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DNA damage in subpopulations of human
lymphocytes irradiated with doses
in the range of 0—| Gy of X-radiation
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Abstract. We compared three methods usually applied in biological dosimetry for estimation of radiation-induced
DNA damage in human T and B lymphocytes: alkaline comet assay, micronucleus (MN) test and formation of histone
y-H2AX foci. Human peripheral blood lymphocytes were fractionated using T cells and B cells isolation kits. Cells were
irradiated with doses in the range of 0-1 Gy of X-rays. Induction of DNA damage was assessed by the standard alka-
line comet assay, MN test and histone YH2AX foci immunofluorescence assay. Notwithstanding different end-points
measured by the applied methods, all tests revealed a similar induction of DNA damage in B lymphocytes as compared
with T lymphocytes. The results indicated that all three tests detect DNA damage with similar sensitivity, the lowest
dose being approximately 0.3 Gy. The difference between irradiated and control cells was expressed as the ratio of
the value obtained for irradiated cells (1 Gy) to that for control cells. The highest ratio was obtained for formation of
yH2AX foci and was 6.2 for T and 13.8 for B lymphocytes, whereas those for comet assay and micronucleus test were
3.5; 3.6 and 5.6; 4.8, respectively.
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Introduction

Deleterious lesions directly or indirectly induced by
ionizing radiation are generated in proportion to the
absorbed radiation dose. Hence, biological dosimetry
can be based on measuring specific DNA lesions or
the ensuing cytogenetic damage (see [10] for review).
Depending on the aim, early or late time range of
examination may be advantageous. Usually, however,
time between irradiation and damage estimation may
take several hours in the case of radiation accidents.
Therefore, rapidly repaired DNA single strand breaks
(SSB) usually are not suitable for dosimetric purposes.
In contrast, SSB may be a measure of damage in the case
of chronic exposure. DNA double strand breaks (DSB)
are repaired with longer half-times and may last as long
as 24 h. Far better end-points are chromosomal aberra-
tions, especially dicentrics which are specific for ionizing
radiation, or micronuclei, which, however, can also be
formed by other DNA-damaging agents. Nevertheless,
determination of chromosomal aberration frequency is
too time-consuming and not cost-effective enough to be
applied for dose estimation in numerous subjects.

A recently discovered basis for direct DSB estima-
tion in single cells is generation of discrete foci con-
taining phosphorylated histone H2AX (y-H2AX) in
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irradiated cells (review in [15]). Furthermore, there is
an approximately 1:1 relation of foci to the calculated
number of DSB for a given radiation dose [11, 14]. A
confounding factor here is that such foci may occasion-
ally form during DNA replication due to collapsed
replication forks [15]. The “repair foci” are now an
acknowledged marker of DSB, however, the kinetics
of their disappearance is different from that of DSB
rejoining. On the other hand, they are an excellent and
sensitive marker of residual DNA damage.

Peripheral blood lymphocytes are the most popular
subject of dosimetric measurements, thus constituting
everybody’s personal dosimeter always ready to be used.
One practical question is to what extent the differential
radiosensitivity of lymphocyte subfractions and the
individual variability of their proportions affect dose
estimation with the use of standard tests. In this report
we checked how T and B lymphocytes differ in radiation
response estimated on the basis of various end-points.
In parallel, we aimed at attaining a maximal sensitiv-
ity of each test. We used the alkaline comet assay as
a reference test to characterize radiosensitivity differ-
ences between B and T lymphocytes and micronuclei
frequency and y-H2AX foci as potentially suitable for
screening human populations chronically exposed to
low radiation doses.

Materials and methods
Lymphocyte isolation and irradiation

Human peripheral blood (450 ml) was collected from
a healthy donor by venipuncture and used for lym-
phocyte isolation by density gradient centrifugation.
Fractionation was carried out with the use of Pan T Cell
Isolation Kit II and B Cell Isolation Kit II (Miltenyi
Biotec), according to the manufacturer’s recommenda-
tions. 2-3 x 106 cells/ml were placed in the RPMI 1640
medium (Gibco) supplemented with 20% foetal calf
serum (FCS). Homogeneity of isolated cell subpopula-
tions was 97-99%, as estimated by flow cytometry.

Cells were irradiated with doses in the range of
of X-rays (0-1 Gy) using an ANDREX defectoscope
(Holger Andreasen, Denmark) operating at 200 kV
and 5 mA, with 3 mm Al filtration, at a dose rate of
1.48 Gy/min.

Alkaline comet assay

The comet assay (single cell gel electrophoresis) was
performed as described in [16]. Briefly, an aliquot of
cell suspension was mixed with an equal volume of 2%
low melting point agarose (Type VII, Sigma), put on
a microscope slide pre-coated with 0.5% regular aga-
rose (Type I-A, Sigma) and left on ice. After agarose
solidification slides were irradiated on ice with a dose of
2 Gy of 200 keV X-rays, the slides were then im-
mersed in a cold lysing solution (2.5 M NaCl, 100 mM
Na,EDTA, 10 mM Tiis and 1% Triton X-100, pH 10) for
1 h. After lysis, the slides were placed on a horizontal
gel electrophoresis unit filled with fresh electrophoretic
buffer (1 mM Na,EDTA and 300 mM NaOH) and al-

lowed to stay in this buffer for 40 min for DNA unwind-
ing. Next, electrophoresis was performed (1.2 V/cm™,
30 min, 10°C), the slides were washed with 0.4 M
Tris, pH 7.5 (3 x 5 min) and stained with DAPI, 50 l,
(1 pg/ml™). Pictures of 75 randomly selected comets
per slide were captured at 200x magnification using
a fluorescent microscope (Labophot-2, Nikon). Image
analysis of data was performed by the Comet v.3.0
software (Kinetic Imaging Ltd., Liverpool, UK). Tail
moment was taken as a measure of DNA damage.

The same test was applied for the measurement of
base damage. Incubation of irradiated cells with the
formamidopyrimidine glycosylase (FPG, BioLabs)
was carried out as described in [7]. Briefly, after lysis,
the slides were washed 3 x 5 min with a buffer (40 mM
Hepes, 0.1 M KCI, 0.5 mM EDTA, 0.2 mg/ml BSA,
pH 8) at 4°C. Further, 50 pl of FPG solution
(4.8 x 10 U) in the buffer was placed on each slide,
covered with a cover glass and incubated for 30 min in
a tight box at 37°C.

Micronucleus test

The micronucleus test was performed according to the
method of Fenech and Morley [4] with slight modifica-
tions.

Following irradiation, 0.5 ml of whole blood were
re-suspended in 5 ml of the culture medium and
phytohaemaglutinin A (PHA) or pokeweed mito-
gen (PWM) were added to the final concentration
3 pg/ml and 2.5 pg/ml, respectively, to stimulate B or
T lymphocytes [5, 8]. After 48 h (lymphocytes T, PHA)
or 72 h (lymphocytes B, PWM) cytochalasin B (Sigma)
was added to a final concentration of 5.6 ng/ml. After
24 h incubation, the cells were centrifuged and care-
fully resuspended in a hypotonic solution, 0.125 M
KCl, added dropwise at room temperature. The cells
were kept for 5 min at room temperature, centrifuged
again and the pellet was fixed in a cold fixing solution,
0.9% NaCl/methanol/acetic acid, 12:13:3, for 10 min.
The cells were then centrifuged and fixed again in
a cold acetic acid/methanol 1:4 solution. After fixing,
the cells were dropped on microscopic slides, air-dried
and stained with 10% Giemsa (Sigma). Coded slides
were scored at 200x magnification. The frequency of
micronuclei in binucleated cells with well-preserved
cytoplasm was determined, as proposed by Almassy
et al. [1]. Only rounded bodies approximately one-fifth
to one-tenth of the size of the main nucleus were scored
as micronuclei. One thousand of binuclear cells were
analysed per sample.

Histone H2AX immunofluorescence

Formation of YH2AX foci was assessed by immunofluo-
rescence according to [3]. In brief, lymphocytes were
irradiated and the cells incubated for an appropriate
period of time and settled on polylysine-treated (0.01%,
Sigma) microscopic slides. After 15 min incubation, the
slides were washed with cold PBS and fixed with cold
methanol (-20°C) for 5 min in a freezer. After fixation,
the cells were re-hydrated by incubating in PBS for
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Fig. 1. Dose-effect relationship for SSB (no FPG) and base damage (FPG) recognized by the repair glycosylase, FPG, measured
in lymphocyte subfractions: a — lymphocytes B; b — lymphocytes T. Mean * SD of 2-3 experiments. R* — correlation factor.

30 min with three changes of PBS. Non-specific binding
was blocked by incubation for 1 h at room temperature
in a blocking buffer (2% BSA, 10% skimmed milk
powder in KCMT buffer (120 mM KCI, 20 mM NaCl,
10 mM Tris-HCI, 1 mM EDTA, 0.1% Triton X-100,
pH 8.0) and a primary antibody was added (anti-yH2AX
rabbit polyclonal, Upstate, UK) for 2 h at room tem-
perature. The slides were then washed in the KCMT
buffer using three washes of 15 min each on a platform
shaker. Secondary fluorescent antibody (AlexaFluor
488 conjugated goat anti-rabbit IgG, Molecular Probes)
in the blocking buffer was then added and slides were
incubated for 1 h at room temperature in the dark.
After washing, slides were mounted in a Vectashield
mounting medium with DAPI, VectorLabs) and sealed
with clear nail varnish. Images of at least 25 nuclei per
slide were captured on the next day and the number of
yH2AX foci was counted for each nucleus.

Results and discussion
Alkaline comet assay

The alkaline comet assay detects DSB, SSB and alkali-
labile sites. Furthermore, incubation of irradiated cells
with FPG allows to assess oxidative DNA base damage
because it detects 8-OH guanine and other oxidatively
damaged purines. Oxidative base damage is generated
in irradiated cells in less than 50% of the number than
the sum of DSB and SSB [9]. FPG sensitive sites are
generated by y-rays with a yield of 0.044 per 10° base
pairs per Gy. For the SSB (including DSB and alkali-
labile sites), the yield is 0.123 per 10° base pairs per Gy
[9]. As shown below, the use of FPG in the alkaline
comet assay for biodosimetric purposes does not give
any advantage in sensitivity of the comet assay, as indi-
cated by the dose-effect relationships determined for
both types of lesions.

Figures 1a and 1b shows the results obtained by the
comet assay for quiescent T and B lymphocytes. The
dose-effect relationship is described by the equation
y = ax + b, where y is the tail moment, x is the dose of
X-rays in Gy and b is the tail moment determined in
unirradiated cells. For lymphocytes, T the relationship
of the sum of DSB and SSBvs. dose isy = 55.58x + 7.44,
whereas that for base damage, y = 49.92x + 44.01. The

respective equations for lymphocytes B are y = 49.39%
+ 21.55; y = 29.94x + 46.58. When measured by SSB
induction expressed as tail moment, the radiosensitivity
of lymphocytes B is slightly higher than that of lympho-
cytes T (difference not statistically significant, Student’s
t-test, p = 0.09).

The ratio of the value obtained in the alkaline
comet assay for irradiated (1 Gy) lymphocytes to that
for control cells was 5.6 for lymphocytes T and 4.8 for
lymphocytes B.

Micronuclei frequency

MN test detects chromosomal damage generated due
to the presence of chromosome fragments resulting
from incomplete DSB repair or misrepair. The results
obtained for lymphocyte subfractions are presented in
Figs. 2 and 3. When MN frequency is the end-point,
the difference in radiation sensitivity between lympho-
cytes B T is much less evident than in the case of other
criteria of the cellular response, like proliferation. The
difference degree depends on the dose, as noted by
Wauttke et al. [17] who also observed that proliferation
of lymphocytes B and T is differentially affected by
irradiation and of considerable importance for micro-
nuclei expression.

The sensitivity of the test was satisfactory, the dose of
0.3 Gy gave a marked increase in micronuclei frequency
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Fig. 2. Number of cells with micronuclei per 1000 cells in
lymphocyte subfractions irradiated with doses in the range of
0-1 Gy of X-radiation. Mean = SD of 2-3 experiments.
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Fig. 3. Micronuclei frequency per cell in lymphocyte sub-
fractions irradiated with doses in the range of 0-1 Gy of
X-radiation. Mean *+ SD of 2-3 experiments.

over the control value (Student’s t-test, p < 0.002 and
p < 0.021 for number of cells with micronuclei/1000
cells for lymphocytes T and p < 0.001 and p < 0.035 for
number of micronuclei/cell for lymphocytes B).

The ratio of the value obtained for irradiated
(1 Gy) lymphocytes to that for control cells was 3.5 for
lymphocytes B and 3.6 for lymphocytes T.

Histone yH2AX foci

Generation of foci containing phosphorylated histone
H2AX (y-H2AX) in X or y-irradiated cells is the basis
of a sensitive test to asses DSB presence in the nuclear
DNA. It was applied to lymphocyte subfractions and
the results are shown in Figs. 4 and 5. The data indicate
that DSB induction by X-irradiation with graded doses
is similar in lymphocytes B and T and can be described
by the equations y = 11.04x + 0.79 (R* = 0.999) and
y = 8.87x + 2.29 (R*> = 0.979) where y is foci frequency
and x is the dose of X-rays in Gy. Differences between
the foci frequencies in lymphocytes B and T are not sta-
tistically significant. The ratio of the value obtained for
irradiated (1 Gy) lymphocytes B or T to that for control
cells is 13.8 for lymphocytes B and 6.20 for lymphocytes
T. The rate of foci disappearance differs in lymphocytes
B and T; the differences are statistically significant after
1 and 3 hincubation (Fig. 6). Nevertheless, the end level
(5 hrepair time) is identical. The rate of foci disappear-
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Fig. 4. The dose-effect relationship for lymphocytes T and
B with initial DSB as end-point, estimated from the mean
number of YH2AX foci per cell 15 min after X-irradiation.
Mean =+ SD of 2-3 experiments.
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Fig. 5. The repair of DSB in lymphocytes T and B irradiated
with 1 Gy of X-rays, as estimated from the mean number of
yH2AX foci per cell. Mean * SD of 2-3 experiments.
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Fig. 6. The repair of DSB in T and B lymphocytes irradiated
with 1 Gy of X-rays, expressed as percent of the initial number
of yYH2AX foci. Mean = SD of 2-3 experiments.

ance is slower than that of DSB rejoining [2] and this
may be an advantage in biodosimetic tests.

In summary, our report indicates that the yH2AX
foci assay is an advantageous alternative for MN test
and comet assay for radiation dose estimation in ion-
izing radiation-exposed individuals. Furthermore, in
spite of considerable individual variation in the propor-
tion of various lymphocyte subpopulations and their
differential radiosensitivity reported by other authors
[6, 12, 13], application of the standard biodosimetry
tests to quiescent lymphocytes does not reveal any
marked differences between B and T lymphocytes.
So, the varying individual proportion of lymphocyte
subpopulations does not weaken the reliability of bio-
dosimetric assessment of the dose for total lymphocytes
from peripheral blood as applied for screening human
populations chronically exposed to low doses of ion-
izing radiation.

Acknowledgment. Supported by the Polish Ministry for
Education and Science statutory grant for the INCT.

References

1. Almaéssy Z, Krepinsky AB, Bianco A, Koteles GJ (1987)
The present state and perspectives of micronucleus as-
say in radiation protection. A review. Appl Radiat Isot
38:241-249



DNA damage in subpopulations of human lymphocytes irradiated with doses in the range...

149

2.

Banath JP, MacPhail SH, Olive PL (2004) Radiation
sensitivity, H2AX phosphorylation, and kinetics of repair
of DNA strand breaks in irradiated cervical cancer cell
lines. Cancer Res 64:7144-7149

Cowell IG, Durkacz BW, Tilby MJ (2005) Sensitization
of breast carcinoma cells to ionizing radiation by small
molecule inhibitors of DNA-dependent protein kinase
and ataxia telangiectasia mutated. Biochem Pharmacol
71:13-20

Fenech M, Morley AA (1986) Cytokinesis-block micronu-
cleus method in human lymphocytes: effect of in vivo age-
ing and low dose X-irradiation. Mutat Res 161:193-198

. Hogstedt B, Karlsson A, Holmén A (1988) Frequencies

of micronuclei in human peripheral blood lymphocytes
stimulated in vitro by phytohemagglutinin and pokeweed
mitogen. Hereditas 109:53-55

Krol M, Lankoff A, Buraczewska I, Derezifiska E, Wdjcik
A (2007) Radiation-induced micronucleus frequencies in
female peripheral blood lymphocytes collected during the
first and second half of the menstrual cycle. Radiat Prot
Dosim 123:483-489

Kruszewski M, Wojewddzka M, Iwanefiko T, Collins
AR, Szumiel I (1998) Application of the comet assay
for monitoring DNA damage in workers exposed to
chronic low-dose irradiation. II. Base damage. Mutat
Res 416:37-57

Miller K (1983) The stimulation of human B and
T lymphocytes by various lectins. Immunobiology
165:132-146

Pouget JP, Ravanat JL, Douki T, Richard MJ, Cadet
J (1999) Measurement of DNA base damage in cells
exposed to low doses of gamma-radiation: comparison
between the HPLC-EC and comet assays. Int J Radiat
Biol 75:51-58

10.

11.

12.

13.

14.

15.

16.

17.

Rao BS, Natarajan AT (2001) Retrospective biological
dosimetry of absorbed radiation. Radiat Prot Dosim
95:17-23

Rothkamm K, Lobrich M (2003) Evidence for a lack
of DNA double-strand break repair in human cells ex-
posed to very low X-ray doses. Proc Natl Acad Sci USA
100:5057-5062

Schmitz A, Bayer J, Dechamps N, Goldin L, Thomas G
(2007) Heritability of susceptibility to ionizing radiation-
induced apoptosis of human lymphocyte subpopulations.
Int J Radiat Oncol Biol Phys 68:1169-1177

Schmitz A, Bayer J, Déchamps N, Thomas G (2003)
Intrinsic susceptibility to radiation-induced apoptosis of
human lymphocyte subpopulations. Int J Radiat Oncol
Biol Phys 57:769-778

Sedelnikova OA, Rogakou EP, Panyutin IG, Bonner
WM (2002) Quantitative detection of (125)IdU-induced
DNA double-strand breaks with gamma-H2AX antibody.
Radiat Res 158:486-492

Szumiel I (2007) Analysis of DNA double-strand breaks
by means of y-H2AX foci. In: Obe G, Vijayalaxmi G
(eds) Chromosomal alterations: methods, results and
importance in human health. Springer-Verlag, Berlin-
Heidelberg, pp 145-160

Wojewodzka M, Kruszewski M, Iwanefiko T, Collins
AR, Szumiel I (1998) Application of the comet assay
for monitoring DNA damage in workers exposed to
chronic low-dose irradiation. I. Strand breakage. Mutat
Res 416:21-35

Wuttke K, Streffer C, Muller WU (1993) Radiation
induced micronuclei in subpopulations of human lym-
phocytes. Mutat Res 286:181-188



