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ABSTRACT 

 

In recent years, the use of high linear energy transfer (LET) radiation for radiotherapeutic 

applications has gained increased interest. Astatine-211 (
211
At) is an α-particle emitting 

radionuclide, promising for targeted radioimmunotherapy of isolated tumor cells and 

microscopic clusters. To improve development of safe radiotherapy using 
211
At it is important 

to increase our knowledge of the radiobiological effects in cells. During radiotherapy, both 

tumors and adjacent normal tissue will be irradiated and therefore, it is of importance to 

understand differences in the radioresponse between proliferating and resting cells. The aim 

of this thesis was to investigate effects in fibroblasts with different proliferation status after 

irradiation with α-particles from 
211
At or X-rays, from inflicted DNA damage, to cellular 

responses and biological consequences. 

Throughout this work, irradiation was performed with α-particles from 
211
A or X-rays. The 

induction and repair of double-strand breaks (DSBs) in human normal fibroblasts were 

investigated using pulsed-field gel electrophoresis and fragment analysis. The relative 

biological effectiveness (RBE) of 
211
At for DSB induction varied between 1.4 and 3.1. A 

small increase of DSBs was observed in cycling cells compared to stationary cells. The repair 

kinetics was slower after 
211
At and more residual damage was found after 24 h. Comparison 

between cells with different proliferation status showed that the repair was inefficient in 

cycling cells with more residual damage, regardless of radiation quality. Activation of cell 

cycle arrests was investigated using immunofluorescent labeling of the checkpoint kinase 

Chk2 and by measuring cell cycle distributions with flow cytometry analysis. After α-particle 

irradiation, the average number of Chk2-foci was larger and the cells had a more affected cell 

cycle progression for several weeks compared with X-irradiated cells, indicating a more 

powerful arrest after 
211
At. Flow cytometry showed that cycling cells were arrested in G2/M 

while stationary cells underwent a delayed entry into S phase after release of contact 

inhibition. Radiation-induced chromosomal damage was studied by investigating the 

formation of micronuclei after first mitosis post-irradiation. Alpha-particles induced 2.7 and 

4.1 times more micronuclei in cycling and stationary cells, respectively, compared with X-

rays.   

Induction of DSBs and cell survival after irradiation were also investigated in synchronized 

Chinese hamster fibroblasts. The cells were synchronized with mimosine in G1, early, mid 

and late S phase and in mitosis and cell survival was determined using the clonogenic assay. 

The radioresponse between cell cycle phases varied after both 
211
At and X-rays, resulting in 

variations of RBE for 
211
At between 1.8 and 3.9 for DSB induction and between 3.1 and 7.9 

for 37% survival. The lowest RBE was observed in mitotic cells for both DSB induction and 

clonogenic survival.   

In summary, for all endpoints studied α-particles from 
211
At were more detrimental compared 

with X-rays. Further, the radioresponse was dependent upon the proliferation status of the 

cells at the time of irradiation, after both low- and high-LET radiation, resulting in variations 

of the relative biological effects. 
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ABBREVIATIONS 

 

Ac-H3K9  Acetylated histone 3 on lysine 9  
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ATM  Ataxia-telangiectasia mutated 

bp  base pair 

BRCA1/2  Breast cancer susceptibility protein 1/2 

Chk2  Checkpoint kinase 2 
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HRR  Homologous recombination repair 
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NBS1  Nijmegen breakage syndrome 1 

NHEJ  Non-homologous end joining 

p53  Protein 53 
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PB+  Phosphate buffer, modified 

PFGE  Pulsed-field gel electrophoresis  

RBE  Relative biological effectiveness 

RIT  Radioimmunotherapy 

SF  Surviving fraction 

SSB  Single-strand break 

TSA  Trichostatine A 

Thr68  Threonine 68 

XRCC4  X-ray repair cross complementing protein 4  
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INTRODUCTION 

 

  

Soon after the discovery of X-rays, in 1895, by Wilhelm Konrad Roentgen and of the 

radioactive properties of uranium (1896) and of polonium and radium (1898) by Henry 

Becquerel, Marie Curie, and Pierre Curie, it become known that the biological effects in 

tissues after ionizing radiation could be either beneficial or noxious and the study of radiation 

biology was started. The breakthrough of radiobiology research on mammalian cells in vitro 

was made in the 1950s by Puck and Marcus, who developed a method for growing clones 

from viable cells (1). Today, research in radiobiology is increasingly important for our 

understanding of how cells and tissues are affected by ionizing radiation as a basis for future 

development of treatments of tumor diseases.  

 

Today, ionizing radiation is widely used as a modality for treatment of cancer and can be used 

either via external radiotherapy or, internally, via radioactive nuclides. About 50% of all 

cancer patients in Sweden receive radiotherapy either as part of a curative or a palliative 

treatment. Radiation can induce irreparable damage in the cell as it ionizes atoms when the 

energy is transferred. As a consequence, chemical bonds in DNA, considered as the most 

critical target, will be broken, resulting in many types of lesions: base lesions, cross-links, 

apurinic/apyrimidinic (AP) sites, single-strand breaks (SSBs), and double-strand breaks 

(DSBs) (2-3). In cells, these lesions will activate a network of signaling pathways to initiate 

repair mechanisms and arrests in cell cycle progression, to prevent transfer of DNA lesions to 

the next cell generation (4). If not repaired correctly, signaling of cell death via apoptosis may 

occur, or cells may die by mitotic catastrophe during the following mitosis (3, 5-6). 

 

Since DNA encodes for all cellular functions, this DNA damage response is very important in 

preserving the genomic integrity. However, since ionizing radiation causes damage to the 

genetic code also in surviving cells, there is a close correlation between exposure to ionizing 

radiation, and cancer induction.  
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Low- and High-Linear Energy Transfer Radiation  

 

Ionizing radiation can be characterized by the density of the ionizations. The measured 

quantity of linear energy transfer (LET) describes the average energy transferred per unit 

length (keV/µm) of the track. 

 

Low-LET radiation, e.g. X-rays, γ-rays, and electrons, is sparsely ionizing, with LET values 

up to a few keV/µm (3). The ionizations after the low-LET radiation track in the cell nucleus 

are usually well separated (2). In the case of photon radiation, the energy is transferred via 

secondary electrons to biomolecules (direct effect) or to the surrounding water molecules in 

proximity to DNA. As a result, reactive free radicals are formed from the radiolysis of water, 

which can damage DNA (indirect effect). It is estimated that about 70% of the damages in the 

DNA are caused by this indirect effect, due to high amount of water molecules, and 30% by 

direct action of the incident radiation on DNA (7).  

 

High-LET radiation is densely ionizing and the LET can be up to several 100 keV/µm (3). 

Alpha-particles, low-energy protons, and accelerated ions are classified as high-LET 

radiation. In contrast to low-LET radiation, high-LET radiation deposits more energy through 

the direct effect of ionizing radiation (8) and transfers the energy concentrated along its track. 

The dose delivered by high-LET particles increases with depth and reaches its maximum at 

the end of the particle track, the Bragg peak, with a sharp edge and with little scatter. Such 

dense ionizations can cause complex DNA damage.   

 

 

Relative Biological Effectiveness 

 

To compare the biological effects in cells and tissues between different types of ionizing 

radiation, the definition relative biological effectiveness (RBE) is usually used. Relative 

biological effectiveness is defined as the ratio of absorbed dose (Gy) of a reference radiation 

quality (usually 
60
Co and 250 keV X-rays) and the dose of a test radiation causing the same 

biological effect. Relative biological effectiveness is dependent on e.g. particle type, LET, 

absorbed dose, dose rate and number of dose fractions, as well as on the biological system and 
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endpoint investigated. The RBE rises with LET up to a maximum at ~100-200 keV/µm, and 

thereafter falls with higher LET values (9).  

 

 

Complex DNA Damage  

 

Double-Strand Breaks 

 

The DNA DSB is considered to be the most biologically significant lesion (10). This may be 

due to the lack of available template for correct reconstruction of the base sequence, since 

both strands are damaged. A DSB is formed when the two complementary strands of the 

DNA double helix are broken simultaneously at sites that are sufficiently close to each other 

(within 10–20 bp) so that base pairing and chromatin structure are inadequate to keep the two 

DNA strands together (11). A dose of 1 Gy after low-LET irradiation induces about 20–30 

DSBs/cell. With the same radiation dose of high-LET radiation, up to four times more DSBs 

can be induced. Double-strand breaks induced after low-LET irradiation are randomly 

distributed in the nucleus and usually are well separated. By contrast, irradiation with high-

LET radiation generates correlated DSBs resulting in many small DNA fragments as a 

consequence of the dense ionizations along the particle track (12-13).   

 

Clustered Damage 

 

Clustered damages are a newly identified type of complex DNA damage. Bistranded clustered 

damage is defined as two or more lesions positioned on opposite strands within 10–20 bp on 

DNA. It can include base lesions, SSBs, AP sites, or modifications of sugars. Some of these 

lesions are transformed into strand breaks through enzyme activity by base excision repair 

systems. If these lesions are located on opposite DNA strands or close to a single-strand 

break, a de novo DSB may form (14). Clusters, and specifically the lesions within, are 

suggested to be induced predominantly by the indirect effect of radiation and depend strongly 

on scavenging conditions and chromatin structure (15-17).  
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DNA Damage Response 

 

Double-Strand Break Repair 

 

Mammalian cells are equipped with several repair systems to deal with various types of DNA 

lesions. There are two main pathways involved in DSB repair: non-homologous end joining 

(NHEJ) and homologous recombination repair (HRR), which are largely distinct from one 

another and function in complementary ways (18-19). Non-homologous end joining is the 

predominant repair pathway in mammalian cells, acting primarily in G0/G1 and early S phase, 

when the DNA ends are simply ligated without the need for homologous template. In addition 

to NHEJ and HRR, NHEJ backup and error-prone single-strand annealing are possible 

alternative pathways for repair of DNA damage (20). 

 

The first step in NHEJ is that the heterodimer Ku70/Ku80 binds to the broken DNA ends, 

followed by recruitment of DNA–PKcs (21). The activated complex keeps the two ends 

together in close proximity in order for the repair process to proceed. The ends will be 

trimmed by the Artemis endonuclease activity which is phosphorylated by the DNA–PKcs 

unit (22). In addition to Artemis endonuclease activity, the MRE11–RAD50–NBS1 (MRN) 

complex may also function in NHEJ, particularly if the DNA ends require processing before 

ligation (23). The final step of NHEJ, after gaps are filled by polymerases, is that the ends will 

be ligated by XRCC4–DNA ligase IV (24).  

 

Homologous recombination repair occurs primarily in the late S and G2 phase, when 

appropriate homologous chromatid is available as a sequence template (25). A large number 

of proteins are involved in homologous recombination, including RAD51, RAD52, RAD54, 

BRCA1, and BRCA2. One of these, RAD51, is recruited by RAD52 to promote invasion of 

the broken DNA strands into an intact double-stranded homologous DNA duplex molecule. 

New DNA is synthesized. The ends are ligated by DNA ligase I and the interwound strands 

are separated, usually with no loss of genetic material (26).  

 

The repair kinetics of DSBs after low-LET radiation are biphasic, with a fast (~0.5–1 h) and a 

slow component (several hours). A large fraction of the DBSs induced by low-LET radiation 

is repaired in the fast component, the duration of which is dependent on the cell line. The 
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repair kinetics of DSBs induced by high-LET radiation is generally slower than after X-rays 

and a larger fraction of the breaks remain unrepaired after long repair time (27-30). Residual 

damage after 24 h is often correlated to increased radiosensitivity (31-32). 

 

The repair of DSBs is essential for cell survival and maintenance of the genomic integrity. If 

DSBs are left unrepaired, genetic material is lost during the following mitosis. Alternatively, 

wrong DNA ends can be combined during the rejoining process leading to different types of 

chromosomal aberrations. Also, NHEJ after radiation induced DSBs always results in some 

loss of genetic material since the ends must be trimmed to permit ligation. This may not be a 

problem because most of the bases are not coding for a gene product, but if it occurs in a 

coding sequence this may lead to mutations. If these events are not lethal, surviving cells that 

are genetically instable may evolve. Years later, such subclones with high proliferative 

capacity may develop into clinical malignancy (33). 

 

Checkpoint Control 

 

In cooperation with DSB repair, arrest in cell cycle progression is an important response to 

DNA damage, allowing proliferating cells to pause and repair lesions. Cell cycle checkpoints 

halt proliferation of damaged cells and are essential for maintenance of the genomic integrity 

by preventing mitosis in the presence of DNA damage. Cells are equipped with an advanced 

signaling system to induce cell cycle arrest. If the damage is too severe to repair, the cell can 

instead respond by signaling to undergo apoptosis. Depending on the position in the cell cycle 

at the time when the damage occurs, the cells will either be arrested in the G1 phase (G1/S 

checkpoint), slow down in S phase (S phase checkpoints), or be arrested in G2 (G2/M 

checkpoints). Compared with low-LET radiation, irradiation with high-LET radiation results 

in a more pronounced and sustained delay in both G1 and G2 compared to low-LET irradiation 

(34-35). 

 

When a DSB occurs, the cell will respond through the activation of systems that detect the 

lesion, and trigger a cascade of various downstream events driven by the protein kinase ataxia 

telangiectasia mutated (ATM), which is recruited to and activated at DSB sites. Once 

activated, ATM will phosphorylate various substrates including checkpoint kinase 2 (Chk2), 
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BRCA1, NBS1, and p53, all important in cell cycle control systems. Checkpoint kinase 2 is 

activated through phosphorylation at threonine 68 (36-40).  

 

Radiation Response in Proliferating and Resting Cells 

 

Consequences of ionizing radiation, such as chromosomal damage or cell death, become 

manifest after subsequent cell divisions, and therefore can be observed early after exposure in 

proliferating tissues with a high cellular turnover rate. By contrast, the damage of tissues with 

a low fraction of dividing cells will be visible at a later time after irradiation. This is the 

reason why we can observe late side effects many years after radiotherapy and accidental 

radiation exposure. 

 

The sensitivity of mammalian cells to low-LET radiation varies during the cell cycle. Cells in 

mitosis followed by G2 are known to be the most radiosensitive, while cells in late S phase are 

the most radioresistant (41). This variability in radiosensitivity has also been observed in vivo 

in crypt cells in the mouse jejunum (42). Cells irradiated in late S phase are thought to repair 

lesions more properly, which is explained by the fact that both NHEJ and HRR are available. 

In contrast to low-LET radiation sensitivity, it is generally considered that the sensitivity to 

high-LET radiation is cell cycle-independent (43), although there are some reports of a 

differential response due to differences in cell cycle position and differences in the repair 

capacity have been reported (44-47).  

 

The tissues in our body consist substantially of resting cells while tumors predominately 

consist of proliferating cells. Therefore, the discrepancy in radio response between 

proliferating and resting cells may be of large importance in a clinical situation where both 

tumors and surrounding normal tissue will be irradiated, especially when using new radiation 

qualities. 
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Influence of Chromatin Structure  

 

In eukaryotic cells, the DNA is packaged and arranged together with histone proteins in 

various structures, to form chromatin. The elementary repeating units of chromatin are called 

nucleosomes, composed of 146 bp DNA wrapped, almost twice, around an octamer of histone 

proteins (H2A, H2B, H3, and H4) (48). The three dimensional chromatin structure changes 

naturally during the cell cycle, from unwinded DNA in S phase to tightly compacted 

chromatin in mitosis. Open chromatin structures are associated with increased transcriptional 

activity and are thought to be more sensitive to ionizing radiation, while dense chromatin is 

associated with inactive regions in the genome (49). The chromatin organization can be 

modified in vitro by treatment with high salt concentrations and modulation of the magnesium 

concentration. The architecture of the chromatin can be reversibly modified by promoting 

acetylation/deacetylation of histones to result in a more open/more compacted chromatin 

conformation (50). Clinically, histone deacetylase inhibitors have been suggested to suppress 

tumor invasion as a result of growth arrest and apoptosis (51-52). 

  

The chromatin organization is an important factor in the induction of DSBs and other DNA 

lesions. Compacted chromatin is an effective radical scavenger, protecting from free radicals 

produced by ionizations of water molecules in proximity to DNA (17). By contrast, an open 

chromatin structure leads to higher yield of DNA damage (17, 53). Since the indirect effect is 

not as prominent after high-LET irradiation as after low-LET irradiation, this protective effect 

is of less importance using high-LET radiation. Also, presence of chromatin proteins is 

responsible for the non-random distribution of DSBs, typically found after high-LET 

irradiation (53). Recently, it has been shown that repair kinetics is dependent on the chromatin 

compactness, with a more efficient repair in open regions (49). Therefore, it can be reasoned 

that compact chromatin may be protected from induction of DNA damage but on the same 

time more difficult to repair. 
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Use of High-LET Radiation 

 

In clinical radiotherapy the therapeutic index, i.e the distance between the tumor cure 

probability and normal tissue complication probability curves is small, since energy from 

ionizing radiation is transferred identically to tumor and normal cells. Therefore, in 

radiotherapy it is important to keep the absorbed dose to surrounding healthy tissue to a 

minimum while delivering enough energy to the correct target. 

 

During recent decades high-LET irradiation has been introduced in external beam therapy 

using accelerated heavy ions (54) but also experimentally in internal radionuclide therapy (55-

56). The advantages of high-LET radiation over low-LET radiation are the favorable dose 

distribution between tumor cells and normal cells, and less dependence on tumor hypoxia, 

dose rate and cell cycle position (3, 43, 57). At the same time, the biological effects in the 

cells are more severe after high-LET radiation, resulting in high RBE.  

 

In recent years, radioimmunotherapy (RIT), i.e. treatment with monoclonal antibodies 

directed against a specific tumor antigen and labeled with a radionuclide, has been an 

alternative for internal radionuclide therapy, in most cases using beta emitters. Due to the 

relatively long range of these electron tracks, beta-RIT is not suited for treating small tumor 

cell clusters and isolated malignant cells. However alpha-emitting radioconjugates offer a 

better dose deposition due to the short alpha particle track, in the range of 50–100 µm. 

 

Astatine-211 is one of few available α-emitting radionuclides. It has a suitable half-life that 

has made it interesting for RIT. It has been used by our group (www.tat.gu.se) in several 

preclinical studies and recently in a phase I study on ovarian cancer (58). It has also been used 

for evaluating toxicity, pharmacokinetics and efficacy of glioblastoma (59). Other clinical 

applications using α-particles are 
213
Bi-RIT for leukemia (60) and melanoma (61) and 

unconjugated 
223
Ra as a boneseeking nuclide for bone metastsases (62). 

 

Since high-LET irradiation is being gradually introduced clinically it is of outmost importance 

to increase our knowledge of cellular radiation effects to improve treatment efficacy. 

Knowledge of the biological effects after high-LET irradiation is also of high interest when it 

comes to radiation protection issues. As described above, there is a correlation between 
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ionizing radiation and cancer, which is one of the leading causes of death. Human cells are 

exposed to ionizing radiation from natural background sources in our environment and the 

largest proportion of this comes from isotopes of radon in the ground and buildings. Radon is 

an α-particle-emitting radionuclide and when it is deposited internally, primarily in the lungs, 

it can be very hazardous. Evaluating biological effects of high-Z energy particles is also of 

interest for astronaut health concerns since more extended space explorations are planned in 

the future.  

 

 

Present Investigation 

 

This work was initiated with the aim of revealing the radiobiological effects of the α-particle 

emitter 
211
At. For this purpose, normal cells were irradiated and the effects on the level of 

inflicted DNA damage, cellular response, and biological consequences were studied to 

increase our knowledge about this promising radionuclide. 
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AIMS 

The main aim of the present work was to determine the relative biological effectiveness of α-

particles from 
211
At in normal cells of different proliferating status for endpoints ranging from 

DNA damage to cellular response and cell death. 

 

The specific aims in each paper were: 

 

I To determine the induction yield and size distribution of DSB fragments in 

normal fibroblasts.  

 

II To study the induction of DSBs and clonogenic cell survival in relation to cell 

cycle position in synchronized cells. 

 

III To investigate repair of DSBs and activation of cell cycle arrests in irradiated 

normal fibroblasts of different proliferation status. 

 

IV To study the formation of chromosomal damage and delays in cell cycle 

progression in irradiated normal fibroblasts of different proliferation status. 
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MATERIALS AND METHODS 

 

Cell Lines and Culture Conditions  

 

In paper I, III and IV human diploid foreskin fibroblasts (HS 2429 cells) were used to 

represent a normal cell type with normal functions in regard to repair, arrests and 

proliferation. HS 2429 cells are contact inhibited, anchorage dependent and have a definite 

life span. These cells can be manipulated to obtain cultures with different proliferation status. 

In paper II, Chinese hamster lung fibroblasts (V79–379A cells) were used since they are able 

to form colonies and can be synchronized more efficiently than HS 2429 cells. Both cell lines 

were cultured at 37°C in a standard incubator in humidified air. The passage number was kept 

as low as possible, ranging from 8 to 15 (HS 2429 cells), and between 2 and 10 from the time 

of delivery (V79–379A cells). 

 

When induction and repair of complex DNA damage were investigated, cells in culture were 

labeled with 
14
C-thymidine prior to irradiation. Cells were irradiated at 2°C to avoid DNA 

repair in PBS or in serum free medium either as monolayers (paper I, III, IV) or as single cell 

suspensions (paper II). When the influence of temperature was investigated (paper I), the cells 

were irradiated in PB+ (nuclear monolayers) and in PBS (intact cells) at 2°C or 37°C. 

 

 

Synchronisation of Cells 

 

In paper II, V79–379A cells were treated with mimosin to achieve a synchronized population 

i.e. cells enriched in a specific position of the cell cycle. Mimosine is a relatively non-toxic 

reversible inhibitor of fork elongation that stalls replication in early S phase (63). 

Asynchronous cells were first accumulated in G1 by serum starvation, followed by treatment 

of mimosine to block cells very early in S phase, halting cell proliferation. Removal of 

mimosine then allowed cells to proceed into S phase as a synchronized population. Stalled 

replication caused by mimosine has been shown to induce DNA lesions (64). Indeed, the 

control samples after treatment with mimosine was 100% higher compared with control 
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samples from asynchronous cells not treated with mimosine. However, individual control 

values were subtracted from each irradiated sample. To achieve cells in mitosis, mitotic 

shake-off was used in combination with serum starvation and treatment of mimosine. Mitotic 

shake-off is based on that cells progressing into mitosis become round and have fewer points 

of attachment with the culture vessel, which makes them easy to shake off and collect. 

 

Flow cytometry analysis was used to optimize times, specific for each cell cycle phase, after 

release from mimosine treatment and times to achieve cell populations with the highest 

fraction of cycling cells as possible. The fraction of cells in mitosis was verified after May-

Grünwald Giemsa staining, revealing a high percentage of cells in different stages of mitosis. 

 

In paper III and IV, both stationary and cycling cell populations of HS 2429 fibroblast were 

used. To achieve stationary cells in G0/G1, cells were seeded in complete medium and grown 

to confluency before the time of irradiation. Populations of cycling cells were achieved by 

seeding cells at low cell density 24–28 h before irradiation. To obtain cells with different 

proliferation status, this procedure is more advantageous than synchronization with mimosine 

because no chemical manipulation of the cells is included and may therefore better reflect the 

normal situation in tissues. 

 

 

Irradiation 

 

Low-LET Irradiation 

 

Low-LET irradiation was performed with a roentgen tube suited for contact therapy and with 

γ-rays from 60Co. The mean absorbed dose from X-rays was determined from depth-dose 

curves developed for clinical use. 
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     Table I. Beam properties  

 

Radiation 

 

Voltage 

(kVp) 

 

Filtration 

(mm Al) 

Collimator/ 

Radiation field 

(cm) 

 

Dose rate 

(Gy/min) 

Focus/Source 

Target distance 

(cm) 

 

Paper 

X-rays 70 1.25 7×7 11.6 10 I 

X-rays 100 1.7 7×7 13.5 10 II and III 

X-rays 100 1.7 Ø12 1.46 30 II-IV 

60Co   10×10 1.09 80 I 

 

 

 

High-LET Irradiation  

 

Throughout this work, α-particles from 
211
At were used as high-LET radiation. Astatine-211 

is a halogen with element number 85 and decays with a half-life of 7.2 h. It has two branches 

of decay, resulting in 100% α emission. It disintegrates with 58% probability through electron 

capture to 
211
Po, which in turn emits an α-particle of 7.45 MeV, with a half-life of 0.52 s. The 

other branch disintegrates with 42% probability through direct emission to 
207
Bi, resulting in 

an α-particle of 5.87 MeV. Both branches end in stable 
207
Pb. The average range of the α-

particles is 65 µm in tissue, corresponding to a few cell diameters, and with mean LET of 

~110 keV/µm (Fig. 1).  
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Figure 1. Simplified decay scheme for Astatine-211 (211At). 
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Astatine-211 was produced by the 
209
Bi(α,2n)

211
At reaction in a cyclotron at the Positron 

Emission Tomography and Cyclotron Unit, Rigshospitalet, Copenhagen, Denmark, by 

irradiating a 
209
Bi target with ~28 MeV α-particles. The target was isolated and transformed 

into a chemically useful form by a dry-distillation according to a protocol described by 

Lindegren et al. (65). As free astatine has been shown to bind to cells in suspensions to a 

varying degree (66) 211At was labelled to monoclonal antibodies, MX35 F(ab´)2 fragments 

(paper I) and Trastuzumab (Herceptin) (paper II-IV) using the reagent N-succinimidyl-3-

(trimethylatannyl)-benzonate, as described earlier (67-68). MX35 is an antibody directed 

towards an antigen on the cell surface on ovarian carcinoma cells and was used in Göteborg 

clinical trials with patients with intraperiotenal growth of ovarian cancer. Trastuzumab is 

targeting the human epidermal growth factor receptor HER2/neu and is used in therapeutic 

treatment of breast cancer. However, the antibodies were not specific for the cell lines used 

here and were used only for stabilizing the astatine atom and preventing adhesion to plastic 

surfaces. In this work no binding or uptake of 
211
At was desired for dosimetric reasons, hence 

the cellular uptake was measured using centrifuge tube filters (66) and was found to be less 

than 0.3%. Immediately after irradiation cells were washed 3 times in PBS or serum free 

medium. To ensure that no activity remained, all flasks and tubes were measured after the 

rinsing procedure in an ionizing chamber calibrated for high activities and a NaI(Tl)-well 

detector for low activities. 

 

The absorbed dose to the cell nucleus was calculated from the equilibrium dose to the solvent, 

Deq, given by:  

 

m

ÃnE
Deq =      and ∫

−
=

T
tdteAÃ

0

0

λ

   (1) 

 

where A0 is the activity (Bq) added to the cell solvent, nE is the mean energy per transition 

(Gy Kg Bq
-1
 s
-1
), λ is the disintegration constant, t is the time of irradiation and m is the mass 

of the solvent calculated from the density of the added volume. In cells irradiated as 

monolayers, the absorbed dose to the cell nucleus was approximated to half of the equilibrium 

dose, i.e. 0.5 Deq, with the assumptions that the cells were adherent and the dose distribution 

homogenous in the solvent. In paper II, when cells were irradiated as single cells in 

suspensions, the cell nuclei will almost receive the same dose as the surrounding solvent, Deq. 
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A correction of the mean absorbed dose to the nucleus was done according to a 

microdosimetric model that allows calculation of single-hit and multi-hit distributions of 

specific energy (69). Considering the cells to be isolated and spherical with a cell radius of 7 

µm and a radius of cell nucleus of 5 µm, the absorbed dose to the cell nuclei was estimated to 

0.95 Deq. 

 

 

Fpg Enzyme Treatment to Assess Clustered Damages 

 

The induction of clustered damage after irradiation was quantified in asynchronous V79–

379A cells with PFGE and fragment analysis (paper II). Clustered damages within 10–20 bp 

were assessed by incubation with a base excision repair endonuclease post-irradiation to 

transform bistranded clustered damage into DSBs. Lysed cells were treated with 

Formamidopyrimidine-DNA glycosylase, Fpg, for 1 h in 37°C. Fpg recognizes oxidized 

purines and cleaves the strand at cluster sites inducing strand breaks that appear as additional 

DSBs if located on opposite DNA strands (70). 

 

 

Pulsed-Field Gel Electrophoresis 

 

Induction and repair of DNA DSBs were measured by pulsed-field gel electrophoresis 

(PFGE) in combination with fragment analysis which is a well established method for 

measurement and analysis for DNA DSBs. 

 

PFGE was developed 1982 by Schwarz and Cantor (71) as a tool for separation of DNA 

fragments from approximately 10 kbp to 10 Mbp in size. The principle is that when the 

negatively charged DNA fragments are loaded into an agarose gel, they will migrate under an 

electric field at a speed that is inversely proportional to the size of the fragments. By varying 

the concentration of agarose, field strength and pulse duration, DNA fragments of different 

sizes can be separated. The concentration of the agarose affects both the resolution and the 

mobility of the DNA fragments. By periodically changing direction of the electric field the 

DNA is forced to change direction during electrophoresis and different sized fragments begin 
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to separate from each other. Longer pulse time and weaker electric fields lead to separation of 

larger DNA fragments.  

 

 

 

Figure 2. Illustration of PFGE and fragment analysis. DNA samples are loaded into a gel containing a matrix of 

agarose. The negatively charged DNA fragments move toward the positve electrode in a rate proportional to 

their length and will therefore be size separated. After staining with a fluorescent dye, DNA of different lengths 

can be identified using specific size markers. 

 

 

Conventionally, PFGE is used to calculate the number of DSBs from FAR values. The FAR 

value, Fraction of Activity Released, describes the relative amount of 14C-labeled DNA that 

migrates through the gel during electrophoresis and correlates in a non-linear way with 

radiation dose. FAR values can be converted into DSB under the assumption of randomly 

distributed DSBs along the DNA helix (72). This conversion is suitable after low-LET 

irradiation but in the case of high-LET irradiation, however, this assumption is not correct. 

Instead, another approach for determining the number of DSBs is needed, using further 

separation of fragments. DNA markers, well characterized in size, are loaded together with 

the samples in the gels and used to localize separated fragments of specific sizes. The total 

amount of DSBs is then calculated by summarizing DSBs in all fragment size intervals. The 

method is called fragment analysis and can also be used to determine the distribution of 

fragments of different sizes along the DNA. 
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In this work, two different electrophoresis protocols were used being optimized for separation 

of DNA fragments <1.1 Mbp and 1.1–5.7 Mbp, respectively. The calculations of DSBs 

induced were done by fragment analysis from the FAR values in each size segment. For this, 

lanes of migrated DNA were sliced in segments using three different size standards: Lambda 

DNA ladders, Saccharomyces cervisiae chromosomal DNA, and Schizosaccharomyces 

pombe chromosomal DNA. The number of fragments was calculated by dividing the fraction 

of 
14
C-incorporated DNA in a gel segment, measured by a liquid scintillation counter, with 

the average fragment size in that segment. 

 

Today, the most widely used method to determine DSB induced by ionizing radiation is 

detection of phosphorylation of the histone H2AX, called γ-H2AX in its activated form, 

which can be visualized within individual cells as distinct foci using antibodies specific for its 

phosphorylated form. The advantage with γ-H2AX over PFGE is the possibility to investigate 

effects of clinically relevant doses. One problem with the detection of DSB with γ-H2AX is 

the poor resolution of correlated DSB after high-LET radiation and therefore, the number of 

DSB will be underestimated in high-LET-irradiated cells. One of the main aims of this work 

was to estimate RBE for α-particles from 
211
At and therefore, detection of DSBs was made 

using PFGE and fragment analysis instead of γ-H2AX foci quantification. 

 

 

 

 

 

 

 

 

 

 

Figure 3. γ-H2AX-foci (green) in propidium iodide stained cell nuclei in cells receiving 1 Gy X-rays (left) or 1 

Gy 211At (right). 
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Micronuclei Assay  

 

Radiation-induced chromosomal damage can be detected by investigating the formation of 

micronuclei (MN) in living cells. MN are formed of acentric fragments or whole 

chromosomes that have not been incorporated into daughter nuclei at mitosis and it is 

assumed that a cell carrying MN has lost its clonogenic capacity (73). The most widely used 

method for scoring MN is the cytokinesis-block micronucleus assay, which is a rapid and 

simple method that can be used at clinically relevant doses. In this assay, the fraction of MN 

is scored in binucleated cells when blocked from performing cytokines by cytochalasin B. 

The advantage with the use of cytochalasin B is that MN are scored only in binucleated cells, 

i.e. cells that have undergone one mitosis after irradiation, enabling reliable comparisons 

between cell populations that differ in their cell division kinetics. However, in this work MN 

formation was detected in cell cultures not treated with cytochalasin B due to its toxicity. HS 

2429 cells, irradiated as confluent cultures had to be split directly after irradiation to prevent 

contact inhibition of cell division, a process for which a cytoskeleton drug is very toxic. 

Therefore, the number of MN formed after irradiation in the whole cell population was 

scored. 48 and 72 h post-irradiation, cells were fixed and stained with DAPI. Nuclei were then 

scored blind for MN using the criteria described by Fenech et al. (74). The mitotic index, 

determined by detection of binucleated cells in the presence of the cytokinesis inhibitor 

cytochalasin B, was in the same range, 33% and 22%, for cycling and stationary cells, 

respectively. In these experiments cytochalasin B was added 6 hours after plating. 

 

 

Measurements of Cell Proliferation 

 

In this work, the cellular capacity to proliferate after irradiation was determined using two 

different assays: clonogenic assay and growth assay. These two methods differ in that the 

growth assay measures the total biomass and the proliferation of the entire cell population 

whereas the clonogenic assay measure the capacity of an individual cell to divide infinite 

times. 

 

In paper II, cell survival of irradiated V79–379A cells was assessed by the clonogenic assay 

in which the ability of a single cell to form a colony exceeding about 50 cells, representing 5–



MATERIALS AND METHODS 

 

 - 27 - 

6 divisions, was determined. Asynchronous cells, cells in G1, early, mid and late S phases and 

mitotic cells were irradiated as single cell suspensions with 
211
At or X-rays. Following 

irradiation, cells at low density were seeded and incubated at 37°C for four days. The 

resulting number of colonies, consisting of at least 50 cells, was scored and the surviving 

fraction (SF) was calculated.  

 

The growth kinetics in HS 2429 cultures after irradiation was determined by measuring the 

total cell number after crystal violet staining (paper IV). Crystal violet is a dye that binds to 

the cells resulting in optical density
 
proportional to the cell number. Immediately after 

irradiation the cells were seeded in 96-well plates and incubated 1–15 days. After being fixed 

and stained with crystal violet, the optical density of dye extracts was measured using a micro 

plate reader. This assay is a suitable method for determination of radiation effects when cells 

do not form colonies and the clonogenic survival assay is not possible to use. 

 

 

Measurements of Cell Cycle Arrests 

 

Delays in cell cycle progression were examined by measuring cell cycle distributions with 

flow cytometric analysis after propidium iodide staining 0–72 days (paper III) or 0–22 days 

(paper IV) after irradiation. The percentage of cells in G0/G1, S phase and G2/M was 

estimated by calculating the area under the DNA histogram assuming a Gaussian function.  

 

In paper III, phosphorylation of the checkpoint kinase Chk2 at Threonine 68 was used as an 

indicator for cell cycle arrest activation 0–120 h post-irradiation. Cells cultured on chamber 

slides were fixed prior to incubation with a primary antibody binding to the phosphorylated 

Chk2, followed by incubation with a FITC-conjugated secondary antibody. The number of 

Chk2-foci in individual nuclei was scored blind using fluorescence microscopy. 
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Modulation of Chromatin Structure  

 

In paper I, intact cells were chemically modulated into a structure defined as nuclear 

monolayer by permeabilizing the cell membrane with the ionic detergent Triton X-100. After 

this treatment the nucleus was depleted of all soluble scavengers. Intact cells and nuclear 

monolayers differ in that the DNA in nuclear monolayers lacks the protective effect of these 

molecules surrounding the DNA, while the chromatin conformation remains mainly 

unchanged. 

 

In paper IV, the chromatin structure was modified by treating cells with the histone 

deacytelase inhibitor trichostatin A (TSA) that prevents deacetylation of histones (50). The 

molecular effects of TSA are rapid and reversible since increasing levels of acetylated histone 

H3 on lysine 9 (Ac-H3K9) were seen already after 1 h exposure of 0.3 µM TSA while wash-

out after four hours decreased the levels of Ac-H3K9 (data not shown). TSA was added to the 

cells four hours before irradiation and was removed prior to irradiation. 
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RESULTS AND DISCUSSION 

 

Effects on DNA Damage Induction 

 

Double-Strand Break Induction (paper I-III) 

 

The number of DSBs induced in HS 2429 cells and V79–379A cells was investigated by 

fragment analysis to include short DNA fragments generated by correlated DSBs following 

exposure to high-LET radiation. The cells received 0–90 Gy X-rays or 
60
Co, or 0–50 Gy 

211
At.

  

The induction yields are listed in Table II.  

 

 

Table II. DNA DSB induction yields ± SEM. 

  DSB/Gy per cella  

Cell cycle phase  
211At X-rays 

60Co 

Stationaryb  61 ± 3 20 ± 2 30 ± 3 

Stationaryc 19 ± 2 14 ± 1  

Cyclingc  33 ± 3 17 ± 2  

Asynchronousd   79 ± 5 22 ± 0.3  

G1 phase
 d  60 ± 6 20 ± 1  

S phase earlyd  110 ± 10 31 ± 5  

S phase midd  130 ± 20 34 ±2  

S phase lated  120 ± 8 45 ± 1  

Mitosisd  390 ± 40 220 ± 50  

     aAssuming 6 × 109 bp per diploid cell 

      bHS 2429 cells (paper I) 

      cHS 2429 cells (from repair study at t=0 in paper III) 

      dV79–379A cells (paper II) 

 

The yields for DSBs induction for HS 2429 cells and asynchronous V79–379A cells were in the 

same range, or lower, as reported by several other authors using fragment analysis. For low-LET 

radiation, yields in the range 23–64 DSB/cell per Gy have been reported (12, 53, 75-76). After 

high-LET radiation, 41–73DSB/cell per Gy have been reported using α-particles with LET of 

110 keV/µm or nitrogen ions with LET from 80 to 225 keV/µm (12, 53, 75-76). The deviations 

in yields between different studies may depend on LET, radiation quality and cell line used. The 
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yields for stationary HS 2429 cells after 
211
At clearly differed between paper I and III, for 

unknown reasons. 

 

To analyze the clustering of DSBs induced in stationary fibroblasts, the distribution of fragments 

of different sizes was studied and compared with a theoretical model that calculates the number 

of DSBs per unit length, assuming that DSBs are randomly distributed in the DNA (72). The 

normalized fraction of DNA fragments versus fragment size showed that the DSBs induced by 

high-LET radiation clearly deviated from the theoretical model (Fig. 4A). The non-random 

component was constructed by subtracting the theoretical distribution from experiment data (Fig. 

4C). If the DSBs were randomly induced in the DNA the data would be a straight horizontal line. 

High-LET radiation induced an excess of shorter DNA fragments and a decrease of longer 

fragments, in accordance with other publications (12, 77). DSBs resulting in short fragments 

<121 kbp constituted of about 40% of the total number of DSBs induced by 
211
At. Radulescu et 

al. (53) suggested that the organization of DNA into the chromatin fiber and higher order 

structures is responsible for the majority of non-randomly distributed DSBs induced by high-

LET radiation. The distribution of DSBs induced by X-rays on the other hand, comported well 

with the theoretical model (Fig. 4B) and less than 3% of  the total number of DSBs resulted from 

fragments <121 kbp. 
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Figure 4. The normalized fraction of DNA fragments as a function of fragment size for stationary HS 2429 cells 

receiving 30 Gy 211At (A) or 90 Gy X-rays (B). Dotted curves represent theoretical fragment distribution according 

to Blöcher’s random breakage model for the same DSB frequency as obtained in the experiments. (C) the non-

random component of the fragment distributions were constructed by subtraction of the theoretical distribution for 

the same DSB frequency as obtained from the data in (A) and (B). 
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In synchronized V79–379A cells, the number of DSBs increased when the cells progressed 

through the cell cycle (Table II). The yields per cell and corresponding cell cycle differences 

were similar to what has been demonstrated earlier for low-LET radiation. This cell cycle effect 

was not the result of lagging fragments containing replication forks, since this decreased mobility 

during electrophoresis was compensated for (78-79). One reason for the increased DSB yield 

during cell cycle progression is the increase of DNA content during DNA replication, but could 

also be a consequence of the chromatin structure. If the difference in DNA content was the only 

reason for variations of DSB induction between cell cycle phases, there would be only a two-fold 

increase of DSBs in mitotic cells. The induction yields showed that 6.6 and 11 times more DSBs 

were induced in mitotic cells relative G1 cells irradiated with 
211
At and X-rays, respectively. A 

similar finding has also been shown by Radford (47). He found a 3–4-fold increase of DSBs in 

mitotic cells compared with cells in early S phase measured with the neutral filter elusion assay. 

The large increase of DSBs in mitotic cells, compared to cells from other cell cycle phases could 

in part be explained by the increase of short DNA fragments. Fragment analysis showed a 

striking deviation from the random distribution in mitotic cells also for low-LET radiation. The 

contributions of short DNA fragments <121 kbp were 13% in G1 cells and 80% in mitotic cells. 

The remarkable increase of short DNA fragments in mitotic cells is probably a consequence of 

the very compact chromatin organization. This indicates that fragment analysis, requisite for 

quantification of non-randomly induced DSBs, may be a necessary tool for DSB measurements, 

not only after high-LET radiation but also for low-LET under certain circumstances. 

 

In summary, α-particles from 
211
At were more effective in inducing DSBs in a non-random 

fashion, compared with X-rays. Induction yields varied depending on position of cell cycle phase 

at the time of irradiation after both 
211
At and X-rays. 

 

 

Induction of Clustered Damage (paper II) 

 

The induction of clustered damage was investigated in asynchronous V79–379A cells and the 

yield for cluster induction was 26 ± 1.3 and 15 ± 4.4 clusters/cell per Gy for X-rays (0–75 Gy) 

and 
211
At (0–50 Gy), respectively. Somewhat more clusters than DSBs were induced in X-

irradiated cells (1.2 ± 0.05 clusters per DSB) in agreement with earlier reported findings (80-82). 

In contradiction, five times more DSBs than clusters were induce after 
211
At. Only a few studies 
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investigating Fpg-clusters after high-LET irradiation in intact cells have been performed. The 

results from these studies show that none or less Fpg-clusters than DSB are induced after 

exposure to high-LET radiation (16, 82-83). The ratio between clustered damage and DSB tends 

to decline with LET and it appears as if non-DSB clustered damages are more dependent on the 

radical mediated indirect effect of ionizing radiation. 

 

 

Effects on the DNA Damage Response 

 

Repair of DNA Double-Strand Breaks (paper III) 

 

The repair kinetics of DNA DSBs was investigated at a single dose, expected from DSB yields in 

paper I to induce the same amount of DSBs (30 Gy 
211
At and 90 Gy X-rays). From Fig. 5 it is 

obvious that the repair kinetics differed between the two radiation qualities and three major 

distinctions can be mentioned. First, overall the repair kinetics was much slower after 
211
At and 

second, more residual damage was detected after a repair time of 24 h post-irradiation. In 

stationary cells, 4% and 25% of the lesions remained unrepaired 24 h after X-rays and 
211
At, 

respectively (Fig. 5A). Corresponding values in cycling cells were as high as 40% and 85%, 

respectively (Fig. 5B). Numerous studies on DSB repair have shown a slower rejoining and a 

larger amount of residual DSBs induced by high-LET radiation even after a long repair time (27-

30). For example, Jenner et al. (28) reported that only 30% of the DSBs were rejoined after α-

particles while >90% of those induced by X-rays were rejoined 3 h post-irradiation, at an 

absorbed dose of 40 Gy. Also, the repair kinetics measured by γ-H2AX foci fluorescence was 

dependent on LET with more persistent foci after long repair time (84). Groesser et al. (85) have 

shown that the foci numbers decreased faster after γ irradiation and returned to control levels 22 

h post-irradiation while approximately 20–40% foci persisted after irradiation with Fe ions. The 

pronounced difference in the repair capacity between X-rays and 
211
At, despite the dose 

adjustment, is probably due to the clustering of lesions along the α-particle track that may be 

very difficult to repair. The insufficient repair after high-LET radiation enhances the risk of 

failed or misrejoined DSBs, which in turn could lead to an increase of mutations, chromosomal 

damage and cell death. It is also possible that low- and high-LET radiation induce different 

amounts or ratios of DNA lesions in open versus compact chromatin, which may have 

consequences for DNA repair efficiency.  
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Third, an increase of DSBs was observed in 
211
At-irradiated cells 1 h after onset of repair. In 

cycling cells, there were almost twice as many DSBs as promptly induced at t=0 (Fig. 5B). This 

increase of DSBs in 
211
At-irradiated cells may depend on attempted repair of some radiation-

induced sugar and base residues that can be converted to DSBs if located within a bistranded 

cluster. 
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Figure 5. Repair of DNA DSBs as percentage of initial damage as a function of post-irradiation incubation time. HS 

2429 cells were irradiated either as a stationary cell culture (A) or as a cycling cell culture (B) and received 30 Gy 
211At or 90 Gy X-rays. Control values from unirradiated cells were subtracted from the results and the data 

represent the means ± SEM for at least three independent experiments. 

 

 

In stationary cells 96% and 75% of the promptly induced lesions were repaired 24 h post-

irradiation after X-rays and 
211
At, respectively (Fig. 5A). However, the repair of DSBs was much 

slower in cycling cultures than in stationary cell cultures, with 60% of the lesions repaired 24 h 

after irradiation with X-rays. In cycling cells irradiated with α-particles from 
211
At only 15% of 

the promptly induced lesions were ligated (Fig. 5B). The slow repair kinetics in cycling cells was 

not caused by decreased mobility of S phase DNA in the agarose gel, since FAR values were 

normalized for this differential mobility. Fragment analysis showed that irradiation of cycling 

cells with X-rays induced more short DNA fragments compared to stationary cells. This increase 

of short DNA fragments may depend on the presence of cells in mitosis, with a distinct increase 

of short DNA fragments after irradiation as described above. Diverging differences in repair 
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kinetics between proliferating and resting cells have also been reported by other authors (85-88). 

For example, Hamasaki et al. (88) demonstrated a 1.5-fold increase of γ-H2AX foci in 

phytohemagglutinin stimulated lymphocytes one hour after X irradiation, compared to resting 

cells. Increased phosphorylation of H2AX in proliferating lymphocytes was also showed by 

Vilasova et al. (86).  

 

It seems as if the DSB repair machinery prefers to repair isolated DSBs over lesions located in 

close proximity, since fragment analysis showed that the relative number of short fragments 

increased with repair time. In stationary cells, the fraction of DNA fragments <185 kbp increased 

from zero directly after X-irradiation to 50% after 3 h repair time. Corresponding numbers in 

cycling cells were 18% and 51%. Indeed, Wang et al. (89) have shown that very short fragments 

(<40 bp) prevent efficient Ku-binding, thereby decreasing DNA-PKCS recruitment to the two 

ends of the DNA fragments, resulting in NHEJ retardation. This may explain the insufficient 

repair after α-particles, primarily inducing correlated DSBs, and in cell irradiated as a cycling 

culture.  

 

In conclusion, repair of DSBs induced by 
211
At required longer time and resulted in higher 

proportion of unligated breaks after 24 h. There was a large difference in repair kinetics between 

cycling and stationary cells, with more insufficient repair in proliferating cells. 

 

 

Effects of Radiation on Cell Cycle Progression (paper III and IV) 

 

Detection of cell cycle arrests using immunofluorescent labeling of phosphorylated Chk2-foci 

showed a massive activation of Chk2 one hour post-irradiation, in both cycling and stationary 

cell cultures receiving 1 Gy 
211
At or 3 Gy X-rays. Re-incubation at 37°C resulted in a decreased 

amount of foci by repair time, but even 120 h post-irradiation at least 50% more foci could be 

found in irradiated cells than in unirradiated cells (Fig. 6). In cycling cells, twice as many Chk2-

foci remained after 
211
At compared with X-rays, despite the dose adjustment, probably reflecting 

the inefficient repair in cells irradiated with 
211
At. In stationary cells, a difference between the 

radiation qualities was first seen 48 h post-irradiation with about 1.5 times more foci after α-

particles. The difference between cycling and stationary cells was more pronounced after α-

particles with a two-fold increase of Chk2-foci 24 h and 48 h post-irradiation. After X-rays only 

small differences were observed with no consistent trend.  
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Figure 6. Photographs of Chk2-foci (green) in cell nuclei stained with propidium iodide receiving 1 Gy 211At (left) 

or in unirradiated cells (right), 48 h post-irradiation. 

 

 

Detection of radiation induced cell cycle arrests using flow cytometic analysis showed a 

substantial arrest in G2/M in cycling cells irradiated with α-particles from 
211
At, 24–72 h post-

irradiation (Fig. 7B). In contrast, no significant difference from control cells in cell cycle 

distribution could be observed after X-rays (Fig. 7B), albeit the higher dose. 
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Figure 7. Cell cycle distributions in cycling HS 2429 cells irradiated with 1 Gy 211At or 3 Gy X-rays, 0–72 h post-

irradiation. The figures show percentage of cells in G0/G1 (A) and in G2/M (B). Data represent the means ± SEM 

from two or three independent experiments. 
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When cell cycle distributions were analyzed in a long time follow-up 0–22 days after irradiation, 

both 
211
At and X-rays resulted in cell cycle progression disturbances corresponding to what was 

found 24–72 h after irradiation. Irradiation of cycling cells with 
211
At resulted in a substantial and 

persisted accumulation of cells with about twice as many cells in G2/M compared to unirradiated 

cells (Fig. 8A). After exposure to X-rays (3 Gy), only a minor accumulation of cells in G2/M was 

observed (Fig. 8B). No effect on cell progression was observed in cells receiving 1 Gy X-rays.  
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Figure 8.  Percentage of HS 2429 cells in G2/M in cycling cell cultures 0–22 days after irradiation with 211At (A) or 

X-rays (B). Data are the means ± SEM from at least three independent experiments. 

 

 

Such drastic G2/M arrest after α-particles is in accordance with presented data from others on 

G2/M arrests induced by different high-LET radiations (90-92). Dose dependent G2/M delays 

have been suggested earlier. For example, Raju et al. (93) reported that the delays of progression 

through G2/M was dose dependent for both X-rays and α-particles and Lücke-Huhle et al. (90) 

showed that the number of cells arrested in G2/M after exposure with heavy ions increased 

linearly with dose up to at least 75% of the maximum fraction of cells in G2/M. Indeed, primary 

fibroblasts requires doses >200 mGy to activate G2/M checkpoint. Further, Buscemi et al. (94) 

suggested that the checkpoint kinase Chk2 needs >19 DSBs to be activated, which is in the same 

range as the DSB induction yields presented here. 
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Stationary cells were arrested in G0/G1 after release of the contact inhibition at plating, regardless 

of radiation quality (Fig. 9A). Only 5–10% of the irradiated cells started to proliferate 24 h post-

irradiation, while this percentage was much higher in control cells.  
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Figure 9. Cell cycle distributions in stationary HS 2429 cells irradiated with 1 Gy 211At or 3 Gy X-rays, 0–72 h post-

irradiation. The figures show percentage of cells in G0/G1 (A) and in G2/M (B). Data represent the means ± SEM 

from from two or three independent experiments. 

 

 

In accordance, stationary cell cultures investigated for long times (0–22 days) underwent a 

delayed cell cycle progression after release of the contact inhibition with a lower fraction of cells 

entering S phase at later time points after irradiation (Fig. 10). This was found after both 
211
At 

(Fig. 10A) and X-rays (Fig. 10B), but was more prominent after α-particle exposure. 
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Figure 10. Percentage of HS 2429 cells in S phase in stationary cell cultures 0–22 days after irradiation with 211At 

(A) or X-rays (B). Data are the means ± SEM from at least three independent experiments. 

 

 

Delays of the progression into S phase in non-cycling cells that are allowed to re-enter the cell 

cycle have been reported earlier (95-97). It is possible that a fraction of the cells irradiated as a 

stationary cell culture in G0/G1 and re-seeded immediately after irradiation do not start to 

proliferate but become permanently arrested. Indeed, Nasonova et al. (95) have shown that 

approximately 20% of irradiated normal cells were irreversibly blocked in G1 following 

subculture and Tenhumberg et al. (96) have shown that only 25% of normal fibroblasts reached 

the first mitosis after exposure to low energy particles, supporting the data presented here. The 

arrest in G1 provides extra time for the repair of DNA damage before the onset of replication and 

thus protects the cells against the effects of radiation.  

 

Several studies have been performed on disturbances in cell cycle progression after irradiation 

with both low- and high-LET radiation. The predominant result from these studies was that an 

accumulation of cells in G2 phase was observed after high-LET radiation (90-93, 98) , but also 

delays in G1 and S phase have been demonstrated (91, 96-97). The duration of the block depends 

on radiation quality and dose (92-93). It appears as if the G1/S checkpoint is somewhat weaker 

than the G2/M checkpoint. Indeed, Deckbar et al. (99) have shown that the G1/S checkpoint fails 

to prevent S phase entry of irradiated fibroblasts at early times after irradiation.  
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In summary, results from paper III and IV showed that cell cycle arrests were dependent upon the 

position of cells in the cell cycle at the time of irradiation. Cycling cells predominantly became 

arrested in G2/M while stationary cells were arrested in G1. Also, α-particles from 
211
At resulted 

in more pronounced arrests than X-rays. 

 

 

Chromosomal Damage (paper IV) 

 

Chomosomal damage was studied by investigating the formation of MN in stationary and cycling 

HS 2429 cells, receiving 1 Gy 
211
At, or 1 and 3 Gy X-rays. The formation of MN was dependent 

on radiation quality, dose and proliferation status. The amount of MN peaked at 72 post-

irradiation, but also 120 h post-irradiation a large fraction of cells exhibited MN in the culture 

(data not shown). These remaining MN could be a consequence of both delayed cell cycle 

progression and of some MN formed after the second post-irradiation mitosis (100). When 

isodose was compared, 
211
At was more effective in inducing chromosome damage. The average 

numbers of MN formed per cell after α-particles 72 h post-irradiation were 0.67 ± 0.04 and 0.47 

± 0.03 for cycling and stationary cells, respectively. At the same dose of X-rays, only 0.25 ± 0.02 

and 0.12 ± 0.01 MN were formed in cells irradiated as a cycling and stationary cell culture, 

respectively. In cycling cells, increasing the dose of X-rays to 3 Gy resulted in the same amount 

of MN produced as after α-particles (0.69 ± 0.03) but this was not the case in stationary cells 

where the MN yield was much lower (0.28 ± 0.02). The complexity of chromosomal damage was 

more pronounced in cells irradiated with 
211
At with more multiple MN per cell. Accordningly, in 

cells receiving 1 Gy α-particles from 
211
At, the proportion of MN-positive cells with at least three 

MN 72 h post-irradiation was 27% and 22% in cycling and stationary cells, respectively. The 

corresponding numbers after 1 Gy of X-rays were only 9% and 2%. Increased complexity of 

chromosomal aberrations with increasing LET has been reported earlier (101-102). The increased 

complexity of chromosome damage after high-LET radiation is probably a consequence of 

correlated DSB and the inefficient repair thereof. 
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Figure 11. Micronuclei in cells receiving 1 Gy α-particles from 211At after 72 h incubation post-irradiation. 

 

 

It is obvious from the data presented here that cycling cells were more sensitive to ionizing 

radiation, resulting in a 40% higher yield of MN in cycling cells compared with stationary cells 

after 
211
At irradiation. The difference was even more prominent after X-rays with 2–3 times more 

MN formed in cycling cells than in stationary cells and was not due to differences in mitotic 

events, biasing the evaluation. These data on differences due to proliferation status are in 

agreement with some earlier findings on MN formation after genotoxic stress in different cell 

cycle phases (103-104). In addition, Masunaga et al. (105) have reported that the frequency of 

MN in tumor cells inoculated in mice was lower in quiescent cells than for a mixed cell 

population after both irradiation of γ-rays and carbon ions. Indeed, they demonstrated a positive 

correlation between the magnitude of this proliferation status effect and increasing LET, a 

correlation very similar to what we found here using α-particles with LET 110 keV/µm. The 

increased amount of MN induced in cycling cells could depend on several mechanisms. First, it 

has been shown that cells encountering DNA damage after chromatin condensation in mitosis 

complete cell division in presence of DNA damage despite proper activation of the DNA damage 

response (106). Damages induced late in the cell cycle will therefore contribute to chromosomal 

aberrations detected as MN after mitosis. Second, it has been demonstrated that full G1/S arrest 

and blockage of replication is established several hours after irradiation and is often poorly 

maintained, leading to increased chromosomal breakage observed later (99). Third, the G2/M 

checkpoint cannot prevent cells from progression into mitosis in the presence of DNA damage 

(99, 107). It can be assumed that such leakage through the checkpoint arrests will influence cells 

already cycling to a larger extent since cells irradiated as confluent cultures in G0/G1 before 
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plating may have sufficient time to complete repair before onset of replication many hours later. 

Also, from DSB repair studies in paper III it is clear that the repair process was very inefficient in 

cycling cells with a high proportion of unligated breaks remaining after 24 h. Such amount of 

residual damage may lead to consequences in the form of chromosomal damage, as shown here. 

 

In summary, cells irradiated with α-particles from 
211
At exhibited more chromosomal damage 

than X-irradiated cells. Also, cycling cells had more MN compared with cells irradiated as 

stationary cultures. 

 

 

Clonogenic Cell Survival and Cell Growth (paper II and IV) 

 

The radiosensitivity in asynchronous and synchronized V79–379A cells was measured with the 

clonogenic survival assay. The experimental data from X-rays was fitted to the linear-quadratic 

model (LQ), and data from 
211
At was fitted to an exponential curve. The surviving fractions (SF) 

were much lower after 
211
At than X-rays in all cell cycle phases, as well as in asynchronous cells 

(Fig. 12). In asynchronous cells, the dose required to reduce the SF to 37% was 5.5 Gy after X-

rays but only 0.67 Gy after exposure to 
211
At. The SF after 2 Gy was 81% and 5.2% for X-rays 

and 
211
At, respectively.  

 

 

The clonogenic survival after both X-rays and 
211
At was dependent on cell cycle position at the 

time of irradiation. After X-rays, the lowest survival was found in mitotic cells followed by cells 

in G1 phase. Cells in late S phase were the most radioresistant of all phases investigated. The 

dose required to reduce the survival to 37% increased as cells progressed through the cell cycle 

and was 1.6 times higher in late S phase compared with G1 cells. Corresponding value for mitotic 

cells was 0.8. Since the classical findings by Terasiama and Tolmach (41), this pattern of 

radiosensitivity after low-LET irradiation between cells in different position of the cell cycle has 

been reported by a number of investigators (47, 108). The radioresistance in late S phase can be 

explained by the fact that both non-homologous end joining and homologous repair may 

contribute to a higher DSB repair fidelity and consequently also to the increased radioresistance 

(109). 
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In contrast to what is generally accepted for high-LET radiation, results from paper II showed 

that irradiation with 
211
At also resulted in differences in radiosensitivity between different cell 

cycle phases although variations were not as large as after low-LET radiation. Surprisingly, and 

in sharp contrast to X-rays, mitotic cells were most radioresistant after 
211
At, where a 1.5-fold 

higher dose was needed to reduce the survival to 37%. A possible explanation could be that DNA 

may be unhit in some cells after α-particles, biasing the surviving fraction, as it is condensed in 

its most compacted and sorted form, occupying less volume in the nucleus than chromatin in 

other cell cycle phases. It should be remembered however, that is not a condition restricted to 

cells in vitro. The cell cycle effect was more prominent when determined at the absorbed dose of 

2 Gy. The SF in mitotic and mid S phase cells was only 25% of the SF in G1 cells. In late- and 

early S phases, the SF was 50% and 75% of the SF in G1 cells, respectively. 
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Figure 12. Clonogenic cell survival in V79–379A cells after 211At or X-rays, presented for asynchronous cells, G1 

cells, early, mid and late S phase cells and cells in mitosis. The results derive from at least three independent 

experiments ± SEM. Results from 211At were fitted to an exponential curve and the results from X-rays to the LQ-

model. 
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In agreement with the result from the clonogenic survival assay, investigation of the proliferation 

of irradiated cells using a growth assay (paper IV) showed that α-particles from 
211
At were more 

retarding than X-rays. Cycling cells were somewhat more growth inhibited than stationary cells 

with an almost absent regrowth regardless of radiation quality. 

 

In summary, clonogenic survival was influenced by cell cycle position after both low- and high-

LET irradiation. Also, the number of clonogenic cells and culture proliferation were reduced 

after 
211
At, demonstrating that the radiation quality differences observed at earlier endpoints 

resulted in decreased survival of cells after irradiation with α-particle compared with X-rays.  

 

 

Effects of Trichostatin A on Irradiated Cells (paper IV) 

 

Effects of TSA-induced inhibition of chromatin deacetylation on the radiation-induced formation 

of micronuclei and cell cycle progression were studied. Compared to non-treated irradiated cells, 

TSA had an impact on cell cycle progression following irradiation, with an accumulation of cells 

in G2/M in cells irradiated as cycling cultures after both 
211
At and X-rays,. In stationary cells, an 

enhancement of the delay into S phase after 24 h post-irradiation in TSA treated cells was seen 

after 
211
At but not after X-rays. In contradiction to this enhanced arrest activation, 10–27% less 

MN were formed 48 h post-irradiation in TSA treated irradiated cells, but this protective effect 

was reduced or abolished 72 h post-irradiation. In cycling cells, this could be explained by the 

fact that cells treated with TSA were arrested in G2 after 24 h to a larger extent than non-treated 

cells, and therefore took longer time to enter the first mitosis after irradiation. Consequently, a 

higher proportion of TSA-treated cells could express chromosomal damage after 72 h compared 

with earlier times. There are some studies investigating a combined effect of TSA and radiation 

in cells showing that TSA treated cells were more radiosensitive than sham treated cells, with a 

higher impact on proliferating than stationary cells in agreement with the data presented here (49, 

110-111). In conclusion, there was only a minor effect of inhibition of histone deacetylation 

which could be explained by the fact that there were no large heterochromatin regions in these 

cultured fibroblasts, as determined by transmission electron microscopy, and therefore, TSA may 

have only a limited influence on the radiation response. 
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Effects of the Irradiation Temperature (paper I) 

 

Irradiation of nuclear monolayers after removal of soluble radical scavengers at 37°C instead of 

2°C resulted in an increased number of induced DSBs. The resulting dose modifying factors, 

DMFtemp, were 1.6 and 1.7 for 
60
Co and 

211
At, respectively. For low-LET radiation, a similar 

protective effect of low temperature on formation of DNA damage, correlated to the indirect 

effects of ionizing radiation, has been reported earlier (112-113).  The increase of DSBs at 37°C 

found in this study also after high-LET irradiation is somewhat surprising. Possibly, irradiation 

temperature may influence the induction of other LET-dependent labile lesions on opposite 

strands, which could be converted into DSBs. No temperature effect was observed for intact cells 

receiving a single dose in this study of 20 Gy α-particles from 
211
At, in accordance with earlier 

findings (112-113). 

 

 

Relative Radiation Quality Effects  

 

Below follows the biological effects of α-particles from 
211
At, quantified as RBE values or 

radiation quality effects, for the different endpoints classified either as inflicted DNA damage, 

DNA damage response or biological consequences, investigated throughout this work. 

 

Relative biological effectiveness for DSB induction was calculated from each corresponding 

dose response curve fit and values are listed in Table III. The RBEs for DSB induction in HS 

2429 cells and asynchronous V79–379A cells were in the same range or higher than others have 

reported using the same method, with values between 1.2 and 1.8 for irradiations with LET of 

40–225 keV/µm (53, 75, 114). Walicka et al. (115) have demonstrated almost a 10-fold higher 

DSB yield after DNA-incorporated 
211
At compared with 

125
I, using the neutral filter elusion 

assay. Interestingly, the RBE varied when the influence of cell cycle position was investigated 

with the smallest difference between the two radiation qualities found in mitotic cells. This may 

reflect the large increase of DSBs induced by X-rays, probably due to the chromatin organization 

as described above, as well as the larger dose inhomogeneity after high-LET irradiation of nuclei 

with condensed chromosomes. 
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Table III. RBE for induction of DSB and clustered damage. 

 

 

 

RBEDSB 

 

RBEClusters 

Stationarya 3.1  

Stationaryb 2.1  

Stationaryc 1.4  

Cyclingc 2.0  

Asynchronousd 3.5 0.59 

G1
d 3.0  

S earlyd 3.4  

S midd 3.9  

S lated 2.8  

Mitosisd 1.8  

aHS 2429 cells, reference radiation: 70 kVp X-rays (paper I) 

                                                                       bHS 2429 cells, reference radiation: 60Co (paper I) 

         cHS 2429 cells, reference radiation: 100 kVp X-rays (paper III) 

             dV79–379A cells, reference radiation: 100 kVp X-rays (paper II) 

 

 

There are to our knowledge only one published study on clustered damage in intact cells 

determining RBE after Fe ion irradiation, showing a value lower than unity in agreement with the 

value of 0.59 presented here (82). The low RBE can be explained by the increased influence of 

the indirect effect of ionizing radiation which is more dominant after low-LET than high-LET 

radiation.  

 

Radiation quality ratios, calculated at expected isoeffect doses, for different endpoints of the 

DNA damage response were estimated for repair of DSBs, Chk2 activation and checkpoint 

arrests and are shown in Table IV. This means that the differences between α-particles and X-

rays were even larger than numbers in the Table IV, since the dose was adjusted by a factor 3 to 

induce the same amount of DSBs in the two cases. 
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Table IV. Radiation quality ratios, after doses expected to induce the same amount of DSB, for different DNA 

damage response endpoints. 

 Repair  

3 ha 

Residual 

damage 24 ha 

Chk2 24 

hb 

Chk2 48 hb G0/G1 

arrestc 

G2/M 

arrestc 

Stationary (HS 2429) 3.3 5.8 0.98 1.6 1.3  

Cycling (HS 2429) 4.6 2.0 2.3 2.0  8.4 

aPercentage of initial damage determined after 30 Gy 211At and 90 Gy X-rays. 

bCalculated as the ratio of radiation effect between 1 Gy 211At and 3 Gy X-rays. 

cCalculated as the ratio of radiation effect, expressed as the absolute area deviation from control values in cell cycle 

distribution 0–72 h post-irradiation, between 1 Gy 211At and 3 Gy X-rays. 

 

 

Radiation quality ratios varied with repair time. In stationary cells, the ratio increased with repair 

time while the inverted relationship was found in cycling cells. This could in part be explained by 

the very efficient repair after X-rays in stationary cells while cycling cells had insufficient repair 

after both 
211
At and X-rays, resulting in a lower ratio between the two qualities. 

 

Radiation quality ratios for cell cycle arrest (Chk2 activation and arrest in G0/G1) were lower in 

stationary cells than in cycling cells (Chk2 activation and arrest in G2/M). RBE values for α-

particles between 4 and 9 for G2/M delay have been reported by others (90, 92, 116). In those 

investigations these RBEs were determined either by comparing the doses required to produce 

the maximum value of cells in G2/M at one specific time or by calculating the ratio of doses 

needed to increase the fraction of cells in G2/M to a specific level. Only a few studies have 

estimated RBE for G0/G1 arrests, ranging from 0.8 to 3 (96), lower than those reported for G2/M 

arrests, in accordance with the data presented here. 

 

Radiation quality ratios for biological consequences of 
211
At were determined for chromosomal 

damage, long-term cell cycle disturbances and for clonogenic survival (Table V). 
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                    Table V. Radiation quality ratios or RBE values for biological consequences. 

 

Cell cycle phase 

 

MN 72 h ratio 

 

G0/G1 

arresta 

 

G2/M 

arresta 

 

RBE37% 

 

SF2 ratio 

Stationaryb 4.1 3.1    

Cyclingb 2.7  13   

Asynchronousc    8.6 18 

G1 phase
c    6.1 38 

S phase earlyc    7.4 31 

S phase midc    6.1 13 

S phase latec    7.9 28 

Mitosisc    3.1 6.9 

aCalculated as the ratio of radiation effect, expressed as the absolute area deviation from control values 

in cell cycle distribution 0–22 days post-irradiation, between 1 Gy 211At and 3 Gy X-rays.  

 

Radiation quality ratios for chromosomal damage, assessed as MN formation, was 2.7 and 4.1, 

72 h post-irradiation for cycling and stationary cells, respectively. Several studies have 

determined RBE of α-particles for MN formation and values from 2.5 to 4.3 depending on LET, 

cell line used and proliferation status have been reported (117-119), supporting the values shown 

here.  

 

The correlation between surviving fraction and radiation dose is not linear and therefore, RBE 

will vary depending on the level of damage investigated. RBE for 37% survival varied between 

3.1 and 8.6 and SF2 ratio between 6.9 and 38, depending on cell cycle phase. This demonstrates 

that at higher doses within the clinically relevant range, differences between radiation qualities 

will increase. Again, the RBE in cells irradiated in mitosis deviated notably from the other cell 

cycle phases. A few studies have been published on RBE determination of α-particles from 
211
At 

at 37% cell survival, and values ranging from 1.6 to 12 have been reported for different cell types 

(66, 115, 120). Relative biological effectiveness of α-particles from 211At determined in vivo has 

also been investigated. Bäck et al. (121) reported a RBE of 4.8 for growth inhibition of 

subcutaneous xenografts of human ovarian cancer cells implanted in nude mice, and Elgqvist et 

al. (122) reported RBEs of 3.4 and 5.9 for myelotoxicity, assessed as white blood cell counts, in 

nude mice after intravenous or intraperitoneal administration of antibody-labeled 
211
At.  

 

In summary, RBE values and radiation quality ratios of α-particles from 
211
At were dependent on 

endpoint and dose level investigated, and varied depending on proliferation status. 
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SUMMARY AND CONCLUSIONS 

 

To improve development of safe external and internal radiotherapy using high-LET radiation 

it is important to increase our knowledge of early DNA interactions, cellular responses and 

biological consequences of different high-LET radiation qualities. The aim of this thesis was 

to investigate radiobiological effects in cells after exposure to α-particles from 
211
At, a 

promising candidate nuclide for α-RIT of isolated tumor cells and microscopic clusters, and 

X-rays in normal fibroblasts. In vitro, fibroblasts have been frequently used in radiobiology 

studies, and represent a normal cell type with functioning checkpoint arrest, repair and 

genomic surveillance signalling. In tissues, it is an abundant cell type in epithelium. In 

radiotherapy, irradiated fibroblasts often give rise to late consequences that can be observed 

months or years after treatment. In culture, fibroblasts can either be irradiated as a resting 

(stationary) population or as a proliferating culture after plating. 

 

From the data presented here it is obvious that 
211
At was more detrimental than X-rays. The 

induction of DSBs was higher with correlated breaks along the α-particle track. In cooperation 

with insufficient DSB repair, strong arrest activation was found with more Chk2-foci after 

211
At compared with X-rays. Formation of chromosomal damage and effects on proliferation 

were also more prominent. Also, the clonogenic survival was reduced. 

 

Interestingly, and in contrast to what is generally accepted, we found a cell cycle dependence 

for DSB induction and clonogenic survival in synchronized fibroblasts after irradiation with 

211
At. For most endpoints studied here, a differential radioresponse between cells irradiated as 

stationary or cycling cultures was found, with cycling cells being more sensitive to ionizing 

radiation. Since irradiated tissue contains proliferating tumor cells as well as surrounding non-

proliferative normal tissue, such differential radioresponse could be of great importance and 

should be further investigated. 
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