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Abstract

Purpose: Radiotherapy is an effective cancer treatment, but a few patients suffer severe radiation toxicities in neighboring normal tissues.There is increasing evidence that the variable susceptibility to radiation toxicities is caused by the individual genetic predisposition, by subtle
mutations, or polymorphisms in genes involved in cellular responses to ionizing radiation. Doublestrand breaks (DSB) are the most deleterious form of radiation-induced DNA damage, and
DSB repair deficiencies lead to pronounced radiosensitivity. Using a preclinical mouse model,
the highly sensitive gH2AX-foci approach was tested to verify even subtle, genetically determined DSB repair deficiencies known to be associated with increased normal tissue radiosensitivity.
Experimental Design: By enumerating gH2AX-foci in blood lymphocytes and normal tissues
(brain, lung, heart, and intestine), the induction and repair of DSBs after irradiation with therapeutic doses (0.1-2 Gy) was investigated in repair-proficient and repair-deficient mouse strains in vivo
and blood samples irradiated ex vivo.
Results: gH2AX-foci analysis allowed to verify the different DSB repair deficiencies; even slight
impairments caused by single polymorphisms were detected similarly in both blood lymphocytes
and solid tissues, indicating that DSB repair measured in lymphocytes is valid for different and
complex organs. Moreover, gH2AX-foci analysis of blood samples irradiated ex vivo was found
to reflect repair kinetics measured in vivo and, thus, give reliable information about the individual
DSB repair capacity.
Conclusions: gH2AX analysis of blood and tissue samples allows to detect even minor genetically defined DSB repair deficiencies, affecting normal tissue radiosensitivity. Future studies will
have to evaluate the clinical potential to identify patients more susceptible to radiation toxicities
before radiotherapy.

Radiotherapy is an effective cancer treatment, but, even with
highly conformal treatment planning, associated radiation
toxicities in neighboring normal tissues remain the major
limiting factor for delivering tumoricidal doses. Clear differences exist between patients regarding their individual normal
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tissue responses after radiotherapy. Even after strictly identical
treatment modalities, some patients seem to tolerate the
treatment well, whereas others develop severe radiationinduced side effects. There is increasing evidence that the
patient-to-patient variability in normal tissue response is caused
primarily by their genetic predisposition, by subtle mutations,
or polymorphisms in genes involved in cellular responses to
radiation (1 – 3). Predictive assays that accurately determine
normal tissue tolerance in individual patients would permit to
modify the treatment in radiosensitive individuals to prevent
severe side effects and to intensify radiotherapy in relatively
resistant patients, thereby improving the therapeutic ratio in
cancer treatment (4 – 6).
DNA double-strand breaks (DSB) are the most deleterious
form of radiation-induced DNA damage, and numerous in vitro
studies emphasize the tremendous effect of efficient DSB
response systems on cell survival after exposure to ionizing
radiation (7 – 10). Furthermore, heritable genetic disorders,
such as Ataxia-telangiectasia (A-T) and LIG-4 syndromes,
characterized by well-defined deficiencies in DSB repair, are
associated with pronounced clinical radiosensitivity (11 – 16).
Such highly expressing familial genetic disorders are rare, but
other minor deficiencies based on polymorphisms in DNA
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nant pathway for repairing DSBs in mammalian cells (22, 23).
BALB/c mice possess two naturally occurring single nucleotide
polymorphisms in the DNA-PKcs gene, which reduce but do
not eliminate DNA-PKcs activity (24). Among commonly used
inbred mouse strains, BALB/c mice have been consistently
found to be unusually radiosensitive (24, 25). A-T mice harbor
mutations in the A-T – mutated (ATM) protein and are also
characterized by increased radiosensitivity and a predisposition
to cancer (26 – 29). A-T – mutated protein is the central
component of the signal transduction pathway responding
to DSBs and regulates a component of DSB repair by NHEJ
(14 – 16, 30 – 32). Here, we established the gH2AX-foci
approach in blood lymphocytes and various normal tissues to
investigate the repair of DSBs in SCID, BALB/c, and A-T mice
compared with repair-proficient C57BL/6 mice.
Using this preclinical mouse model, we evaluate the
feasibility of the gH2AX-foci approach to verify DSB repair
deficiencies as a valuable tool in predictive testing for clinical
normal tissue radiosensitivity.

Translational Relevance
About 50% of patients with malignant tumors receive
radiotherapy with curative or palliative intent. Most patients
seem to tolerate radiotherapy well, but a few patients suffer
severe radiation-induced side effects, even after strictly
identical treatment. New insights suggest that the increased
susceptibility to radiation toxicities may result from subtle
mutations or polymorphisms in DNA damage ^ response
genes. The most deleterious form of radiation-induced DNA
damage are double-strand breaks (DSB), and deficiencies in
repairing DSBs cause pronounced radiosensitivity. Using a
preclinical mouse model, we tested the highly sensitive
gH2AX-foci analysis to verify even subtle, genetically determined DSB repair deficiencies known to be associated with
increased normal tissue radiosensitivity. Most notably,
gH2AX-foci analysis of blood lymphocytes provides precise
information about the genetically defined DSB repair capacity, shown to be valid for different and complex organs in a
given individual. Because DSB repair capacity is a determining factor for normal tissue responses not only after ionizing
radiation, but also after treatment with DNA-damaging chemotherapeutics, the gH2AX-foci analysis of blood samples,
applicable in diagnostic routine, can possibly serve as general predictive test in cancer treatment to identify patients
more susceptible to normal tissue toxicities.

Materials and Methods

damage response genes are expected to be more common in the
human population.
Despite significant advances in the mechanistic understanding of DSB repair pathways, only little is known about the
induction and processing of radiation-induced DSBs in vivo,
i.e., in complex cell systems of normal tissues under physiological conditions of living organisms. The analysis of DSB
repair has, for many years, relied on techniques such as pulsedfield gel electrophoresis that require high irradiation doses and,
thus, was restricted to in vitro studies. Recently, the gH2AX-foci
approach, an extraordinarily sensitive technique to monitor
DSB repair even after therapeutic and diagnostic irradiation
doses, has been established (17, 18). After ionizing irradiation,
histone H2AX molecules in megabase chromatin regions
adjacent to break sites are phosphorylated within minutes on
serine-139 residues. This phosphorylated form of H2AX,
termed gH2AX, can be visualized by immunofluorescence
analysis and forms discrete nuclear foci, which reflect sites of
DSBs. gH2AX-foci analysis is a highly sensitive technique to
detect DSBs, and the kinetics of gH2AX-foci loss strongly
correlate with the time course of DSB repair (19, 20).
In the present study, we tested the gH2AX-foci approach for
its potential to verify even subtle, genetically determined DSB
repair deficiencies known to be associated with increased
clinical radiosensitivity. For this purpose, we investigated the
repair of DSBs in various mouse strains, which harbor defined
DSB repair deficiencies. Highly radiosensitive severe combined
immunodeficiency (SCID) mice have a major DSB repair defect
caused by a spontaneous mutation in the gene encoding the
catalytic subunit of the DNA-dependent protein kinase (DNAPKcs; ref. 21). DNA-PKcs is a core protein of nonhomologous
DNA end-joining (NHEJ), generally considered the predomi-
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Animal irradiation (in vivo). Adult SCID (CB17/Icr-Prkdc scid/
Crl), A-T (129S6/SvEvTac-Atm-tm1Awb-/J), BALB/c (BALB/cAnNCrl),
and C57BL/6 (C57BL/6NCrl) mice (Charles River Laboratories)
received whole body irradiation with 0.1, 0.5, 1, or 2 Gy, respectively
(linear accelerator, 6MV-photons; dose-rate, 2 Gy/min). The experimental protocol was approved by the Medical Sciences Animal Care
and Use Committee of the University of Saarland.
Blood/tissue isolation. For DSB induction in different tissues, 3
C57BL/6 mice per dose were analyzed 10 min postirradiation. For DSB
repair kinetics, 3 different mice per strain were analyzed at 0.5, 2.5, 5,
24, and 48 h postirradiation. In each case, three sham-irradiated mice
per strain served as controls. After anesthesia, blood was harvested by
aortal puncture; subsequently, brain, lung, heart, small intestine were
immediately removed and placed in fixative. Formalin-fixed tissues
were embedded in paraffin and sectioned at a thickness of 4 Am.
Blood irradiation (ex vivo). Whole blood of BALB/c and C57BL/6
mice were irradiated ex vivo (X-ray, 90 kV and 19 mA; dose-rate, 2 Gy/
min), and DSB repair kinetics were evaluated in isolated lymphocytes at
0.5, 2.5, 5, and 8 h postirradiation (3 mice per strain per time point, 3
sham-irradiated controls per strain). For DSB induction (5 min
postirradiation), isolated lymphocytes were irradiated ex vivo to prevent
repair during isolation process.
gH2AX-immunofluorescence (blood lymphocytes). Lymphocyte separation was done according to the manufacturer’s instructions (Percoll;
PAA). Isolated lymphocytes were fixed in formaldehyde, washed in
Tween 20 and spotted onto coverslips. Samples were fixed in methanol,
permeabelized in acetone, and incubated with anti-gH2AX antibody
(Upstate; 1:800) followed by Alexa Fluor 488 – conjugated goat-antimouse secondary antibody (Invitrogen; 1:400). Afterwards, samples
were mounted in VECTAshield with 4’,6-diamidino-2-phenylindole
(Vector Laboratories).
gH2AX-immunohistochemistry (tissues). After dewaxing in xylene
and rehydration in graded alcohols, tissue sections were boiled in
citrate buffer, preincubated with H2O2, and blocked with rabbit serum
(PAA). Afterwards, sections were incubated with anti-gH2AX antibody
(Upstate; 1:800 dilution), followed by biotinylated goat-anti-rabbit
antibody (Dako; 1:200). Sections were labeled by avidin-biotinperoxidase complex, followed by diaminobenzidine development
(Sigma-Aldrich). Finally, sections were counterstained with hematoxylin and mounted in Entellan (Merck).
gH2AX-immunofluorescence (tissues). After dewaxing in xylene and
rehydration in graded alcohols, sections were boiled in citrate buffer
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and preincubated with goat serum (ICN). Afterwards sections were
incubated with anti-gH2AX antibody (Upstate; 1:800), followed by
Alexa Fluor 488 – conjugated goat-anti-mouse secondary antibody
(Invitrogen; 1:200). Finally, sections were mounted in VECTAshield
with 4’,6-diamidino-2-phenylindole (Vector Laboratories).
Colocalization of gH2AX and 53BP1 (tissues). For double labeling,
sections were incubated with anti-gH2AX antibody (Upstate; 1:400)
and anti-53BP1 (Bethyl; 1:200) followed by Alexa Fluor 488 – and
Rhodamine-Red – conjugated secondary antibodies (Invitrogen; 1:400).
Foci analysis. Fluorescence images were captured by using Nikon
E600-epifluorescent microscope equipped with charge-coupled device
camera and acquisition software (Nikon). For quantitative analysis, foci
were counted by eye using objective magnification of 60 and 100.
Foci counting was done until at least 40 cells and 40 foci (lymphocytes)
or 80 cells and 40 foci (tissues) were registered for each data point.
Statistical analysis. To evaluate potential differences in the DSB
repair capacity of the various mouse strains (SCID, A-T, BALB/c, and
C57BL/6), the statistical comparisons were done at each time point
(0.5, 2.5, 5, 24, and 48 h postirradiation) by ANOVA Bonferroni Post
hoc test, using the statistical software SPSS Version 15 (SPSS, Inc.). The
criterion for statistical significance was a P value of <0.05.

Results
DSB repair in blood lymphocytes (in vivo). First, we analyzed
the DSB repair in vivo by counting gH2AX-foci in blood
lymphocytes after whole-body irradiation of the mice. Representative examples of gH2AX-labeled blood lymphocytes
analyzed at 0.5, 2.5, 5, and 24 hours after irradiation with 2
Gy are depicted in Fig. 1A. The time course of gH2AX-foci loss in
blood lymphocytes of the different mouse strains after exposure
to 2Gy is shown in Fig. 1B. Although similar numbers of
gH2AX-foci were observed at 5 minutes postirradiation (Fig. 1B,
inset; f23 foci per cell), the various mouse strains showed
clearly distinct kinetics of foci loss. Lymphocytes from repairproficient C57BL/6 mice exhibited a rapid decrease in foci
number within the first hours (0.5-5 hours) postirradiation.
This fast component of foci loss was followed by a slower
process at later times, and only very low levels of damage were
observed at 24 hours (1.0 foci per cell) and 48 hours (0.5 foci
per cell) postirradiation. As expected, DNA-PKcs – deficient
lymphocytes of SCID mice known to be severely deficient in
DSB rejoining showed considerably increased gH2AX-foci
numbers at all analyzed repair times (P < 0.0001), consistent
with the involvement of DNA-PKcs in the fast and slow
component of DSB repair. We also investigated A-T mice
deficient for A-T mutated, whose specific involvement in the
slow component of DSB repair was recently established with
fibroblast cell cultures (30). Significantly, A-T mice showed
elevated levels of remaining foci at later time points (5-48
hours) postirradiation (P < 0.006), but foci numbers similar to
C57BL/6 mice after short repair times (0.5-2.5 hours). Thus,
both SCID and A-T mice with distinct deficiencies in DSB repair
show kinetics of gH2AX-foci loss, which closely mirror the DSB
repair defects of DNA-PKcs – and A-T – mutated-deficient cell
systems in vitro (14, 22). We also tested BALB/c mice with
described radiosensitivity that seems to result from a polymorphism in DNA-PKcs (24, 25). Compared with radioresistant
C57BL/6 mice, blood lymphocytes derived from radiosensitive
BALB/c mice revealed slightly increased foci levels at 5 and
24 hours (P < 0.043) but not at 48 hours postirradiation. This
phenotype is consistent with a slightly slower but functional
DSB repair process in BALB/c mice. Collectively, our data show
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Fig. 1. A, gH2AX-immunofluorescence staining in blood lymphocytes analyzed
at 0.5, 2.5, 5, and 24 h after in vivo irradiation (2 Gy) of repair-proficient C57BL/6
mice. Note that the images show optical sections providing information from only
a thin focal plane. For enumerating gH2AX-foci per cell, the whole depth of the
nuclei was scanned by focusing manually along the optical axis (z-direction;
original magnification, 1,000) B, gH2AX-foci analysis in blood lymphocytes of
repair-deficient (SCID, A-T, BALB/c) and repair-proficient (C57BL/6) mouse strains
after in vivo irradiation (2 Gy). Scoring the loss of gH2AX-foci allowed us to verify
the different, genetically determined DSB repair deficiencies, including the minor
impairment of BALB/c mice. Points, mean from three experiments; bars, SE.

that analyzing the kinetics for gH2AX-foci loss can be used to
assess the DSB repair capacity in lymphocytes of irradiated mice.
gH2AX-immunohistochemistry and gH2AX-immunofluorescence in tissues. To investigate to what extent DSB repair
measured in peripheral blood lymphocytes correlates with
the DSB repair of complex solid tissues, we established
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gH2AX-immunohistochemistry and gH2AX-immunofluorescence. Combining these two staining techniques permits both
accurate identification of cells in complex tissue morphology and
precise quantification of gH2AX-foci numbers per cell.
Figure 2A shows the immunohistochemical staining of
gH2AX in brain, lung, heart, and small intestine of repairproficient C57BL/6 mice analyzed at 0.5 hours post-2 Gy
irradiation compared with unirradiated controls. After testing
different antigen retrievals and optimizing staining procedures,
nearly 100% of the nuclei in brain, lung, heart, and small
intestine stained positively for gH2AX at 0.5 hours after
irradiation with 2 Gy, whereas unirradiated tissues were almost
completely negative for gH2AX. Although the nuclear gH2AXstaining intensity increased with irradiation dose and decreased
with postirradiation repair time, gH2AX-immunohistochemistry does not provide a real quantitative assessment but allows
the allocation of DSBs to the nuclei of the different cell types in
complex tissues.
Please note that the pictures of unirradiated tissue samples in
Fig. 2A were consciously chosen to show some kind of positive
staining, demonstrating that all tissue sections were stained in
the same way. Although in the unirradiated brain tissue, the

diffuse gH2AX staining of the single nucleus presumably
belongs to an apoptotic cell (33 – 35), the discrete punctuate
gH2AX staining, visible in only very few cells of unirradiated
tissues, likely reflects naturally occurring DSBs arising from
biological or environmental sources, best perceptible in
unirradiated heart tissue (Fig. 2A, arrows).
Figure 2B shows representative examples of gH2AX-immunofluorescence staining in the different tissues at 0.5 and
5 hours after irradiation with 2 Gy compared with unirradiated
controls. Although unirradiated normal tissues were predominantly negative for gH2AX-foci, discrete nuclear gH2AX-foci
were observed at 0.5 and 5 hours postirradiation. The clear
reduction in foci number with time (apparent between 0.5 and
5 hours in all analyzed tissues, compare Fig. 2B) indicates that
gH2AX-immunofluorescence analysis can be used to quantify
DSBs in solid tissues and, thus, provides the opportunity to
measure DSB repair in complex organs.
It is noteworthy that the diffuse background staining is
caused by the standardized fixation process used to precipitate
the protein components to preserve the structural integrity of
the tissue samples. This aldehyde fixation creates tissue-specific
autofluorescence by forming cross-linkages between cellular

Fig. 2. A, immunohistochemical staining of gH2AX (diaminobenzidine, brown) in brain, lung, heart, and small intestine at 0.5 h after in vivo irradiation (2 Gy) compared
with unirradiated controls. Unirradiated normal tissues were almost completely negative for gH2AX, except for the diffuse gH2AX-stained nucleus belonging presumably to
an apoptotic cell (unirradiated brain), and very sparsely distributed punctuate gH2AX-staining likely reflecting naturally occurring DSBs, best perceptible in unirradiated
heart tissue (arrows). In contrast, an intense granular staining of nearly all nuclei was apparent after irradiation (br, bronchiolar epithelium; original magnification, 600).
B, immunofluorescence staining of gH2AX (FITC, green) in brain, lung, heart, and small intestine at 0.5 and 5 h after in vivo irradiation (2 Gy) compared with unirradiated
control. Although unirradiated tissues were predominantly negative, discrete nuclear gH2AX-foci were observed at 0.5 and 5h postirradiation. The time-dependent reduction
in foci number indicates that gH2AX-immunofluorescence can be used to measure DSB repair. Note that the images show just cross-sections; for enumerating gH2AX-foci,
a manual z-scan covering the entire nucleus in the three-dimensional tissue section has to be done (original magnification, 600).
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Fig. 3. A, DSB induction quantified by
enumerating gH2AX-foci in brain, lung,
heart, and small intestine at 10 min after
in vivo irradiation of repair-proficient
C57BL/6 mice. All analyzed organs revealed
the same linear dose correlation from 0.1to
1Gy. The line is a linear fit to the data
points of the lung. Points, mean from three
experiments; bars, SE. B, DSB repair kinetics
of repair-deficient (SCID, A-T, and BALB/c)
and repair-proficient (C57BL/6) mouse
strains evaluated by counting gH2AX-foci in
brain, lung, heart, and small intestine at
defined time points after in vivo irradiation
(2 Gy). The DSB repair deficiencies of the
genetically defined mouse strains can be
verified in the different tissues. Points, mean
from three experiments; bars, SE.

macromolecules, which is independent from the existence of
DNA damage. For the quantification of DSBs, we counted the
gH2AX-foci in the nuclei of the different tissues. Thus, the
unspecific effect of autofluorescence had no influence on our
quantitative analysis of DSB induction and repair.
In the brain, enumeration of gH2AX-foci was confined to the
cerebral cortex of the midbrain, consisting of functional neuronal cells and supporting glial cells (Fig. 2A and B). In the lung,
the enumeration of gH2AX-foci was confined to the bronchiolar
epithelium where clearly separated nuclei allowed a reliable
quantitative analysis (Fig. 2A and B). In the heart, the myocardium of ventricles consisting of striated fibers with longitudinally cut nuclei was used for gH2AX-foci analysis (Fig. 2A
and B). For the analysis of DSB repair in the small intestine, the
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epithelial cells of the mucosal surface forming villi and crypts
were analyzed for gH2AX-foci formation (Fig. 2A and B).
All images in Fig. 2B were obtained by conventional
fluorescence microscopy and, thus, show optical sections
providing information from only a thin focal plane. Moreover,
the image acquisition of complex tissues is hampered by the
fact that the various nuclei are located in different focus levels,
such that the images in Fig. 2B just show variable cross-sections
of nuclei varying in size and foci number. However, for
enumerating gH2AX-foci per cell, the whole depth of the nuclei
was scanned by focusing manually along the optical axis
(z-direction).
DSB induction in normal tissues. Generally, the induction of
DSBs is linearly dependent on the irradiation dose. However,
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definite DSB induction yields of different organs may depend
on tissue-specific technical demands to visualize and enumerate
gH2AX-foci. Therefore, the induction of DSBs was quantified
by enumerating gH2AX-foci per cell in the different tissues at
10 minutes after whole body irradiation of repair-proficient
C57BL/6 mice. Ten minutes was the minimum time necessary
to harvest the mice and retrieve the organs. Figure 3A shows the
quantitative relationship between the number of gH2AX-foci
per cell of the brain, lung, heart, and small intestine and the
irradiation dose. For all analyzed organs, we observed the same
linear dose correlation from 0.1 Gy (f0.8 foci per cell) to 1 Gy
(f8 foci per cell).
DSB repair in normal tissues (in vivo). The DSB repair
kinetics of different mouse strains are shown in Fig. 3B,
evaluated by counting gH2AX-foci in brain, lung, heart, and
small intestine at defined time points (0.5-48 hours) after
irradiation. Significantly, in all analyzed tissues, the genetically
defined DSB repair defects of the different mouse strains could
be clearly verified. Repair-proficient C57BL/6 mice exhibited
the fastest decrease in foci number with time, and displayed
only low levels of residual damage at 24 and 48 hours
postirradiation. In contrast, SCID mice showed highly increased gH2AX-foci levels at all repair times (P < 0.0001),
whereas A-T mice exhibited a lesser defect, which was most
significant at later time points (z5 hours; P < 0.012). Similar to
our lymphocyte data (Fig. 1B), radiosensitive BALB/c mice
exhibited slightly elevated foci numbers compared with C57BL/
6 mice at 5 and 24 hours (P < 0.033; with the exception of lung
24 hours postirradiation, P = 0.073) but not at 48 hours
postirradiation. Collectively, the DSB repair kinetics of the
different mouse strains measured in various organs were nearly
identical to the kinetics obtained from peripheral blood
lymphocytes. Thus, data obtained in blood lymphocytes give
valuable information about the DSB repair capacity of complex
solid tissues of different organs.
To confirm our findings, we did an independent analysis to
evaluate the DSB repair in solid tissues. Instead of counting
gH2AX-foci per cell, we quantified the number of cells with z5
gH2AX-foci, as shown for the heart tissue in Fig. 4A. This
alternative evaluation procedure provides similar results with
regard to the DSB repair capacities of the different mouse
strains, which support our original conclusions. In Fig. 4B, the
distributions of the number of cells with n foci were included,
exemplarily for the heart tissue 5 hours postirradiation. The
graph shows the distributions of data points for the different
mouse strains (C57BL/6, BALB/c, A-T, and SCID) and the
corresponding theoretical fits of the Poisson probability
distribution to these data. It is important to note that the
width of the distributions does not reflect uncertainties in foci
counting but is indicative of the stochastic nature of focus
induction by irradiation.
To provide an independent assay of unrepaired DNA damage
in solid tissues, we established the immunofluorescence
staining for the p53 binding-protein 1 (53BP1), representing
another highly significant marker for DSBs (36 – 38). 53BP1 has
been shown to be recruited to sites of DSBs within several
minutes after exposure to ionizing irradiation and forms
irradiation-induced foci, which colocalize with gH2AX (39).
In Fig. 5A, the colocalization of gH2AX and 53BP1 can clearly
be shown in all analyzed tissues at 5 hours postirradiation,
whereas unirradiated tissues were almost completely negative.

www.aacrjournals.org

Moreover, we counted the gH2AX- and 53BP1-foci in the
double-stained tissues at 5 hours postirradiation for all mouse
strains (C57BL/6, BALB/c, A-T, and SCID; Fig. 5B). The nearly
identical foci counts for gH2AX and 53BP1 in a given tissue
section underscore that gH2AX-foci represent reliable marker
for DSBs and, thus, can be used to analyze DSB repair in
normal tissues.
DSB repair in blood lymphocytes (ex vivo). Finally, whole
blood of BALB/c and C57BL/6 mice were irradiated ex vivo and
DSB repair kinetics were evaluated by gH2AX-foci analysis at
0.5, 2.5, 5, and 8 hours postirradiation. Although the gH2AXfoci numbers were slightly higher compared with the in vivo

Fig. 4. A, quantification of the percentage of cells with z5 gH2AX-foci,
representatively shown for the heart tissue. This alternative evaluation procedure
provides similar repair kinetics and allows to verify the DSB repair deficiencies
of the different mouse strains. Points, mean from three experiments; bars, SE.
B, distribution of the number of cells with n foci, exemplarily shown for the heart
tissue 5 h postirradiation. The graph shows the distributions of data points for
the different mouse strains (bar graphs) and the theoretical fits of the Poisson
probability distribution to these data (line plots).
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Fig. 5. A, immunofluorescence double-staining of gH2AX (green) and 53BP1 (red) in brain, lung, heart, and small intestine analyzed at 5 h after irradiation with 2 Gy,
compared with unirradiated controls. DNA was counterstained with 4’,6-diamidino-2-phenylindole (blue), and images were merged to determine colocalization (yellow).
By double labeling, the colocalization of gH2AX and 53BP1can clearly be shown in all analyzed normal tissues at 5 h postirradiation, whereas unirradiated tissues were
almost completely negative. Note that the images show just cross-sections; for enumerating gH2AX- and 53BP1-foci, a manual z-scan covering the entire nucleus in the
three-dimensional tissue section has to be done (original magnification, 1,000). B, analysis of gH2AX- and 53BP1-foci in brain, lung, heart, and small intestine of all mouse
strains (C57BL/6, BALB/c, A-T, and SCID) obtained at 5 h after irradiation with 2 Gy. Foci analysis in the double-labeled tissues revealed nearly identical foci counts for
gH2AX and 53BP1, underscoring that gH2AX-foci in normal tissues represent reliable markers for DSBs. Columns, mean from two experiments; bars, SD.
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data (Fig. 1B; presumably due to a slightly slower repair process
under ex vivo conditions), our results in Fig. 6 show that even
the minor DSB repair impairment of BALB/c mice can be
verified after ex vivo irradiation of blood samples. As blood of
patients is easily accessible before radiotherapy, these results
show the feasibility of the gH2AX-foci approach to screen for
DSB repair deficiencies in a clinical setting.

Discussion
The present study was designed to investigate whether
gH2AX-foci analysis represents a valuable tool to identify the
genetically defined DSB repair capacity as determining factor
for normal tissue radiosensitivity. We established the gH2AXfoci analysis to assess the induction and repair of radiationinduced DSBs in blood lymphocytes and various normal tissues
of DSB repair – proficient and DSB repair – deficient mouse
strains after clinically relevant irradiation doses. Analyzing the
kinetics for gH2AX-foci loss allowed us to verify the different
DSB repair deficiencies of the genetically defined mouse strains.
Even the previously identified slight DSB repair impairment of
BALB/c mice caused by a polymorphism in DNA-PKcs (24) was
verified in our study by the gH2AX-foci approach in both blood
lymphocytes and solid tissues, indicating that DSB repair
measured in lymphocytes is valid for these different and
complex organs. Based on our findings, we conclude that
gH2AX-foci analysis of blood samples can give precise
information about the genetically defined DSB repair status
of individuals, with the potential to predict their clinical
normal tissue radiosensitivity.
Validation of gH2AX-foci analysis. In a recent study by Sak
et al. (40), gH2AX-foci formation in peripheral blood
lymphocytes of cancer patients was analyzed after local
radiotherapy for different tumor types. Although broad
correlations were observed between the mean number of
gH2AX-foci per lymphocyte and the integrated total body

Fig. 6. gH2AX-foci analysis in blood lymphocytes of BALB/c and C57BL/6 mice
after ex vivo irradiation (2 Gy) of blood samples. Even the DSB repair impairment
of BALB/c mice can be verified by slightly increased foci numbers at 5 and 8 h
postirradiation compared with repair-proficient C57BL/6 mice. Points, mean from
three experiments; bars, SE.
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dose, several factors related to inhomogenous irradiation
conditions were found to effect on the results of that clinical
study (40). To circumvent these confounding factors, the
animals in our experimental study received a homogenous
whole-body irradiation resulting in a stochastic induction of
DNA damage in all cells of the body, and thus, in all blood
lymphocytes. Indeed, the distribution of the number of
gH2AX-foci per cell was in agreement with the stochastic
nature of radiation-induced focus formation and could be
described by Poisson statistics (compare Fig. 4B).
Here, we show that radiation-induced DSBs can be monitored in various normal tissues by visualizing gH2AX-foci in
formalin-fixed, paraffin-embedded tissue specimens. In contrast to other studies quantifying the total amount of gH2AXphosphorylation in a cell or tissue area (41, 42), we counted
the absolute number of gH2AX-foci formed per nucleus. Thus,
even minor differences in DSB repair can be detected reliably
and variations in staining intensity as well as background
staining or autofluorescence have only a minor effect on
quantification.
Previous in vitro studies showed cell cycle – dependent
changes in the abundance of gH2AX in normally growing,
unirradiated mammalian cell lines (43, 44). As cells progress
through the active phases of the cell cycle, a gradual increase
of small abundant gH2AX-foci, which do not colocalize with
DNA DSB repair proteins, was observed, suggesting that
gH2AX may contribute to the fidelity of the mitotic process,
even in the absence of DNA damage (44). To monitor the cell
cycle kinetics of the various cell populations in our analyzed
organs, we did the immunohistochemical detection of Ki-67, a
proliferation marker that is expressed during G1, S, G2, and M
phases but is absent in resting G0 cells. The Ki-67 immunohistochemistry revealed that the vast majority of cells analyzed
in our study represent nonproliferating, highly differentiated
cell populations with predominantly resting G0 cells. Even in
the small intestine, the proliferating precursor cells in the
crypts comprise only a very small percentage of the total cell
number (45). Moreover, the clear colocalization between
gH2AX and 53BP1 shown in all analyzed normal tissues and
their nearly identical foci counts in a given tissue section
indicate that the previously described gH2AX dynamics during
mitosis have not affected our experimental results (compare
Fig. 5).
The exact DSB induction yields critically depend on the
specific physical conditions of the irradiation (46). Whereas
fibroblasts grown and irradiated on thin plastic foils (in vitro
irradiation) reveal a DSB induction of about 20 gH2AX-foci per
cell and per Gy (46), slightly lower DSB induction yields were
observed in human blood lymphocytes and normal mouse
tissues (47, 48). Moreover, gH2AX-foci numbers counted in
murine lymphocytes (f11.5 foci/cell/Gy; compare Fig. 1B,
inset; f23 foci per cell after 2 Gy) were consistently lower
compared with those observed in human lymphocytes (f15
foci/cell/Gy; data not shown). This can primarily be attributed
to the higher DNA content of human cells compared with
murine cells (3.2 Gbp compared with 2.5 Gbp; refs. 49, 50). In
tissue sections, partially truncated cells were analyzed, which
leads to a slight underestimation of the real foci numbers in
intact cells.
Predictive testing for normal tissue radiosensitivity. In a
previous clinical study, the gH2AX-foci approach was used to
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assess the in vivo formation and loss of gH2AX-foci in
lymphocytes from individuals undergoing computed tomography examination (47). In that study, a patient previously
displaying severe side effects after radiotherapy exhibited levels
of gH2AX-foci at various sampling times post-computed
tomography that were clearly higher than those of normal
individuals. gH2AX and pulsed-field gel electrophoresis analysis of fibroblasts obtained from that patient confirmed a
substantial DSB repair defect. However, the precise deficiency
was not identified, and it remained unclear to what extent DSB
repair measured in peripheral blood lymphocytes correlates
with the DSB repair of complex solid tissues.
In the present study, we analyzed gH2AX-foci kinetics in
blood lymphocytes and solid tissues of mouse strains with
defined genetic deficiencies in DSB repair. Our results show
that DSB repair kinetics measured in peripheral blood
lymphocytes are representative for all analyzed solid tissues.
Thus, simple blood tests, adequate for routine clinical use,
can give precise information about the genetically defined
DSB repair status of individuals. As the DSB repair status is a

determining factor for normal tissue responses not only after
ionizing radiation, but also after treatment with other DNAdamaging agents such as certain chemotherapeutics, the
gH2AX-foci approach can possibly serve as a general
predictive test for clinical normal tissue toxicity in cancer
treatment. Future studies have to evaluate the predictive value
of this approach in the clinical setting to identify patients
genetically predisposed to develop severe normal tissue
toxicity.
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