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Abstract. The purpose of this study is to investigate the effects of different doses and dose-
rates of X- and gamma rays on human lymphocytes. After separating mononuclear cells with
lymphocytes from human peripheral blood, they were irradiated, either with X-ray doses (0.25, 0.5, 1,
2 and 4 Gy) at a dose rate of 0.28 Gy/min or with doses (15.65, 31.25, 62.5, 125 and 250 mGy) at
dose rate of 20 mGy/min or with ®Co gamma ray doses (0.25, 0.5, 1, 2 and 4 Gy) at dose rate of 33
mGy/min. Using flow cytomtery the amount and percentage of apoptotic and lymphocytes were
measured. In contrast to low X-ray doses with low dose rate, induction of apoptosis was significant at
high X-ray doses with high dose rate. Moreover, apoptosis was significant at high gamma ray doses at
low dose rate. We conclude that apoptosis is a good biological marker for radiation response, and the
induction of apoptosis depends on dose, and not, on dose rate.
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INTRODUCTION

When cells are exposed to ionizing radiation, they respond in a variety of
ways that differ quantitatively and qualitatively according to the absorbed dose and
the cell type. That generally reflects damage caused to well defined cellular
components and molecular structures. Apoptosis represents highly complex
response to ionizing radiation since it requires an active participation of the cell in
its own death. Its occurrence depends on a series of parameters, including the
intrinsic radiosensitivity of the cell, the extent of molecular damage and the
capacity of the cells to repair it, and the microenvironment within the tissues or
organs. Lymphocytes are particularly susceptible to DNA damage-induced
apoptosis, a suicide response adapted to their high potential for mutation and clonal
expansion [9].
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According to the absorbed dose and cell type, when cells are exposed to
ionizing radiation, they respond in a variety of ways function of the radiation-
induced cellular damages [9]. Indeed, after radiation-induced cellular damages,
cells might be, either, completely repaired, or partially repaired and then might induce
mutation, or, might come in the apoptosis processes. Apoptosis represents an extreme
and highly complex response, in particular, involved in the response to ionizing
radiation since it requires an active participation of the cell in its own death [9].

Apoptosis is the most common form of eukaryotic cell death [1]. It is
essential in many physiological processes, including the embryonic development
and the maturation of the immune system [21]. Apoptosis is morphologically
characterized by increased cytoplasmic granularity, cell shrinkage, chromatin
condensation, membrane blebbing, and the formation of distinctive nuclear bodies
[1, 24], as shown in Fig. 1. Although apoptosis can occur spontaneously, it can be
also induced by various physiological conditions and external stimuli such as
ionizing radiation. It has been shown that tumor cells are susceptible to death by
apoptosis in response to drugs and /or radiation treatment [1].

The interest for using apoptosis as a possible measure of radiosensitivity has
increased substantially both with regard to the possibilities of using the extent of
apoptosis as a biological dosimeter [3] and for estimating the radiosensitivity of
cancer cells before radiotherapy [8, 10, 20]. The status and level of expression of
proteins that regulate apoptosis have even been proposed to serve as radiation
exposure indicators or sensors [1, 19, 23]. Two distinct but interconnected
apoptotic pathways have been characterized, the cell surface death receptor
pathway (extrinsic) and the mitochondria initated (intrinsic) pathway. Both
pathways terminate in activation of effector caspases, which mediate the proteolytic
events characterizing apoptosis [6, 26, 27].

Apoptosis
(Programmed Cell Death)
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Fig. 1. Apoptosis (programmed cell death [5]).
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The majority of hematopoietic cells die by apoptosis after exposure to
ionizing radiation [13]. Numerous caspases are known to play a pivotal role in the
execution of apoptosis, like caspase 3. The caspase 3 is generally accepted to be a
key protease that is activated during the intr- and extr-insic pathways in apoptotic
process [4], respectively, after activation of caspase 8 and caspase 9. In this work
apoptotic cells were indicated by the detection of activated caspase 3 using
CaspGLOWTM fluorescein active caspase-3 staining Kkit.

In this study we investigated the effects of different doses and dose-rates of
X- and gamma rays on human lymphocytes by rapid detecting apoptosis in the
cells using flow cytometry.

MATERIALS AND METHODS

SEPARATION OF MONONUCLEAR CELLS

Blood samples were collected from healthy volunteers in heparinized tubes.
The PBMCs were isolated through the density gradient centrifugation. The blood
was layered onto Histopaque 1077 (Sigma, Germany) and the PBMC monolayer
was recovered [11, 25]. The cells were washed twice with 10 mL of PBS. The
PBMCs were resuspended in RPMI 1640+Guloamax TMI medium, supplemented
with FBS (20% v/v), penicillin (100 IU/mL) and streptomycin (100 pg/mL) and
were distributed into 25 cm® culture flasks at a concentration of (5-10 x 10°) cells/mL.

X-IRRADIATION

X-ray irradiation of the cells was performed with a Pantak HF420 RX
machine operating at 250 kV (the mean energy was 208 keV), 1 mm Cu filtering,
1 mA with a dose rate of 20 mGy/min, or 15 mA with a dose rate of 0.28 Gy/min.
Dosimetry was performed on a regular basis with a 0.6 cm® ionizing chamber (NE
2571), which was connected to a dosimeter (Farmer dosimeter 2570). The chamber
was placed in parallel to the irradiated cell flasks. Dose homogeneity was evaluated
as being <1.5%.

Cells from each donor were irradiated with 0.25, 0.5, 1, 2, and 4 Gy with a
dose rate of 0.28 Gy/min, or with 15.625, 31.25, 62.5, 125 and 250 mGy with a
dose rate of 20 mGy/min then incubated for 24 hrs at 37 °C in 5% CO..

%Co GAMMA IRRADIATION

Gamma irradiation of the cells was performed using “°Co of 1.25 MeV mean
energy at a dose rate 33 mGy/min for doses (0.25, 0.5, 1, 2 and 4) Gy. Fig. 2 shows
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the y source used in the present work. Its active diameter is d = 15 mm, outer
diameter is D = 18.2 mm and height is /= 36.8 mm.

ccT

Fig. 2. ®*Co gamma ray source used in the present work.

STATISTICAL ANALYSIS

Results were always represented as mean+tstandard error of the mean (SEM)
of four independent experiments with triplicate measurements. The t-test was
performed to compare between the control and the irradiated samples. Values of
p <0.05 were considered significant, and those of p <0.001 reflect high significance.

RESULTS

Caspase proteases which have essential role in apoptosis are: initiators
(caspase — 2, 8, 9 and 10) and excutioners (caspase — 3, 6 and 7). All initiator and
excutioner caspases have either a direct or an indirect role in the processing,
propagation and amplification of apoptotic signals that results in the destruction of
cellular structures [27]. In mammals, caspases, principally caspase 3, appear to be
activated in a protease cascade that leads to inappropriate activation or rapid
disablement of key structural protiens and important signaling, homeostatic and
repair enzymes. Caspase 3 is a frequently activated apoptotic death protease. It has
been revealed that caspase 3 plays a key role for some of the characteristic changes
in cell morphology and certain biochemical events associated with the execution
and completion of apoptosis [18]. Fluorescence intensity which is proportional to
the amount of antibody bound per cell is proportional to the activation of caspase 3,
as also recorded by Maher et al. [12]. The fluorescence intensity of activated
caspase 3 indicates the amounts of apoptosis with dose. We observed a significant
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increase at all doses of X-ray with high dose rate (0.28 Gy/min). Fig. 3 shows a
dose related increase of fluorescence in apoptotic cells after normalization for 4
donors.
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Fig. 3. Variation of amount of fluorescence of activated caspase 3 with X-ray dose
in apoptotic cells after normalization for the mean of all donors. Dose rate = 0.28 Gy/min.

The effect of y-ray doses 0, 0.25, 0.5, 1, 2, 4 Gy at dose rate 33 mGy/min on
the amount of fluorescence of activated caspase 3 in apoptotic is shown in Fig. 4.
The amount of fluorescence of activated caspase 3 in apoptotic cells is dose
dependent. A significant difference is observed between control and all doses.
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Fig. 4. Variation of ®°Co gamma ray dose with amount of fluorescence activated caspase 3
in apoptotic cells after normalization for the mean of all donors. Dose rate = 33 mGy/min.
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Fig. 5. Variation of amount of fluorescence of activated caspase 3 with X-ray dose
in apoptotic cells after normalization for the mean of all donors. Dose rate = 20 mGy/min.

Effect of X-ray doses 0, 15.625, 31.25, 62.5, 125, 250 mGy at dose rate of
20 mGy/min on the amount of fluorescence of activated caspase 3 in apoptotic
cells is shown in Fig. 5. The amount of fluorescence in apoptotic cells increases
linearly with the dose.

For the donors at dose rate 0.28 Gy/min the mean of the percentage of
apoptotic and lymphocytes cells with dose is sketched in Figs. 6 and 7,
respectively.
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Fig. 6. Variation of mean of percentage of apoptotic cells with X-ray dose. The results represent
mean+=SEM for four independent experiments. Dose rate = 0.28 Gy/min.
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Fig. 7. Variation of mean of percentage of lymphocyte cells with X-ray dose The results represent
mean+SEM for four independent experiments. Dose rate = 0.28 Gy/min.

At high doses of X-ray with high dose rate, an increase in the mean of the
percentage of apoptotic cells was observed to be dose dependent and significant at
1, 2, 4 Gy. The present results agree well with others, like those of Payne et al.
which observed that irradiation of human lymphocytes with X-ray doses (0-20 Gy)
induced apoptosis [16]. A significant difference was observed at 2.5-5 Gy.
Irradiation of CD4+ and CD8+ T-lymphocytes with X-ray doses (0-1.5 Gy) was
done by (Wilkins et al.), the dose response curves were linear up to 0.5 Gy
thereafter the response showed a plateau [23]. Also Holl et al. showed a dose
dependent relation between doses and apoptotic signals in spleen cells after
irradiation of mice with X-ray doses (0.2—4 Gy) [9]. A significant dose dependent
induction of apoptosis was also observed by Boreham et al. [3] after irradiation of
human lymphocytes irradiated with X-ray at doses 0, 0.2, 0.4, 0.6, 0.8, 1 Gy. Our
results also showed a decrease of the percentage of lymphocytes with dose but they
were significant only at 4 Gy. The results agree with that of Nomura ez al. [15] as
they showed that irradiation of X-ray doses (0-2.5 Gy) to different types of mice
strains results in survival rate of white blood cells and splenic lymphocytes that
decreased with increasing dose .

For low doses and low dose rate of X-ray the increase of percentage of
apoptotic cells and the decrease of percentage lymphocytes were not always
regular and insignificant, the results being shown in Figs. 8 and 9.

For low doses of X-ray with low dose rate the percentage of apoptotic cells
was increased linearly but with no significance. This can be due to the repairing of
most of the damage occurring at low doses. However, the effect of low dose rate on
apoptosis was not clear as compared with the results of Meijer et al. [14].
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Fig. 8. Variation of mean of percentage of apoptotic cells with X-ray dose for all donors.
Dose rate = 20 mGy/min.
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Fig. 9. Variation of mean of percentage of lymphocytes cells with X-ray dose for all donors.
Dose rate = 20 mGy/min.

For ®Co gamma ray doses the mean percentages of apoptotic cells were
4.97%., 5.76%, 6.71%, 8.16%, 10.95% and 14.16% for 0, 0.25, 0.5, 1, 2 and 4 Gy,
respectively. The increase of apoptotic cells showed dose dependent and significant
for all doses excepting 0.25 Gy. The variation of the mean of percentage of
apoptotic and lymphocyte cells with the dose is shown in Figs. 10 and 11, respectively.
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Fig. 10. Variation of mean of percentage apoptotic cells with *Co gamma ray dose.
Dose rate = 33 mGy/min.
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Fig. 11. Variation of mean of percentage lymphocyte cells with Co gamma ray dose.
Dose rate = 33 mGy/min.

With gamma ray doses at low dose rates, the increase of apoptotic cells was
observed to be dose dependent and significant for all doses except for that of 0.25
Gy. This property of dose dependence was also observed by Belyaev et al. [2],
Liegler et al. [11], Vral et al. [22], and Wilkins et al. [23]. A dose dependent
decrease of percentage lymphocytes was also observed in our results. It is dose
dependent. It is significant at 2 and 4 Gy, which agrees well with Liegler et al.
[11]. Also they found that by increasing the radiation dose and length of the post
irradiation period, the number of peripheral lymphocytes is decreased.
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FITTING EQUATION

To describe the dependence of apoptosis induction on dose and dose rate we
suggested a fitting equation of the form:

Y=aD'+c (1)

where: Y = the percentage of apoptotic cells; a = the amplitude parameter; D = the
radiation dose; b = a shape parameter; ¢ = a constant, which represents the
background of the variable Y.

The fitting parameters a, b and ¢ of our equation for percentage of apoptotic
cells are given in Table 1. From the value of a, the percentage of apoptotic cells
induced by high X-ray dose with high dose rate (0.28 Gy/min) was the same as that
at high “Co gamma ray doses with dose rate of 33 mGy/min. At low X-ray doses
with low dose rate of 20 mGy/min, the percentage of apoptosis was very low in
comparison with the other two experiments. Figs. 12, 13, and 14 show the fitting
curves for the three experiments.

Table 1

The fitting parameters in our model for the percentage number of apoptotic cells
for three experiments

Type of Parameter a Parameter b Parameter ¢ )
irradiation + std error + std error + std error R

High X-ray dose with
dose rate 3.44+0.18 0.84 +0.03 5.52+0.14 0.999
0.28 Gy/min

Low dose of X-ray
with dose rate

. 0.11£0.12 0.41+£0.18 447+0.18 0.880
20 mGy/min
High dose gamma
ray with dose rate 3.44+£040 0.74 £0.07 4.78 £0.31 0.994
33 mGy/min
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Fig. 12. Dose response curve for high doses of X-ray at 0.28 Gy/min dose rate with apoptotic cells.
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From the value of a parameter, the percentage of apoptotic cells induced by
high X-ray dose with high dose rate (0.28 Gy/min) was the same as that at high
%Co gamma ray doses with dose rate of 33 mGy/min. At low X-ray doses with low
dose rate of 20 mGy/min, the percentage of apoptosis was very low in comparison
with the other two experiments; this might indicate at this range of low doses that
irradiation may induces another type of lesions other than apoptosis, like DNA
damage.
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Fig. 13. Dose response curve for low doses of X-ray at 20 mGy/min dose rate
with percentage of apoptotic cells.
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Fig. 14. Dose response curve for low doses of ®*Co gamma ray with dose rate of 33 mGy/min
with percentage of apoptotic cells.

From the value of a which is shown in Table 1, it was noticed that the
percentages of apoptotic cells induced by X-ray with high dose rate (0.28 Gy/min) and
%Co gamma rays with low dose rate (33 mGy/min) are dose rate independent. This
agrees with Fujikawa ef al. [7] and Vral et al. [22] in which they concluded that the
ability of lymphocytes to undergo apoptosis is independent of dose rate. Pecaut et
al. [17] observed that the whole body irradiation of C57BL/6 mice with gamma
radiation (0, 0.5, 1.5 and 3 Gy) at a dose rate 1 ¢cGy/min and 80 ¢Gy/min changed



366 K.A. Faraj et al. 12

the number of leukocytes and lymphocytes in lymphoid and organs and these were
highly dependent on the dose, but not dose rate. A simple hypothesis concerning
apoptosis dose-rate independence after irradiation is as follows: in lymphocytes,
apoptosis occurs so rapidly after the production of DSBs by radiation that most
cells with DSBs undergo apoptosis before the DSBs are repaired. The
recombinational repair of DSBs in mammalian cells occurs only after cells with
DSBs enter the S phase, because the Rad51 protein, indispensable for this repair, is
synthesized in the S-G2 phases and degraded in the M phases [7].

From the present results, one can conclude that apoptosis is a good biological
marker for radiation response, and induction of apoptosis depends on the dose, and
not, on the dose rate.

Acknowledgment. The authors would like to thank all members at the Molecular and Cellular
Laboratory, Nuclear Research Center (SCK.CEN) in Belgium, where the experiments were performed.

REFERENCES

1. BAATOUT, S., H. DERRADIJI, P. JACQUET, D. OOMS, A. MICHAUX, M. MERGEAY,
Enhanced radiation-induced apoptosis of cancer cell lines after treatment with resveratrol, Int. J.
of Molec. Med., 2004, 13, 895-902.

2. BELYAEV, LY., S. CZENE, M. HARMS-RINGDAHL, Changes in chromatin conformation
during radiation-induced apoptosis in human lymphocytes, Rad. Res., 2001, 156, 355-364.

3. BOREHAM, D.R., K.L. GALE, S.R. MAVES, J.A. WALKER, D.P. MORRISON, Radiation
induced apoptosis in human lymphocytes: potential as a biological dosimeter, Health Phys.,
1996, 71, 685-691.

4. CORNELISSEN, M, A. VRAL, H. THIRENNS, L. DE RIDDER, The effect of caspase-
inhibitors on radiation induced apoptosis in human peripheral blood lymphocytes: an electron
microscopic approach, Apoptosis, 1999, 4, 449—-454.

5. CRUCHTEN, V.S., V.D.W. BROECK, Morphological and biochemical aspects of apoptosis,
oncosis and necrosis, Anat. Histol. Embryol., 2002, 31, 214-223.

6. ELMORE, S., Apoptosis: a review of programmed cell death, Toxicologic Pathology, 2007, 385,
495-516.

7. FUJIKAWA, K., Y. HASEGAWA, S. MATSUZAWA, A. FUKUNAGA, T. ITOH, S. KONDO,
Dose and dose-rate effects of X-rays and fission neutrons on lymphocyte apoptosis in pS3(+/+)
and p53(—/-) mice, J. Radiat. Res., 2000, 41, 113-127.

8. GUO, G.Z., K. SASAL N. OYA, T. SHIBATA, K. SHIBUYA, M. HIRAOK, A significant
correlation between clonogenic radiosensitivty and the stimultaneous assessment of micronucleus
and apoptotic cell frequencies, Int. J. Radiat. Biol., 1999, 75, 857-864.

9. HOLL, V., D. COELHO, D. WELTIN, JM. DENIS, J.P. DUFOUR, J. GUEULETTE,
P. BISCHOFF, Ex vivo determination of the effect of whole-body exposure to fast neutrons on
murine spleen cell viability and apoptosis, Rad. Res., 2000, 154, 301-306.

10. KERN, P, L. KEILHOLZ, C. FORSTER, M.H. SEEGENSCHMIEDT, R. SAUER, M. HERRMANN,
In vitro apoptosis in peripheral blood mononuclear cells induced by low dose radiotherapy
displays a discontinous dose dependence, Int. J. Radiat. Biol., 1999, 75, 995-1003.

11. LIEGLER, T.J., W. HYUN, T.S. YEN, D.P. STITES, Detection and quantification of live,
apoptotic, and necrotic human peripheral lymphocytes by single-laser flow cytometry, Clinical
and Diagnostic Laboratory Immunology, 1995, 2, 369-376.



13

X and gamma irradiation on lymphocytes 367

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

MAHER, K.J., M.A. FLETCHER, Quantitative flow cytometry in the clinical laboratory,
Clinical and Applied Immunology Review, 2005, 5, 353-372.

MAREKOVA, M., J. VAVROVA, A.D. VOKURKOV, Monitoring of premitotic and
postmitotic apoptosis in gamma-irradiated HL-60 cells by the mitochondrial membrane protein-
specific monoclonal antibody AP02.7, Gen. Physiol. Biophys, 2003, 22, 191-200.

MEIJER, A.E., A.B.B. SAEIDI, A. ZELENSKAYA, S. CZENE, F. GRANATH, M. HARMS-
RINGHAHL, Influence of dose rate, post irradiation incubation time and growth factors on
interphase cell death by apoptosis and clonogenic survival of human peripheral lymphocytes, Int.
J. Radiat. Biol., 1999, 75, 1265-1273.

NOMURA, T., M. KINUTA, T. HANGYO, H. NAKAJIMA, T. HATANMAKA, Programmed
cell death in whole body and systems by low dose radiation, J. Rad. Res., 1992, 33, 109-123.
PAYNE, C.M., C.G. BJORE JR., D.A. SCHULTZ, Change in the frequency of apoptosis after
low-and high-dose X-irradiation of human lymphocytes, J. Leukocyte Biol., 1992, 52, 433—440.
PEACUT, M.J., G.A. NELSON, D.S. GRIDELY, Dose and dose rate effects of whole-body
gamma-irradiation: I. Lymphocytes and lymphoid organs, in vivo, 2001, 15, 195-208.

PORTER, A.G., U. JANICKER., Emerging roles of caspase-3 in apoptosis, Cell Death and
Differentiation, 1999, 6, 99—104.

RENEHAN, A.G., G. BOOTH, C.S. POTTEN, What is apoptosis, and why is it important? BMJ,
2001, 322, 1536-1538.

RUPNOW, B.A., A.D. MURTHA, RM. ALARCON, A.J. GIACCIA, S.J. KNOX, Direct
evidence that apoptosis enhances tumor response to fractionated radiotherapy, Cancer Res.,
1998, 58, 1779-1784.

SANDERSON, C.J., The mechanism of lymphocyte-mediated cytotoxicity, Biol. Rev. Camb.
Philos. Soc., 1998, 56, 153-197.

VRAL, A., M. CORNELISSEN, H. THIERENS, H. LOUAGIE, J. PHILIPPE, K. STRIJCKMANS,
L. DE RIDDER, Apoptosis induced by fast neutrons versus **Co gamma-rays in human
peripheral blood lymphocytes, Int. J. Rad. Biol., 1998, 73, 289-295.

WILKINS, R.C., B.C. KUTZNER, M. TRUONG, J. SANCHEZ-DARDON, J.R.N. MCLEAN,
Analysis of radiation-induced apoptosis in human lymphocyes: flow cytometry using annexin V
and propidium iodide versus the neutral comet assay, Cytometry, 2002, 48, 14—19.

WYLLIE, A.H, Apoptosis and the regulation of cell number in normal and neoplastic tissue; an
overview, Cancer Metastasis Rev., 1992, 11, 95-103.

ZEMPLENI, J., D.M. MOCK, Uptake and metabolism of biotin by human peripheral blood
mononuclear cells, Am. J. Physiol. Cell Physiol., 1998, 275, 383-388.

ZEISS, C.J., Review article the apoptosis-necrosis continuum: insights from genetically altered
mice, Vet. Pathol., 2003, 40, 481-495.

ZHANG, A., Y. WU, HELEN W.L. LAL T.D. YEW, Apoptosis — A brief review, Neuroembryology,
2004, 5, 47-59.



