nuclei and SPIM-FRAP experiments (Fig. 2 D),
showing that SPIM-FRAP is able to reproduce results
regarding heterogeneous intranuclear diffusion from well-
established techniques.
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FIGURE 3 Diffusion of NLS-GFP is slowed inside of the nucleolus. (A)
Image of H2B-mCherry; arrow points to a nucleolus. Image width is 21.6
pm. (B) The corresponding map of recovery times for NLS-GFP as
measured by SPIM-FRAP. (C) A pixel-by-pixel plot of H2B intensity
versus recovery time of NLS-GFP from an SPIM-FRAP experiment. Or-
ange represents pixels deemed to be in the nucleolus based upon the
H2B-mCherry image. Blue represents all other pixels. (D) Mean recovery
times of NLS-GFP inside the nucleoplasm and the nucleolus (n = 5 nuclei).
Black dashed lines connect measurements in the same nucleus. ** repre-
sents p < 0.01 for a paired -test. To see this figure in color, go online.

Diffusion simulation converts recovery times to
diffusion coefficients

Although recovery times provide a useful means of
comparing two conditions in a given experiment, determina-
tion of the diffusion coefficient is far more useful for com-
parison of results across experiments and techniques (5).
Extraction of diffusion coefficients from FRAP experiments
requires careful modeling of the bleached geometry, and
SPIM-FRAP is no exception. We therefore developed a
simulation of diffusion during an SPIM-FRAP experiment
(Fig. 4; Video S2). The primary assumption in our model
is that diffusion in and out of the image plane is the domi-
nant source of the recovery of the fluorescence signal.
This simplifies the full 3D problem to a one-dimensional
(1D) approximation (Eq. 8). We used the theoretical profile
of our line Bessel sheet to determine the region that will
be photobleached. We additionally verified that we are
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FIGURE 4 Diffusion simulation connects measured recovery times to
diffusion coefficients. (A) Simulated diffusion for D = 15 ,umz/s. The
gray dashed line represents when the light sheet turns off. Black dashed
lines represent the region being integrated to determine recovery times.
(B) Integrated concentration between the black dashed lines in (A) as a
function of time (Video S2). (C) Plots of recovery time versus diffusion co-
efficient and of recovery percentage versus diffusion coefficient for the
simulated SPIM-FRAP diffusion process. Error bars represent standard er-
rors for parameter fits. (D) An experimental map of recovery time for NLS-
GFP and the corresponding map of D. Image with is 19.1 um. (E) A 3D
rendering of the diffusion simulation. At t = 0, the initial concentration
is the inverse of the light-sheet profile. To see this figure in color, go online.



bleaching a sheet consistent with this profile (Fig. S1; Video
S3). Furthermore, the common assumption that the photo-
bleach pulse is significantly shorter than the relevant time-
scale does not hold for our case (tp = 46 ms for 1D
diffusion, where 7 = 12D, | = 675 nm is the full width
at half maximum of the light sheet, and D = 5 ,LLmZ/S), SO
it was necessary that we account for diffusion into the region
being photobleached during the photobleach pulse.

We performed this simulation across a sweep of diffusion
coefficients, then fitted Eq. 1 to the recovery of the simula-
tion to determine the corresponding values of B and 7 for a
given diffusion coefficient (Fig. 4 C). The measured peak re-
covery times for WT cells range from 0.209 to 0.832 s with a
mean of 0.478 s. According to our simulation, this means we
observed diffusion coefficients ranging from 2.22 to
21.6 um?/s with a mean of 4.52 um?/s. The simulated values
of recovery percentage are also consistent with our experi-
ments. We can use these results to convert experimental
maps of 7 to maps of D (Fig. 4 D). Previous literature on
the intranuclear diffusion of small molecules gives diffusion
coefficients ranging from ~4 to 50 umz/s (9-11,27,30-34).
Our results then fall on the lower end of the previous re-
ported values. This could potentially be due to factors
regarding simulation, such as the principle assumptions, a
dependence of D on the geometry of the nucleus, or the spe-
cific bleach correction used in our analysis (5). Alterna-
tively, the slight discrepancy could be due to the addition
of the nuclear localization sequence to the GFP molecule,
which subsequently changes RNA binding and molecular
weight (26).

Recovery of 53BP1-mCherry is slowed at sites of
DNA damage

SPIM-FRAP has been clearly demonstrated to be a valid
technique for studying diffusion of NLS-GFP, which is a
relatively homogeneous sample. A majority of proteins of
interest do not show this same level of homogeneity. To
test whether SPIM-FRAP can be used to study the dynamics
of structures which exhibit significant heterogeneity in the
initial intensity distribution, we performed SPIM-FRAP ex-
periments on live MDA-MB-231 cells expressing 53BP1-
mCherry (Fig. 5). 53BP1 is a marker for DNA damage
(19). It forms bright foci at sites of double-stranded DNA
breaks and remains diffuse in the rest of the nucleus
(Fig. 5 A). Previous literature suggests that 53BP1 foci are
more stable than the surrounding diffuse 53BP1 (35,36).
Similar to our experiments with NLS-GFP, we were able
to extract maps of recovery times for 5S3BP1-mCherry
from our SPIM-FRAP experiments (Fig. 5 B). Consistent
with the previous literature (35,36), we observe slower re-
covery at the sites of DNA damage (Fig. 5 C). We
segmented the nucleus by hand into regions of 53BP1-
mCherry foci and diffuse 53BP1-mCherry. In principle,
more than one focus can exist in a given image; however,

for our data, we only observe one focus per image (Fig. 5
A). With this segmentation, we were able to quantify that
the average recovery time for 53BP1-mCherry foci was
larger than the diffuse 53BP1-mCherry for the two cells
we examined (Fig. 5 E). As a second means of analysis,
we segmented the nuclei into foci and diffuse regions before
extracting recovery times as opposed to fitting Eq. | to each
pixel before segmentation. We plotted the average, normal-
ized intensity after photobleaching of the foci and diffuse re-
gions and extracted recovery times by fitting Eq. 1 to these
time series (Fig. 5 D). The recovery times for this coarse-
grained approach agree well with the pixel-by-pixel analysis
used previously (Fig. 5 E). SPIM-FRAP is then not only a
useful tool for studying diffusion of homogeneous samples
but also for studying the dynamics of proteins that exhibit
significant heterogeneity, both in initial intensity distribu-
tions and the recovery maps themselves.

Limitations of SPIM-FRAP

As with any advancement in methodology, there are accom-
panying limitations. One of the immediate drawbacks of
SPIM-FRAP in its current implementation is in movement
of the sample on the timescale of the recovery being
measured. If the sample were to move into or out of plane,
a false recovery would be detected (Fig. S4). SPIM-FRAP
with accompanying volumetric imaging can remedy this
issue because one can monitor the bleached region even if
it were to move in space; SPIM-FRAP with fixed plane im-
aging, however, is limited to measuring dynamics that are
faster than cell morphodynamics and motility. Additionally,
one must carefully consider the light sheet’s depth of field,
defined to be the length scale in the direction of propagation
for which the light sheet has minimal dispersion. If the depth
of field is comparable to the size of the sample, dispersion of
the light could conflate the quantification. In our system, we
are implementing a light sheet with a theoretical depth of
field >10 um (13), whereas the height of the nuclei is gener-
ally ~5 um. Hence, our recovery maps do not show a sys-
tematic trend in the direction of propagation of the light
sheet. Our vertical light-sheet system allows us to utilize
shorter light sheets. Investigators that use other geometries
and types of light sheets must be cognizant of this upon im-
plementation of SPIM-FRAP. That is, all the considerations
associated with developing an SPIM system should also be
accounted for when using SPIM-FRAP. Light sheets are also
subject to striping artifacts (Fig. S5), which could further
complicate measurements or make them infeasible. Finally,
the presented work presumes that the concentration of bright
NLS-GFP fluorophores is effectively constant throughout
the nucleus; this is not entirely the case. The distribution
of NLS-GFP throughout the nuclear volume may not be
constant, and this may have implications for our quantifica-
tion. However, the variation of the distribution of NLS-GFP
is far smaller than the variation induced by the
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photobleaching. This may not be true for all samples, and
this should be considered in future experiments. Despite
the aforementioned limitations of SPIM-FRAP, the benefits
of resolving spatial heterogeneity with FRAP and the order-
of-magnitude improvement of acquisition time relative to
FCS prove useful for furthering the field of diffusion and
protein dynamics.

CONCLUSIONS

We have presented a unique combination of SPIM and
FRAP that proves useful for making simultaneous FRAP
measurements for each pixel in a given 2D plane. This al-
lows one to study heterogeneous diffusion and protein re-
covery on timescales ranging from milliseconds to hours.
Such measurements were not previously accessible by tradi-
tional FRAP experiments and are an order of magnitude
faster than FCS-based techniques. As with any development
in methodology, SPIM-FRAP has limitations. However, we

demonstrate that SPIM-FRAP can be used to track intranu-
clear diffusion of small molecules as well as the dynamics of
DNA damage repair proteins. The recovery times of NLS-
GFP show heterogeneity across the whole nucleus that is un-
correlated with histone density. Intranuclear diffusion also
seems to be independent of chromatin compaction levels,
pointing to other possible sources of heterogeneous distribu-
tion such as intranuclear liquid-liquid phase separation, var-
iable concentration of macromolecules, or binding of NLS
to RNA. However, the recovery times of NLS-GFP are
well correlated with nucleoli and exhibit slowed diffusion
in nucleoli relative to the nucleoplasm. We have also shown
through a 1D diffusion simulation that SPIM-FRAP pro-
duces diffusion coefficients that are consistent with previ-
ously reported values. Recovery time maps of 53BP1-
mCherry were also able to show how DNA damage foci
are more stable than diffuse repair proteins. SPIM-FRAP
is poised to be immediately implemented on almost any
light-sheet microscope with minimal software development,



making it a new, to our knowledge, tool for biologists to
study not only the timescales and magnitudes of protein
turnover and diffusion but the spatial distributions as well.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2020.07.001.
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