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aBStraCt
Dna double-strand breaks (Dsbs) are amongst the most dangerous types of 
Dna damage. unrepaired, Dsbs may lead to cell death and when misrejoined, 
they can result in potentially carcinogenic chromosome rearrangements. The 
induction of Dsbs and their repair take place in a chromatin microenvironment. 
Therefore, understanding and describing the dynamics of Dsb-containing 
chromatin is of crucial importance for understanding interactions among 
Dsbs and their repair. recent developments have made it possible to study 
ionizing-radiation induced foci of Dsb repair proteins in vivo. Here we describe 
techniques that can be applied to visualize and analyze the spatio-temporal 
dynamics of Dsb-containing chromatin domains in mammalian cell nuclei. 
analogous procedures may also be applied to the analysis of mobility of other 
intranuclear structures in living cells.

INtroDuCtIoN
ionizing radiation is known to induce multiple types of Dna modifications, 
including base adducts and pyrimidine dimers, single-strand breaks (ssbs) and 
double-strand breaks (Dsbs) (1). of these, Dsbs are among the most dangerous. 
if unrepaired, or joined incorrectly, they may cause cell death or chromosome 
rearrangements that can lead to cancer (2-4). living organisms are equipped 
with efficient surveillance and repair mechanisms that are responsible for 
keeping genetic information intact (5,6). in mammalian cells, the majority of 
two-ended breaks, such as those caused by ionizing radiation, are repaired 
by the members of the non-homologous end joining pathway, including the 
ku70/ku80 complex, the Dna-Pk catalytic subunit, Dna ligase iV, and Xrcc4. 
This repair pathway is active throughout the cell cycle, but it is error-prone 
(7,8). an alternative Dna repair system, homologous recombination, is active 
mainly in the s/g2 phases of the cell cycle, at post-replicative chromatin, where 
duplicated Dna can serve as a template to accurately restore the damaged 
Dna to its original state. Proteins involved in homologous recombination 
include rad51, rad54, the rad51 paralogs, and the breast cancer associated 
protein brca2 (9).

Dsb repair-related processes have been studied in great detail using 
biochemical and genetic methods (5). recently, fluorescent protein technology 
has opened up the field of the Dsb repair to living cell microscopy. Many Dsb 
repair-related proteins have been reported to accumulate at microscopically 
discernible ionizing radiation-induced foci (iriFs) at sites of Dsbs (10). iriFs may 
vary in size, accumulation- and lifetime. it is speculated that iriFs might provide 
increased local protein concentrations needed for efficient Dsb processing. 
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iriFs most probably mark a physiological chromatin microenvironment, suitable 
for Dna repair activities. Therefore, details on mobility, dynamics and lifetime of 
the iriFs are important to understand processing of Dsbs at the chromatin and 
nuclear levels. Moreover, they can serve to resolve long-standing controversies 
concerning interactions between Dsbs contained in the separate iriFs and the 
formation of chromosome translocations (11-15).

Time-lapse imaging and analysis of processes in living cells requires 
meticulous Dna cloning and cell culture procedures as well as robust 
microscopy and image processing techniques (16). First, vectors expressing 
proteins of interest fused to fluorescent tags (usually gFP variants) are 
generated. expression vectors must then be transferred into the Dna of 
mammalian cells. cell lines expressing the proper amount of the fluorescently 
tagged protein of interest may then be used for imaging of cellular processes 
on which the tagged protein reports. Direct analysis of dynamics of intracellular 
structures is hindered by the mobility of the cell itself. objects under analysis 
move relative to the coordinate system of the cell nucleus but, at the same 
time, this coordinate system rotates and translates as the cell moves. Therefore, 
to unify the coordinate system across the entire time series, the cell nuclei must 
be transformed back to the reference coordinate system of the nucleus at time 
point 0. This operation, further called alignment, can be achieved by various 
methods. To calculate the rotational and translational components of the cell 
movement, analysis of density gradient of a fluorescence signal covering the 
entire cell nucleus can be used (17). other methods are based on maximizing 
correlation functions (18,19) and require extraction of features from the images 
followed by establishment of spatial correspondences between objects at 
subsequent time points.

in this chapter, we describe analysis of the dynamics of Dsb-containing 
iriFs, labeled with 53bP1-gFP, a fluorescently tagged protein involved in the 
cellular response to Dsbs (20). First, we describe the transfection of mammalian 
u2os (osteosarcoma) cells with the expression vector and the isolation of 
stably transfected clones. construction of the fusion protein expression vector 
is described elsewhere (21). We then provide a description of the microscopy 
technique used to capture 3-D time-lapse images of γ-radiation induced iriFs 
in living cells (see Fig. 1a). next, cell translation and rotation during the imaging 
is eliminated using a data alignment approach based on the iterative closest 
Point (icP) algorithm in Matlab scripting language (22). This method requires 
extraction of iriFs’ positions from the pictures using image thresholding (23), 
followed by calculation of the individual centers of gravity (the most stable 
description of their position). To correct for the movement of the nucleus 
between time point 0 and a given time point, the coordinates of all centers of 
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gravity at a given time point are aligned with the coordinates at time point 0 
using icP. The aligned coordinate sets are then checked for iriFs that, within 
a single time interval, moved over a distance exceeding a preset value. This 
can be a consequence of optical merging or disappearance of objects leading 
to false nearest neighbor correspondence assignment. such false-assigned 
events are removed from the coordinate sets and excluded from the analysis. 
Following alignment, the spatio-temporal properties of the iriFs in the cell 
nucleus can be analyzed. The data on iriFs’ dynamics are presented as the 
mean squared displacement (MsD) and an average of displacements of all iriFs 
in the analyzed cell per time step (see Fig. 2a-c). The slope of the initial part of 
the MsD versus time can be used to calculate the diffusion coefficient of the 
iriFs. The shape of the MsD curve can be used to obtain information on the 
type of process (unrestricted diffusion, restricted diffusion or directed motion) 
that governs the dynamics of the iriFs. 

The procedure described here has been used by the authors to analyze 
the mobility of other nuclear structures, e.g. intra-nuclear aggregates of 
ataxin1-gFP (24), centromeres labeled by cenPb-gFP, fluorescently labeled 
nucleotides incorporated into Dna and telomeres labeled by TrF2-gFP (data 
not shown). Depending on the research question, the live-cell imaging, image 
processing and data analysis procedures described here can be adapted to 
individual needs.

materIaLS
microscopy
1. inverted wide-field fluorescence, phase-contrast microscope (leica ir-be, leica Mi-

crosystems gmbH, germany, or other inverted fluorescence microscope with Z-motor 
drive, see Note 1).

2. incubator enclosing the microscope, maintaining an atmosphere of 10% co2 at a 
temperature of 37°c (custom-made or other microscope incubator).

3. Motorized microscope stage (Märzhäuser Wetzlar, germany), allows for simultaneous 
imaging of multiple fields in one experiment. 

4. light source for fluorescence imaging: mercury or metal halide lamp (e.g. metal-
halide el6000, leica). Metal-halide lamps, although more expensive, provide longer 
lifetime. also, their intensity can be manually adjusted.

5. a filter cube for gFP imaging (c1, leica, excitation 450-490 nm, emission 500-550 
nm).

6. cooled ccD camera (kX85, apogee instruments, usa).
7. a Plan apo 63x/1.40 oil objective (leica).
8. glass-bottom cell culture dishes (Fluorodish FD35, World Precision instruments lTD, 

england). 
9. custom-made fixture for the glass-bottom cell culture dishes on the microscope 

table.
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10. image Pro Plus (iPP) software (Media cybernetics, usa).
11. Time-lapse image acquisition plug-in with auto-focusing routine, custom-written for 

iPP or other time-lapse, 3-D image acquisition software.

Cell culture and transfection
1. u2os osteosarcoma cell line.
2. 37°c incubator, 10% co2.
3. Dulbecco’s Modified eagle’s Medium (DMeM) (gibco/brl, usa) supplemented with 

10% fetal bovine serum.
4. solution of trypsin (0.25%) and 1 mM ethylenediamine tetraacetic acid (eDTa) (gibco/

brl).
5. 35 mm and 10 cm cell culture-treated plastic Petri dishes.
6. pegFP-n1 mammalian expression vector containing full-length 53bP1 insert (21).
7. Fugene 6 transfection reagent (roche Diagnostics, usa).
8. DMeM, for transfection used without fetal bovine serum (gibco/brl).
9. Puromycin (bD biosciences, belgium).
10. inverted phase-contrast, cell-culture microscope with 10x objective.

Ionizing radiation source
11. a cesium 137cs gamma-radiation source.

Image processing
1. Huygens Pro image deconvolution software (scientific Volume imaging, The neth-

erlands)
2. Matlab programming environment (Mathworks inc, usa).
3. Dipimage image processing toolbox for Matlab (Quantitative imaging group, The 

netherlands).
4. iterative closest Point (icP) alignment algorithm (22), implementation custom-written 

in Matlab scripting language.
5. semi-automatic image alignment routine based on icP, custom-written in Matlab 

programming language. 

methoDS
transfection and isolation of stable cell line expressing 53BP1-GFP
This section describes transfection of cells with the 53bP1-gFP expression vector and 
isolation of stably transfected clones.
1. Maintain the u2os cells in DMeM supplemented with 10% Fcs and antibiotics in an 

atmosphere containing 10% co2.
2. 24 hrs prior to transfection, plate 5x106 cells into 10 cm Petri dish. 
3. Mix 6 µg Dna with 1 ml of serum-free DMeM, add 20 µl Fugene 6, incubate 15 min at 

room temperature. adjust the Dna/Fugene ratio according to the Fugene 6 product 
manual if transfection efficiency is low.

4. add the mixed reagents to the Petri dish, incubate 24 hrs.
5. add puromycin to the culture medium to a final concentration of 1 µg/ml. after this 

step, maintain cells in culture medium supplemented with puromycin (see Note 2).
6. incubate cells for 5-7 days, refreshing medium every 2-3 days.
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7. Trypsinize cells; use a 5 ml syringe with a 21 gauge needle to obtain single-cell sus-
pension. count and plate cells into 4 new dishes in concentrations 105, 104, 103 and 
102 cells per dish. incubate 6-7 days until single colonies consisting of at least 100 
cells are formed.

8. observe the dishes with colonies using an inverted fluorescence microscope with 10x 
objective. Mark (on the bottom side of the culture dish) positions of 20-30 colonies of 
cells containing green nuclei using a felt-tip pen (see Note 3). 

9. install an inverted cell-culture microscope equipped with 10x objective in laminar 
flow cabinet to avoid contamination. Trypsinize cells in the 10 cm dish while carefully 
observing cells under the microscope. carefully add 10 ml of medium when cells 
round up, but are still attached to the bottom. Transfer the dish onto the microscope. 
use a 100 µl micro-pipette cleaned with 70% ethanol and sterile tips to carefully suck 
up the cells while scratching the marked green colonies with the tip. Take care not 
to mix two or more colonies. Transfer each collected colony into a 35 mm culture 
dish and incubate until the cell cultures are 20-50% confluent. Then check cells in 
each dish for gFP expression. subculture dishes containing high percentage of stably 
expressing cells into 75 cm2 flasks.

10. Test selected cell lines for the presence of 53bP1-gFP protein by immuno-blotting 
using antibodies against both 53bP1 and gFP. cell lines expressing truncated protein 
products should be excluded. screen for cell lines displaying equal expression levels 
of endogenous and gFP-tagged 53bP1. Freeze suitable cells in liquid nitrogen for 
extended storage.

Irradiation of cells and time-lapse microscopy
in this section we describe cell culture conditions and irradiation, followed by time-lapse 
3-D microscopy of the iriFs in living cells (see also ref. 25).
1. Plate 7.5x105 cells into the glass-bottom dish, 24 hrs prior to the experiment (see 

Note 4). 
2. irradiate cells with required dose. Typically, 4-5 gy should yield a number of iriFs suf-

ficient for analysis. keep the dish with cells on a 25 cm2 culture flask filled with 37°c 
water during irradiation to minimize cooling of cells. 

3. Put a drop of immersion oil on the 63x/1.4 objective. Mount the dish onto the mi-
croscope stage. Wait 5-10 min until the temperature inside the incubation chamber 
is stabilized.

4. Pick cells for imaging. select multiple imaging fields if motorized XY microscope 
stage is available.

5. image cells for required length of time, using auto-focusing if available. illuminate 
cells as short as possible to minimize photo-toxicity (see Note 5). acquire 5 -10 
optical sections, with 300-500 nm Z interval (see Note 5). save images as single-
channel, gray-scale 3-D stacks in ics 1.0 format (see Note 6).

Image processing and object extraction
This section provides step by step instructions for image processing required for extraction 
of iriF coordinates from captured 3-D images using Matlab and Dipimage. The dynamic 
behavior of the cell on a cover-slip poses a serious problem in the analysis of dynamics 
of objects inside of living cells. nuclei of living cells undergo constant morphological 
changes and move. correction for the mobility of the cell nucleus is performed using 
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the coordinates of iriFs extracted from the images after thresholding. each subsequent 
operation is illustrated in the example Matlab code. Where applicable, the numbers in 
parenthesis identify the lines where the described operation is executed in the example 
code. The line numbers refer to the position in the file ‘iriFtracking.m’ when it is opened 
in Matlab. The ‘iriFtracking.m’ file and files containing the icP algorithm code as well as 
installation instructions can be downloaded from ‘http://www.amc.nl/cmo’.
1. Process 3-D images with Huygens 2 software (see Fig. 1a). use the classic iterative 

Mle deconvolution algorithm.
2. compare the shape of analyzed nucleus in the first and the last image of the time 

series. exclude nuclei that undergo extensive morphological changes from the 
analysis (see Note 7).

3. Perform gaussian filtering of the image with large sigma (code line 51, also see Note 
8).

4. segment the gaussian-filtered image using the isodata thresholding to find pixels 
that belong to the cell nucleus (code line 52, also see Note 9).

5. Process the original image using the median filter with a sigma comparable to the 
size of the iriFs (code line 53, also see Note 10).

6. From the median-filtered image, isolate pixels that were detected as belonging to 
the cell nucleus (code line 54).

7. Detect the iriFs by isodata thresholding of the nuclear part of the median-filtered 
image (code lines 55-56). 

8. calculate the coordinates of the gravity centers of the detected iriFs (code line 57).

Data alignment and analysis
after image processing and extraction of the iriFs’ coordinates from all images forming 
a time series, the 3-D data clouds must be corrected for the movement of the cell nuclei. 
The movement of the cell nucleus is treated here as rigid body transformation, consisting 
of translational and rotational components in the X-Y plane. The icP algorithm is used 
here to align the clouds of iriF coordinates (23). To describe the dynamics of iriFs in 

Fig. 1 Visualization and tracking of 53bP1-gFP iriFs in a u2os cell. (a) Maximum intensity 
projection of a reconstructed 3-D image of a u2os cell expressing 53bP1-gFP, 20 min 
after exposure to 4 gy of gamma-radiation. The mobility of iriFs that are marked by 
black crosses was analyzed (see b and Fig. 2). (b) Visualization of trajectories of iriFs. 
Inlays show magnified trajectories of 2 spots. The color of the trajectories indicates time.
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living cell nuclei, the mean square displacement (MsD), average distance covered by the 
iriFs per time step and their average diffusion coefficient are calculated.
1. For all time steps, calculate the shift between image at time point ti and ti-1 (code lines 

79-86, see Note 11).
2. For all time steps, shift coordinates from the time point ti to ‘prealign’ them with the 

coordinates at time point ti-1 (code lines 88-89).
3. For all time steps, find the indices of the nearest neighbor of each object from the 

coordinate set at time ti-1, in the coordinate set from the subsequent time point ti 
(code line 91-92).

4. Find and remove multiple-assigned nearest neighbors (code line 94-101, also see 
Note 12).

5. apply the icP algorithm to the coordinate set from the first (t0) time point and co-
ordinate sets from all subsequent (t1,2,3,…n ) time points to calculate the rotation and 
translation between the first and all subsequent time points (code line 111). 

6. apply the rotation and translation to the data sets (code line 113).
7. Find and remove objects that in a single time step moved further than the allowed 

distance (code lines 119-125, also see Note 13).
8. Perform definitive icP alignment of the first (t0) and subsequent (t1,2,3,…n) coordinate 

sets to calculate the rotation and translation matrices (code line 134).
9. apply the rotation and translation to the data sets (code line 135). at this time, the 

data can be plotted to visualize the trajectories of iriFs (see Fig. 1b).
10. using the calculated rotation and translation, align all images from the time series to 

the first image. create maximum intensity projections (MiPs) of aligned images. Mark 
the MiPs by black crosses at the coordinates of the gravity centers of the iriFs for 
visualization purposes (code lines 141 and 216-245, also see Fig. 1a).

11. check images visually for objects that may have been assigned incorrectly, exclude 
these from further analysis (see Note 14).

12. For each iriF, calculate the squares of the distances between the positions of the iriF 
at time point t0 and at time points t1,2,3,…n. calculate mean of the distances of all iriFs 
after each time point (code lines 145-153, also see Figs. 2a, 2b).

13. calculate mean displacement of all objects in the cell per time step (code line 154, 
also see Fig. 2c). 

NoteS
1. Here we describe the use of a conventional wide-field fluorescence microscope; 

a confocal microscope is also suitable. a confocal system has the advantage of a 
better resolution in the Z-direction. a disadvantage is that, compared to excitation 
under a conventional fluorescence microscope, more photo-toxicity is induced by 
the laser scanning of a confocal microscope. However, recent findings demonstrate 
reduced photo-toxicity and bleaching using a modified confocal microscope (26). 
When using a non-confocal system, it should be equipped with a motorized Z-drive, 
which enables 3-D imaging.

2. The cells may be Facs-sorted after this step to enrich the gFP-expressing popu-
lation. Puromycin is an antibiotic toxic for mammalian cells. The pegFP-n1 vector 
contains puromycin resistance gene. incubation of pegFP-n1-transfected cells in 
medium complemented with puromycin selects for the cells stably expressing the 
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construct. it is recommended, but 
not always necessary, to maintain 
stable cell lines in the presence of 
the antibiotic.

3. expression levels within the trans-
fected cell population can vary 
to a high degree. The amount 
of expressed gFP fusion protein 
should be comparable to the level 
of endogenous protein. Therefore 
colonies of cells with medium-low 
to medium levels of gFP in the 
nucleus and low in the nucleoli and 
cytoplasm should be selected. 

4. To limit movement of cells, which 
is convenient for the process-
ing of images, cells should be 
>90% confluent at the time of ex-
periment. avoid over-confluency. 
nuclei of cells in over-confluent 
cultures may be rounded-up. This 
requires collecting more optical 
sections to capture the entire 
Z-depth of the nucleus.

5. Prolonged exposure of cells to 
fluorescent light is toxic due to free 
radical production and resulting 
protein and Dna damage. The flu-
orescence intensity of gFP fusion 
proteins varies between clones and 
cells. The exposure time should 
therefore be adjusted for each 
cell individually. as a rule, minimal 
exposure time necessary to obtain 
images sufficiently exposed should 
always be used. note that an image that looks very noisy frequently contains enough 
information for the image deconvolution software. The number of optical sections 
per time point should also be limited. between 5 and 10 optical sections, at 300-500 
nm intervals is enough to image most of the cell nucleus of flat, adherent cells. More 
optical sections may be required for cells with less flat nuclei and for cells in over-
confluent cultures.

6. if the image capturing software does not support the ics file format, the images may 
be saved in other format and later converted using Dipimage.

7. chromatin is tightly connected to the nuclear membrane. Therefore, changes of the 
nuclear morphology result in apparent motion of the iriFs that are located close 
to the membrane. This motion can lead to overestimation of the iriFs’ mobility. 
Therefore it is suggested to exclude from the analysis the cell nuclei undergoing 
morphological changes.

Mobility of selected IRIFs
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Fig. 2 analysis of the mobility of 53bP1-gFP 
iriFs. (a) squared displacement of 2 iriFs 
(magnified in Fig. 1b) from their positions 
at time 0 as a function of time. (b) Mean of 
the squared displacement (MsD) of all iriFs 
from their positions at time 0 as a function 
of time. (c) Mean displacement per time 
step (2 min) of the individual iriFs (bars 
1-22) and mean displacement per time step 
of all iriFs in analyzed cell (bar 23). error 
bars indicate standard deviation.
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8. Filtering the image with gaussian filter with large sigma reduces noise and enhances 
large objects (such as the cell nucleus). 

9. isodata thresholding is based on the intensity histograms of the entire image. in 
an image of 53bP1-gFP expressing cell, the intensity of area outside of the cell 
nucleus is low. The nucleus, with exception of nucleoli is uniformly green, on top 
of the nuclear staining there are more intensely green iriFs. isodata thresholding of 
the entire image would therefore detect the low-intensity areas outside of the cell 
nucleus as the background and the entire nucleus as object. Therefore to detect the 
iriFs, only the pixels belonging to the cell nucleus must be thresholded. Then, the 
uniform nucleus staining is detected as background and the iriFs as objects.

10. a median filter with small sigma reduces the noise in the image and enhances the 
detection of the iriFs. 

11. This initial shift is later used to establish correspondences between objects from 
images taken at 2 subsequent time points; it does not include rotation of the cell.

12. Tracked iriFs frequently vanish from the image (due to limited Z-axis imaging or 
actual disappearance of the iriFs) or merge. as a consequence, an iriF could be 
assigned to more than one nearest-neighbor pair. Therefore, multiple-assigned 
neighbors should be removed from the analysis.

13. Vanishing or merging of iriFs during imaging causes false nearest-neighbor assign-
ments, leading to overestimation of iriFs’ mobility. a remedy is to exclude iriFs that 
move over a distance larger than a maximum, user-defined distance in a single time 
step. This distance should be approximately 2 times larger than average distance 
covered by the tracked objects between 2 subsequent time points. in our experi-
mental conditions, the maximum allowed distance was 800 nm per 2 min. if images 
are collected at longer time intervals, the maximum allowed distance might be pro-
portionally increased.

14. randomly localized iriFs frequently are positioned close to one another. such close 
localization results in optical ‘merging’ of objects and their tracking during the entire 
experiment fails. However, such events can be usually detected by an observer, as 
the human brain is highly skilled in pattern recognition. Wrongly tracked iriFs might 
strongly influence the mobility measurements and should be excluded from the 
analysis.
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