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Abstract
Immunofluorescence detection of γH2AX foci is a widely used tool to quantify the induction
and repair of DNA double-strand breaks induced by ionising radiation. We observed that Xirradiation of mammalian cells exposed on glass slides induced 2-fold higher foci numbers
compared to irradiation with γ-rays. Here, we show that the excess γH2AX foci after Xirradiation are produced from secondary radiation particles generated from the irradiation of
glass slides. Both 120 kV X-rays and 137Cs γ-rays induce ~20 γH2AX foci per Gy in cells
growing on thin (~2 µm) plastic foils immersed in water. The same yield is obtained
following γ-irradiation of cells growing on glass slides. However, 120 kV X-rays produce ~40
γH2AX foci per Gy in cells growing on glass, two-fold greater than obtained using cells
irradiated on plastic surfaces. The same increase in γH2AX foci number is obtained if the
plastic foil on which the cells are grown is irradiated on a glass slide. Thus, the physical
proximity to the glass material and not morphological differences of cells growing on
different surfaces accounts for the excess γH2AX foci. The increase in foci number depends
on the energy and is considerably smaller for 25 kV relative to 120 kV X-rays, a finding
which can be explained by known physical properties of radiation. The kinetics for the loss of
foci, which is taken to represent the rate of DSB repair, as well as the Artemis dependent
repair fraction, was similar following X- or γ-irradiation, demonstrating that DSBs induced by
this range of treatments are repaired in an identical manner.

2

Introduction
DNA double-strand breaks (DSBs) represent important lesions determining most of the
deleterious effects of ionising irradiation (IR). The induction of DSBs is linearly dependent on
the radiation dose with typical yields determined by pulsed-field gel electrophoresis (PFGE)
being between 5 and 6 DSBs per Gbp per Gy for photon irradiation (summarized in (1)). This
corresponds to about 30-36 DSBs per Gy for a G1 phase diploid human cell. Recently,
γH2AX foci analysis has become a widely used tool to quantify DSBs on a single cell level
after IR (2). γH2AX foci numbers of 30-35 per Gy per G1 cell have been reported (3-8)
suggesting that there is a 1:1 correlation between γH2AX foci and DSBs after IR of nonreplicating cells. However, the precise DSB induction yields following irradiation can depend
on a number of factors (see, eg, (9)) and, we show here, are critically dependent upon the
surface upon which the cells are grown and irradiated.
When photon radiation interacts with matter, secondary electrons can be emitted by
either the photo-electric or Compton effect. The majority of DSBs after IR are produced by
such secondary electrons at sites distant to the original photon track. For photon energies
below ~60 keV, the photo-electric effect is the predominant process generating secondary
electrons with energies similar to the original photon energy (10). The number of electrons
generated due to this process is strongly dependent on the atomic number, Z, of the irradiated
matter (proportional to the fourth power of Z). Hence, irradiation of material with high Z
generates many more secondary electrons than irradiating low-Z material, and low-Z material
can receive additional energy which is deposited by secondary electrons generated in nearby
material with high Z. The range of the secondary electrons varies from ~2 µm for 10 keV
electrons to ~100 µm for 100 keV electrons and determines the size of the area surrounding
high-Z material in which additional energy is deposited ((11) and references therein). Thus,
cells X-irradiated with photon energies of ~60 keV (eg X-rays) may receive a higher dose if
material with high Z is present within a few tens of micrometers. Typical dosimetric
procedures employ conditions representing a cell surrounded by tissue or aqueous material,
such as a tissue-equivalent gas in an ion-chamber or an aqueous solution. Hence, standard
dosimetry estimations likely underestimate the dose received by cells X-irradiated in close
proximity to high-Z material. Above photon energies of ~60 keV, the Compton effect
represents the main interaction process for photon radiation with matter. The deposited energy
per mass (ie the dose) due to this process is essentially independent of Z. Hence, cells
irradiated with photon energies considerably higher than 60 keV (eg γ-rays) are unlikely to be
influenced by the close proximity of high-Z material.
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Most of the procedures for γH2AX foci analysis involve the irradiation of cells
growing as monolayers on glass coverslips. This contrasts to most other techniques for
measuring DSBs, eg PFGE, and, indeed, most other cellular analysis, which utilise cells
irradiated in plastic cell culture flasks or dishes. The atomic composition of glass involves a
significant contribution of Silicium with an atomic number Z of 14. This raises the possibility
that cells X-irradiated on a glass surface during γH2AX foci analysis receive a higher dose
than estimated via standard dosimetry measurements. Here, we compare γH2AX foci numbers
in cells growing on different surfaces and demonstrate that irradiating cells on glass surfaces
with 25 or 120 kV X-rays (representing photon energy distributions with intensity maxima of
~15 and ~60 keV, respectively) leads to a considerable increase in foci numbers compared
with irradiation conditions on plastic surfaces or on water. This is an important consideration
for cellular biologists exploiting radiation to examine DNA damage response mechanisms.
Thus, caution should be taken when comparing DSB induction and repair by γH2AX foci
analysis following X-irradiation on glass coverslips with other cellular responses examined
using techniques that involve growth of cells on plastic surfaces, such as FACs analysis,
Western Blotting, and cell survival studies.
Additionally, we exploited the exquisitely sensitive γH2AX foci assay to monitor
parameters of repair following X- or γ-irradiation. Our results show that DSBs induced by
photon energies ranging from 15 to 660 keV are repaired with similar kinetics and have a
similar dependency upon Artemis and ATM for their repair.
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Materials and Methods
Cell culture
Primary human fibroblasts MRC-5 (wild-type, European Collection of Animal Cell Cultures
no. 84101801), HSF1 (wild-type, kindly provided by H.P. Rodemann, University of
Tübingen, Tübingen, Germany), 180BR (hypomorphic for DNA ligase IV (12)), CJ179 and
F01-240 (both deficient for Artemis (7)), and hTert immortalized derivates, 48BRhTert (wildtype, Medical Research Council, Brighton, UK) and CJ179hTert were grown in minimal
essentail medium (Biochrom) supplemented with 10% (MRC-5, HSF1, 48 hTert, CJ179
hTert) or 20% (180BR, CJ179, F01-240) FCS, non-essential amino acids and antibiotics.
Cells were grown and irradiated on ~0.2 mm glass coverslips (primary fibroblasts: D263M,
Schott Desag AG, Grünenplan, Germany; hTert immortalized fibroblasts: GNCS 102222,
G&N Ltd, Billingshurst, West Sussex, UK) or on ~2 µm mylar foil which formed the bottom
of cylindrical plastic rings (13). All experiments were performed with nondividing confluent
cultures with at least 95% of the cells in G1, as determined by flow cytometry in pilot
experiments.

Irradiation and dosimetry
Primary fibroblasts were irradiated in cell culture medium at room temperature. X-irradiation
at 25 or 120 kV was performed using a Phillips PW2184 or a Müller MÖD 150Be X-ray
machine, respectively, both equipped with tungsten anode and a thin (<0.2 mm) beryllium
window. Samples were positioned at a distance of ~30 cm above the beryllium window. For
the 120 kV setting, a 9 mm aluminum plate directly positioned above the window and a 1 mm
aluminum plate holding the samples were used for filtering. This setup provided an X-ray
bremsstrahlung-spectrum with photon energies from ~30 to 120 keV and a predominant
characteristic X-ray peak at ~60 keV (14). For the 25 kV setting, only a plate holding the
samples (0.5 mm aluminum) was used, providing a bremsstrahlung-spectrum from ~8 to 25
keV with an intensity maximum at ~15 keV and no significant characteristic X-ray peak (15).
The dose rates were ~0.5 Gy/min and ~1 Gy/min for the 25 and 120 kV settings, respectively.
γ-irradiation with an energy of 660 keV was performed using a 137Cs source oscillating
vertically. Samples were placed at a distance of ~30 cm from the source and were rotated
during irradiation. The setup provided a dose rate of ~3.5 Gy/min without any significant
filtering. Fricke dosimetry was performed for 120 kV X-irradiation and 137Cs γ-irradiation.
Physical dosimetry was performed for the two X-ray energies. An ion chamber for photon
energies from 7.5 to 100 keV (SN4, M23342-751; PTW Freiburg, Freiburg, Germany) was
used for both 25 and 120 kV X-rays. Additionally, an ion chamber for energies above 70 keV
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(SN4, M23331-453; PTW Freiburg, Freiburg, Germany) was utilized for the 120 kV X-rays.
For the 120 kV X-rays, results from both ion chambers and from Fricke dosimetry were
identical within ~10%, demonstrating that the different procedures provide similar results.
hTert immortalized fibroblasts were X-irradiated at 120 kV using a Comet MXR320/26 X-ray machine with tungsten anode, beryllium window and 1 mm aluminum filtering.
Samples were placed at a distance of 65 cm from the window and irradiated at a dose rate of
~0.5 Gy/min. γ-irradiation was performed using a 137Cs source (Gammacell 1000, Atomic
Energy of Canada Ltd). Samples were rotated during irradiation at a dose rate of ~8.5 Gy/min.

Immunofluorescence
Primary fibroblasts were fixed in 2% paraformaldehyde for 15 min, washed in PBS for 3 x 10
min, permeabilized for 5 min on ice in 0.2% Triton X-100 in 1% FCS in PBS, and blocked
with 1% FCS in PBS for 3 x 10 min at room temperature. Samples were incubated with antiγH2AX monoclonal antibody (1:200; Upstate, Charlottesville, VA) in 1% FCS in PBS for 1 h,
washed in 1% FCS in PBS for 3 x 10 min, and incubated with Alexa Fluor 488-conjugated
goat anti-mouse secondary antibody (1:500; Molecular Probes, Eugene, OR) in 1% FCS in
PBS for 1 h at room temperature. Cells were washed in PBS for 4 x 10 min and mounted
using Vectashield mounting medium with 0.000025% 4,6 diamino-2-phenylindole (Vector
Laboratories, Burlingame, CA). Foci were counted by eye during the imaging process using a
x63 objective on a Zeiss Axioplan 2 imaging epifluorescent microscope equipped with ISIS
software (MetaSystems, Altlussheim, Germany). In a single experiment, at least 40 cells were
analysed per sample.
hTert immortalized fibroblasts were fixed in 2% paraformaldehyde, 2% sucrose in
PBS for 10 min at room temperature and permeabilized in 0.2% Triton X-100 in PBS for 2
min. Samples were incubated with anti-γH2AX monoclonal antibody (1:800; Upstate,
Charlottesville, VA) in 2% bovine albumin fraction V in PBS for 30 min at 37°C, washed
with PBS for 3 x 10 min, incubated with FITC-conjugated goat anti-mouse secondary
antibody (1:200; Molecular Probes, Eugene, OR) in 2% bovine albumin fraction V in PBS for
30 min at 37°C, and again washed with PBS for 3 x 10 min. Nuclei were counterstained with
4,6 diamino-2-phenylindole (0.000025% in PBS) for 10 min, mounted using Vectashield
mounting medium (Vector Laboratories, Burlingame, CA) and examined using a Leitz
DIAPLAN x100 objective.
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Results and Discussion
Previous comparison of γH2AX foci numbers obtained from our two laboratories suggested a
marked difference in the initial yield as well as in the level of foci remaining at defined times
post irradiation (see, eg, reference 7 and data not shown). The evaluation of the same samples
by both laboratories using different microscopic systems excluded the possibility that
different scoring conditions could account for different foci numbers. Hence, we considered
the possibility that the different radiation qualities used in our two laboratories (mainly γ-rays
in the PAJ lab and X-rays in the ML lab) produce different foci numbers and undertook a
systematic study to address this.
We irradiated parallel samples of primary human fibroblasts grown on glass coverslips
to confluency with varying doses of 25 kV X-rays, 120 kV X-rays or 137Cs γ-rays and scored
γH2AX foci at 15 min post irradiation (Fig. 1). Remarkably, we observed an approximately
two-fold higher yield of foci per cell after 120 kV X-irradiation than after γ-irradiation (~40
foci per Gy vs. ~20 foci per Gy). 25 kV X-rays produced ~20% less foci than 120 kV X-rays
(Fig. 1). Such a significant difference between X- and γ-rays was highly surprising but
reproduced consistently in both laboratories (data not shown). However, it is difficult to
reconcile the difference in foci numbers between X- and γ-rays with their similar physical
properties, and experiments using PFGE with cells irradiated in flasks failed to reveal a
similar pronounced difference in DSB yields (see reference (1) for a summary of many data
sets).
In the course of a different study, we observed that the yield of γH2AX foci in
lymphcytes irradiated in suspension with 120 kV X-rays increases substantially when contrast
medium was added prior to irradiation. Constrast medium has a high atomic number, Z, and is
used during radiodiagnostic procedures to increase energy absorption. Elevated γH2AX foci
numbers were not observed if the contrast medium was added immediately after irradiation, ie
it has to be present at the time of irradiation. Remarkably, contrast medium does not enhance
the foci yield for γ-rays, whose main interaction process is the Compton effect and for which
no increase in dose would be expected (manuscript in preparation).
We, therefore, examined whether the higher foci numbers for X-rays compared with γrays following irradiation of cells on glass coverslips might reflect excess radiation damage
generated by secondary electrons originating from the glass material. We irradiated cells
growing on thin (2 µm) plastic foils with 25 kV X-rays, 120 kV X-rays or 137Cs γ-rays (Fig.
2). Strikingly, when the plastic foil was positioned on a plastic dish during irradiation, all
three radiation qualities produced the same foci yield (~20 foci per Gy), which was also
7

similar to the yield after γ-irradiation of cells on glass. The similar yield for γ-rays suggests
that different morphological features for cells growing on different surfaces are unlikely to
account for the elevated foci numbers for cells X-irradiated on glass. To provide further
evidence for the notion that proximity to the glass material can increase the radiation damage,
we placed the thin plastic foils containing the cells on top of a glass slide during irradiation.
We observed increased foci numbers after 120 kV X-irradiation similar to that observed for
cells growing on glass, ie an increase from 20 per cell per Gy to 40 per cell per Gy if a glass
slide is placed directly underneath the plastic foil without being in contact with the cells (Fig.
2). Interestingly, no increase in foci number due to the proximity of glass material was
observed for 25 kV X-rays consistent with the notion that most electrons generated by 25 kV
X-rays have energies of ~15 keV and a maximum range in water of ~3 µm and, hence, are
unlikely to penetrate the foil, the cell cytoplasm and reach the cell nucleus. A considerable
elevation in foci number after 120 kV X-irradiation is also observed if an Aluminum plate
(Z=13) is positioned directly underneath the plastic foil, suggesting that other high-Z material
can produce a similar effect. Finally, we examined the induction of γH2AX foci in cells under
conditions closely resembling their natural cellular environment by placing cells growing on
the thin plastic foils onto a water surface during irradiation. About 20 foci per Gy per cell
were observed for 25 kV X-rays, 120 kV X-rays and 137Cs γ-rays.
We routinely estimate DSB induction by monitoring the yield of γH2AX foci 15 min
post irradiation since at this time the foci have grown to a size which is suitable for reliable
quantification. However, as we have shown previously some DSB repair can occur during the
first 15 min post irradiation and foci numbers assessed at 3 min post irradiation are ~20-40%
higher (5). Hence, initial foci numbers suggest that ~25 foci are formed per Gy per cell. This
is slightly lower than the reported 30-36 DSBs per Gy per cell assessed by PFGE analysis (1).
It is possible that γH2AX foci analysis may underestimate DSB formation. Alternatively, the
PFGE technique may overestimate the initial number of DSBs as heat-labile sites produced by
IR can be transformed into DSBs during the lysis step of PFGE (16).
We next sought to compare the rate of DSB repair for the three conditions, namely 25
and 120 kV X- and 137Cs γ-irradiation on glass coverslips (Figs. 3 and 4). The results
demonstrate that all three radiation conditions induced γH2AX foci that were repaired with
the same kinetics both in DSB repair-proficient wild-type cells and in repair-deficient cells
hypomorphic for DNA ligase IV. Moreover, all had a similar fraction of foci that required
ATM and Artemis for their repair. 50% of the foci induced by 120 kV X-rays are derived
from irradiation of the glass material. However, the repair kinetics was identical to that
observed for 25 kV X- and γ-rays. Firstly, this verifies that the excess γH2AX foci are
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induced via the mechanism described, ie by secondary electrons, and represent DSBs.
Secondly, our findings suggest that DSBs induced by photon energies ranging from 15 to 660
keV are repaired with similar kinetics and thus, we assume are of similar complexity. This is
important for allowing the comparison of rates of repair between laboratories, who may use
different radiation sources and radiation conditions. Another important factor which can
influence the energy of the radiation applied is the use of filtering devices. This may vary
between radiation sources and may also affect the yield of DSBs. Our findings would suggest
that whilst this may influence the DSB yield, it is unlikely to impact significantly on either the
rate of repair or the magnitude of the Artemis dependent fraction. Indeed, a similar Artemis
dependent fraction has been observed in different laboratories despite the different radiation
conditions used (7, 17, 18, 19).
In summary, we have shown that cells X-irradiated on glass slides exhibit an excess of
DSBs which are produced by secondary electrons generated from the irradiation of the glass
material. Thus, the dose received by a cell X-irradiated on glass can be considerably higher
than suggested by standard dosimetry measurements. Indeed, the dose was two-fold higher for
cells irradiated with 120 kV X-rays on glass compared to irradiation on plastic surfaces. The
elevation in foci number is not observed for γ-rays. This difference can be explained by
known physical parameters of radiation. Given the increased sensitivity of biological assays
to monitor DNA damage, it is important for biologists exploiting radiation as a DNA
damaging agent to consider these physical attributes of radiation not only when comparing
findings between laboratories but even within a laboratory if different surfaces are employed.
However, we show that the kinetics for DSB repair are unaffected by the increase in dose as
the extra DSBs arising appear to be of a similar complexity, and are repaired at a similar rate.
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Fig. 1: γH2AX foci assessed at 15 min post irradiation in primary human fibroblasts (squares:
HSF1 cells; diamonds: CJ179 cells). The cells were grown and irradiated on glass coverslips
immersed in cell culture medium inside a plastic dish. All three radiation qualities produced
foci numbers proportional to dose (25 kV X-rays: 33 foci/cell/Gy; 120 kV X-rays: 41
foci/cell/Gy; γ-rays: 21 foci/cell/Gy; derived from a linear fit to the data from both cell lines).
Note that non-linear relationships between foci and dose were observed for foci numbers
greater than ~50 foci per cell, probably reflecting difficulties in scoring high foci numbers
(data not shown). Error bars represent the SE from at least 3 independent experiments.

Fig. 2: γH2AX foci assessed at 15 min post irradiation with 1 Gy in primary human
fibroblasts (MRC-5 cells). The cells were either grown and irradiated on glass coverslips as
for Fig. 1 (left group of columns) or were grown and irradiated on thin plastic foils which
represented to bottom of a plastic ring (remaining four groups). The foils carrying the cells on
top were placed onto different materials during irradiation: onto a plastic dish, a glass
coverslip, a thin (2 mm) aluminum plate or a thin (5 mm) water layer. For all irradiations, cell
culture medium was present in the plastic ring to prevent cells becoming dry. Irradiation was
delivered from the bottom, ie photons had to penetrate the different materials at the bottom of
the plastic foil, then the foil and then reached the cells. Control experiments had shown that
the different materials did not shield the radiation to any measurable extent (data not shown).
Error bars represent the SE from at least 3 independent experiments.
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Fig. 3: Kinetics for the loss of γH2AX foci assessed at various times post irradiation with 2
Gy in primary human fibroblasts grown on glass coverslips (WT: MRC-5 control cells; Lig4:
DNA ligase IV defective 180BR cells; Art: Artemis defective F01-240 cells). Left panels:
Foci numbers per cell. Right panels: Percentage of foci remaining. These values were
obtained by dividing the foci numbers at different time points by the foci numbers at 15 min.
The latter numbers were calculated from the induction yield obtained in Fig. 1 for the three
different radiation qualities. Error bars represent the SE from at least 3 independent
experiments.
13

Fig. 4: Kinetics for the loss of γH2AX foci assessed at various times post irradiation with 1
Gy 120 kV X-rays or 2 Gy γ-rays in hTert immortalized human fibroblasts grown on glass
coverslips (squares: 48BRhTert control cells; diamonds: Artemis defective CJ179hTert cells).
1 Gy 120 kV X-rays and 2 Gy γ-rays provide similar numbers of foci per cell at all analysed
time points, demonstrating a two-fold higher induction yield for X-rays relative to γ-rays but
similar kinetics of foci loss for both radiation qualities. Data represent results from a single
experiment.
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