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Abstract

Currently, in the context of radiology, irradiation-induced and other genotoxic effects are determined by visualizing DSB-
induced DNA repair through y-H2AX immunofluorescence and direct counting of the foci by epifluorescence microscopy.
This procedure, however, neglects the 3D nature of the nucleus. The aim of our study was to use confocal microscopy and
3D reconstructed images to improve documentation and analysis of y-H2AX fluorescence signals after diagnostic examina-
tions. Confluent, non-dividing MRC-5 lung fibroblasts were irradiated in vitro with a Cs-137 source and exposed to radiation
doses up to 1000 mGy before fixation and staining with an antibody recognizing the phosphorylated histone variant y-H2AX.
The 3D distribution of y-H2AX foci was visualized using confocal laser scanning microscopy. 3D reconstruction of the
optical slices and y-H2AX foci counting were performed using Imaris Image Analysis software. In parallel, y-H2AX foci
were counted visually by epifluorescence microscopy. In addition, whole blood was exposed ex vivo to the radiation doses
from 200 to 1600 mGy. White blood cells (WBCs) were isolated and stained for y-H2AX. In fibroblasts, epifluorescence
microscopy alone visualized the entirety of fluorescence signals as integral, without correct demarcation of single foci,
and at 1000 mGy yielded on average 11.1 foci by manual counting of 2D images in comparison to 36.1 foci with confocal
microscopy and 3D reconstruction (p <0.001). The procedure can also be applied for studies on WBCs. In contrast to epi-
fluorescence microscopy, confocal microscopy and 3D reconstruction enables an improved identification of DSB-induced
v-H2AX foci, allowing for an unbiased, ameliorated quantification.
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Introduction

Maintaining the genome integrity and stability is one cen-
tral function of all cells. In particular, in higher organisms,
mutations on the basis of DNA double strand breaks (DSBs)
may be harmful, because they could be the origin of can-
cer (Berrington de Gonzalez and Darby 2004; Lobrich and
Jeggo 2007). Knowledge about genotoxicity, its sources,
the principle of DNA-repair mechanisms, and the analysis
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of DNA DSBs is very important to either increase (treat-
ment regimens in oncology) or to minimize its influence.
The latter is aimed at diagnostic radiologic X-ray-based
procedures: an as-much-as-possible minimalized degree of
radiation-induced DNA damage is mandatory in CT-scans
and interventional procedures.

DNA damage includes a wide range of DNA base modifi-
cations, single-strand breaks (SSBs) and DSBs, which are a
threat to genome stability (Tounekti et al. 2001). To maintain
genome stability, there are several cellular repair mecha-
nisms operating (Symington and Gautier 2011). If DSBs
occur due to exogenous agents, such as ionizing radiation or
during programmed recombination events, one of the first
observed cellular responses is the rapid phosphorylation
of the histone protein H2AX at serine 139 (Burma et al.
2001; Rogakou et al. 1998; Chen et al. 2000). Phosphoryla-
tion of H2AX involves the phosphatidylinositol 3-kinase
family consisting of ataxia telangiectasia mutated (ATM),
DNA-dependent protein kinase, ataxia telangiectasia and
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Rad3-related (ATR) kinases (Ward and Chen 2001; Stiff
et al. 2004; Wang et al. 2005). The phosphorylated H2AX,
termed y-H2AX, is recognized by a specific antibody and
serves as a molecular marker to visualize the onset of DNA
DSB-induced DNA repair (Pilch et al. 2003; Sedelnikova
et al. 2002). Various techniques are known to visualize
y-H2AX. The intensity of the fluorescence labelled anti-
vy-H2AX antibody is measured by fluorescence-activated cell
sorting or by counting foci using epifluorescence microscopy
(Muslimovic et al. 2008; van Oorschot et al. 2016; Fasshauer
et al. 2017; Lassmann et al. 2010; Wang et al. 2016).
Currently, in the context of radiology, irradiation-induced
DSBs after computed tomography examinations are ana-
lyzed in peripheral blood lymphocytes nuclei using the
v-H2AX immunofluorescence method to visualize the onset
of DNA DSB-induced DNA repair (Kuefner et al. 2010b,
2009; Piechowiak et al. 2015; Geisel et al. 2008; Pathe et al.
2011; Deinzer et al. 2014; Reddig et al. 2017). A disad-
vantage of the method is the fact that the 3D nature of the
nucleus is rarely taken into account (Tao et al. 2018; Kue-
fner et al. 2010a; Piechowiak et al. 2015; Wang et al. 2017).
Using epifluorescence microscopy, the entirety of fluores-
cence signals is visualized as integral without clear deline-
ation of single foci. Therefore, the aim of this study was to
use confocal microscopy and 3D reconstructed images to
enable improved documentation and analysis of y-H2AX
fluorescence signals in the context of clinical radiology.

Materials and methods
Cell culture and irradiation

MRC-5 cells, primary human fibroblasts, from the lung were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA) and grown, on coverslips, in DMEM/
Ham’s F-12 (1/1), complemented with 10% fetal bovine
serum.

Confluent, non-dividing MRC-5 cells were exposed to
the following radiation doses: 0, 200, 300, 400, 500, and
1000 mGy using a Gammacell 40 Exactor with a central
dose rate of 1000 mGy/minute at room temperature (Nor-
dion International, Ottawa, Canada). Sham-irradiation was
performed as described for the test samples but without irra-
diation. Exposed samples were kept for 10 min in a humidi-
fied incubator (37 °C, 5% CO, in air) before fixation with
acetone—methanol [1/1 (vol/vol)] for 5 min at — 20 °C.

Blood collection and irradiation
All studies have been done in accordance with the Code

of Ethics of the World Medical Association (Declaration
of Helsinki) for experiments involving humans. Peripheral
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venous blood samples of healthy staff volunteers were col-
lected in heparinized tubes (Sarstedt, Niimbrecht, Germany).

Whole blood was exposed in vitro to the following radia-
tion doses of 0, 200, 400, 800, and 1600 mGy by a Gamma-
cell 40 Exactor at room temperature. For control, cells were
sham-irradiated in all experiments.

To isolate WBCs, 200 puL blood of each sample after
10 min incubation at 37 °C was mixed with 1 mL eBio-
science™ 1-Step Fix/Lyse solution (Thermo Scientific,
Weltham, MA, USA Jersey, USA) and incubated for 10 min
at RT. WBCs were sedimented in a bench-top centrifuge for
2 min at 480xg and washed once with phosphate-buffered
saline pH 7.4 (PBS). The WBCs were resuspended in 20 pL
PBS, transferred onto a glass cover and were fixed with ace-
tone—methanol [1/1 (vol/vol)] for 5 min at — 20 °C.

Immunofluorescence

Fixed specimens were incubated with monoclonal anti-y-
H2AX Ab (1:500 dilution, Merck Millipore, Billerica, MA,
USA) for 1 h at room temperature, washed, and stained
using Alexa™ 488-conjugated goat anti-mouse secondary
antibody (1:500 dilution, Molecular Probes, Eugene, OR,
USA) for 1 h at room temperature in the dark. Cells were
washed and incubated with DAPI for 1 min and mounted
with Dako fluorescent mounting medium (Dako, Carpinte-
ria, CA, USA).

Microscopy

The 3D distribution of y-H2AX foci was visualized using
confocal laser scanning microscopy with a 63x magnifica-
tion objective (Zeiss LSM 880 confocal microscope with
Airyscan). The nucleus was visualized by DAPI. An Argon
488 nm laser and a 405 nm diode laser were used to acquire
images. DAPI was imaged by detection between 410 and
495 nm, and Alexa™ 488 labelled anti-y-H2AX Ab was
detected between 499 and 552 nm. To determine the real
number, size, and spatial arrangement of DSBs existing
inside it, optical slices with 600 nm intervals were performed
(scaling per pixel: 0.290 um X 0.290 um X 0.608 um). For
each field of view about 25-35 optical slices were usually
obtained and used for either maximal intensity projections
or 3D reconstructions. Maximum intensity projection was
performed of Z-stacks by Zeiss Zen software (Carl Zeiss
AG, Oberkochen, Germany). In addition, y-H2AX foci were
visualized by epifluorescence microscopy (Zeiss Axiovert
microscope).

3D reconstruction

Acquired confocal Z-stacks comprising up to 35 images
were reconstructed into 3D using Imaris image analysis
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software (Bitplane AG, Zurich, Switzerland). The volumes
of the nuclei (DAPI) and of the y-H2AX (Alexa™ 488) foci
were segmented using the absolute intensity threshold whose
identification is of crucial importance. Nuclear and y-H2AX
volumes were obtained separately. Touching objects were
split by the calculated seed points inside each area.

Quantification of y-H2AX foci

For quantification of y-H2AX foci by confocal microscopy
plus 3D reconstruction, a field of >20 nuclei stained by
DAPI only was selected to exclude bias. Parameters used for
DNA DSB-counts and of the number of nuclei as well (seed
points, intensity, and number of voxels) were kept constant,
within one series of experiments, for all radiation doses.
Touching objects were separated with a guide size of 0.5 um;
however, filter-type quality varied, and were adjusted for
optimal signal/noise ratios. Further, foci were counted of a
maximum projection image by eye.

In parallel, y-H2AX foci were counted visually by epif-
luorescence microscopy through the ocular. A field of about
20 nuclei was selected by DAPI staining as above. Four peo-
ple blinded for the experimental design counted the y-H2AX
foci visually.

Results
Microscopy

DNA DSBs (green signal) were examined by confocal
microscopy and by epifluorescence microscopy after an irra-
diation dose of 1000 mGy. Using confocal microscopy, all
induced DSBs identifiable in the nucleus (blue signal) were
displayed. They resided on different Z-planes. In contrast,
by epifluorescence microscopy the entirety of fluorescence
signals was visualized as integral without clear demarcation
of single foci (Fig. 1).

Fig. 1 Irradiated MRC-5
fibroblasts were fixed and DSBs
were detected by anti- y-H2AX
indirectly. Nuclei were visual-
ized by DAPI. a Optical slices
with 600 nm intervals of a
single nucleus were performed
by confocal microscopy to
visualize the whole nuclei. b
Epifluorescence microscopy
visualized the fluorescence sig-
nals in their entirety as integral
without correct demarcation of
single foci

We investigated the induction of DSBs in confluent cul-
tures of primary MRC-5 fibroblasts exposed to increasing
radiation doses. As shown in Fig. 2, the visible increase in
y-H2AX foci initially correlates with the applied radiation
dose.

3D reconstruction

The Z-stacks obtained by confocal microscopy were used
for the reconstruction and segmentation of cell nuclei and
vy-H2AX foci volumes shown in Fig. 3. Seed points (white
spheres) were calculated within each surface to split objects
and were used for 3D counting analysis. The visible seed
points in Fig. 3c, represent y-H2AX foci and were used for
DSB quantification.

Quantification of y-H2AX

To test DSB quantification using confocal microscopy,
v-H2AX foci were counted with the Imaris software after
3D reconstruction as described. In parallel, images were
counted visually of the same irradiated samples using an
epifluorescence microscope. Dose-response curves for
v-H2AX foci in irradiated MRC-5 cells up to 1000 mGy
was obtained by confocal microscopy plus 3D reconstruc-
tion, by maximum intensity projection images of the opti-
cal slices or by an epifluorescence microscope analysis
(Fig. 4). Comparison shows that the mean number of DSBs
per nucleus counted by Imaris software after 3D recon-
struction yields higher DSBs/nucleus than determined
visually (Table 1; Fig. 4.). The average number deter-
mined by epifluorescence microscope for 200 mGy, was
2.4+0.8 DSBs per cell nucleus. At 500 mGy and 1000 mGy
exposure, 6.7+2.0 and 11.1+2.1 DSBs were counted per
cell nucleus, respectively. In contrast, in two independent
experiments the 3D distribution of y-H2AX foci counted
by Imaris software yielded an average number of 13.8 +1.6
DSBs per cell nucleus for 200 mGy. An average of 23 +4.2
DSBs were counted by 500 mGy and 36.1 +3.5 DSBs per
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Fig.2 Growth-arrested MRC-5
fibroblasts cultures were
exposed to incremental radia-
tion doses. The specimens show
a dose-dependent increase in the
density of y-H2AX foci

Fig.3 Representative Z-stack images captured by confocal micros-
copy (1-12) were reconstructed to a 3D image using the Imaris soft-
ware. The yellow circled nucleus shown in the Z-stacks is magnified
as an example for the 3D reconstruction. The nucleus is depicted in
blue. In green are shown the y-H2AX foci or groups thereof. The

cell nucleus by 1000 mGy. When the number of y-H2AX
foci was analyzed by maximum intensity projection images,
an average number of 4.4+ 1.9 DSBs per cell nucleus was
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white spheres represent the seed points of anti-y-H2AX fluorescence.
a Top view of the nucleus, b, ¢ 3D views of the foci and seed points
within the nucleus, respectively. Exemplary representations of the
same nucleus as used in a—c as seen from various angles are depicted

in (d)

counted for 200 mGy. An average of 12.4 +4.1 DSBs were
counted by 500 mGy and 17.4 + 3.0 DSBs per cell nucleus
by 1000 mGy.
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Fig.4 MRC-5 cells were irradiated with 0, 200, 300, 400, 500 or
1000 mGy, incubated (37 °C) for 10 min, and fixed with acetone/
methanol. Immunofluorescence staining was performed as described.
By confocal microscopy fields of approx. 20 nuclei were selected
based on DAPI staining only to exclude bias. 3D reconstruction and
counting of foci (red circles) were performed as described. Further,
foci were counted from maximum intensity projection images by
eye (green diamonds) In addition, imaging with a epifluorescence
microscope was performed, and the images were given to four per-
sons blinded for the enumeration of foci (colored dots/lines green cir-
cles, blue circles, pink circles, purple circles individual results, black:
mean value). All curves were obtained by non-linear, sigmoid curve
fitting (dose-response curve)

In addition, the ratio between confocal microscopy and
3D reconstruction and epifluorescence microscope was cal-
culated. The ratio for 200 mGy was 5.8 +2.0. A3.4+1.2
fold higher number of DSBs compared to epifluorescence
microscopy was calculated for 500 mGy. At 1000 mGy
exposure the calculated ratio was 3.3 +0.7.

Comparison of the values obtained by 3D reconstructed
images with foci counted on major intensity projection
images or the numbers resulting from epifluorescence
microscopy by statistical means clearly showed that except
for the non-irradiated samples the numbers were signifi-
cantly different. Statistical analysis was carried out using

a multiple unpaired ¢ test on the two curves and statistical
significance was determined using the Holm—Sidak method,
with alpha=0.05 (Holm 1979). The p values obtained were
> 0.3 for the non-irradiated cells and < 0.001 for the irradi-
ated cells, respectively (Table 1).

Moreover, the quantification of DNA DSB foci by confo-
cal microscopy followed by 3D reconstruction may be used
as biologic dosimeter for radiation exposure. To this end,
blood samples were irradiated in the dose range from 0.2 to
1.6 Gy and stained for y-H2AX. Acquired image stacks were
3D reconstructed, and y-H2AX foci were counted using Ima-
ris software (Fig. 5a). An average of 1.1 +0.8 DSBs were
counted by 200 mGy, 3.3+ 1.7 DSBs per cell nucleus by
400 mGy, 8.9+ 3.1 DSBs per cell nucleus by 800 mGy and
18.4 +0.8 DSBs per cell nucleus by 1600 mGy. In paral-
lel, y-H2AX foci were counted visually by epifluorescence
microscopy. An average number of 1.2+ 0.3 DSBs per cell
nucleus was counted for 200 mGy, 1.7 +0.4 DSBs were
counted by 400 mGy, 3.17+0.6 DSBs were counted by
800 mGy and 5.6 + 1.9 DSBs per cell nuclei by 1600 mGy.
Dose-response curves for y-H2AX foci in irradiated WBCs
obtained by confocal microscopy plus 3D reconstruction or
by an epifluorescence microscope are shown in Fig. 5b.

Discussion

Genotoxicity is a wide field ranging from desired DNA
DSB in malignant cells to kill them to unwanted effects
of chemical compounds including drugs and physical
influences such as irradiation and heat for example. To
objectively estimate the genotoxicity of different origin,
its extent can be quantified by counting the number of vis-
ible y-H2AX foci. In a medical context (e.g., computer
tomography), DNA DSBs may produce genetic instability
and represent the most significant lesions after exposure to
ionizing radiation.

However, previous approaches to study radiation-induced
DSBs after diagnostic examinations neglected the 3D nature
of the nucleus. In epifluorescence microscopy the entire

Table 1 y-H2AX foci analysis on different doses of radiation in MRC-5 cells

Dose (mGy) Foci/cell nucleus (mean + SD) Difference
Confocal microscopy & 3DR /CFM MIP / 3DR
Conventional fluorescence 3D reconstruc- Maximum intensity Significant™® D Significant*® P
microscopy (CMF) tion (3DR) projection (MIP)
0 1.1+£0.5 29+2.0 0.8+0.5 No 0.309 No 0.328
200 2.4+0.8 13.8+1.6 44+19 Yes <0.001 Yes <0.001
500 6.7+£2.0 23+4.2 12.4+4.1 Yes <0.001 Yes <0.001
1000 11.1+£2.1 36.1+£3.5 17.4+£3.0 Yes <0.001 Yes <0.001

*Statistical significance was determined using the Holm-Sidak method, with a=0.05
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Fig.5 Whole blood was irradiated with 0, 200, 400, 800 or
1600 mGy, and incubated (37 °C) for 10 min. WBCs were isolated
and the y-H2AX analysis was performed by confocal microscopy and
by epifluorescence microscope. a Fields of approx. 20 nuclei were
selected based on DAPI staining only to exclude bias. 3D reconstruc-

field of the nucleus is simultaneously illuminated by light
and visualized. The illumination of other parts of the speci-
men results in background noise, which affects the quality
of the image (Nwaneshiudu et al. 2012). As a consequence
v-H2AX foci outside the focal point of the objective lens of
the microscope are not taken into account.

In contrast, confocal microscopy plus 3D imaging enable
a more realistic determination of number, size, and spatial
arrangement of the y-H2AX foci present. The significant
difference in DSB counts per cell nucleus after irradiation
between these two methods was shown in Fig. 4. Further-
more, the counting of DSBs/cell nucleus is independent of
the person evaluating.

In the present study, we show the improved y-H2AX
assay on the basis of confocal microscopy and 3D image
reconstructions. This improved assay does not simply
identify foci in each Z-plane and count them on maximum
intensity projection images as described elsewhere (Markova
et al. 2007; Borras et al. 2015; Vasireddy et al. 2010). Pro-
jecting an object from a 3D volume to a 2D plane always
results in information loss (Shihavuddin et al. 2017). Com-
parison of the values obtained by 3D reconstructed images
with the numbers resulting from maximum intensity pro-
jection images showed that except for the non-irradiated
samples the numbers were significantly higher (Fig. 3).
Foci analysis by Rothkamm et al. of irradiated MRC-5 cells
with 200 mGy after 15 min incubation time from maximum
intensity projection images resulted in about 5 foci per cell
nuclei (Rothkamm and Lobrich 2003). The value in the
present study with 4.4 +1.9 foci per nuclei (Table 1), fully
matches this result. The value at 200 mGy obtained by 3D
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tion and counting of Foci were done as described. b Shows dose
response curves of WBCs analyzed by confocal microscopy plus 3D
reconstruction red circles and by epifluorescence microscope trian-
gle. Curves were obtained by non-linear, sigmoid curve fitting (dose
response curve)

reconstructed images was higher with 13.8 + 1.6 foci per
cell nuclei.

A further method of analysis, a so called pseudo 3D
counting was described by Ivashkevich and collaborators
(Ivashkevich et al. 2011). They showed that this method
based on confocal microscopy and subsequent application
of a mathematic algorithm (pseudo 3D counting) resulted in
approximately the double number of DSBs compared with
the conventional method. The method described in the cur-
rent study, however, results in a 3.3-5.8 fold higher num-
ber of DSBs compared to epifluorescence microscopy and
doesn’t require an algorithm to analyse overlapping objects
in adjacent Z-planes.

The calculated ratio between confocal microscopy plus
3D reconstruction and epifluorescence microscopy revealed
that the ratio is not uniform with increasing irradiation
doses. Therefore, counted y-H2AX foci by epifluorescence
microscopy cannot be simply adjusted by multiplying the
determined DSBs by a uniform factor. It displays all existing
y-H2AX foci and excludes overlapping by 3D reconstructed
images.

In biological dosimetry, exact analysis of induced
v-H2AX foci is relevant. A discrepancy was observed in
foci numbers in MRC-5 fibroblasts between counts made
on maximum intensity projection images and those gener-
ated with Imaris/3D reconstruction. Foci analysis in WBC’s
by the described method enables an improved study of the
effects of ionizing radiation, with 2 to threefold higher
number of DSBs compared to epifluorescence microscopy.
Quantitatively similar results has been published for z-stack
maximum projections of confocal sections (Ivashkevich
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et al. 2011). However, in contrast to the results presented
herein the study of Ivashkevich et al. analyzed DSBs only in
enriched lymphocytes obtained from whole blood. y-H2AX
signal is present in all nucleated white blood cells, however,
the distribution of y-H2AX signal may vary between nucle-
ated blood cell types. The study of Ismail et al. showed 3
times higher level of y-H2AX signal in B-lymphocytes than
in unsorted WBC (Ismail et al. 2007). Hence, we would
expect an increase in the number of DSB foci if only lym-
phocytes were analyzed with Imaris/3D reconstruction.
Our method may increase the accuracy and sensitivity of
identifying radiation mediated DNA damage after diagnos-
tic examinations such as computed tomography. Our study
shows a sigmoid dose—response curves in MRC-5 fibroblasts
and in WBC'’s as observed elsewhere [(Wojewodzka et al.
2015), unfitted data from Fig. 3b].

Taken together, these findings enable improved documen-
tation and analysis of genotoxic radiation effects. Thus rep-
resenting a new, sensitive and reliable research tool, which
may increase the accuracy and sensitivity of identifying
radiation mediated DNA damage in future patient care.
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