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Abstract
Many physical factors influence the biological effect of exposure to ionizing radiation, including radiation quality, dose
rate and temperature. This thesis focuses on how these factors influence the outcome of exposure and the mechanisms
behind the cellular response.

Mixed beam exposure, which is the combination of different ionizing radiations, occurs in many situations and the
effects are important to understand for radiation protection and effect prediction. Recently, studies show that the effect of
simultaneous irradiation with different qualities is greater than simple additivity of single radiation types, which is called
a synergistic effect. But its mechanism is unclear. In Paper I, II and III, alpha particles and X-rays were used to study the
effect of mixed beams. Paper I shows that mixed exposure induced a synergistic effect in generating double strand breaks
(DSB), and these DSB were repaired by slow kinetics in U2OS cells. In Paper II, alkaline comet assay was applied to
investigate the induction and repair of DNA lesions including DSB, single strand breaks and alkali labile sites in peripheral
blood lymphocytes (PBL). We demonstrate that mixed beams interact in inducing DNA damage and influencing DNA
damage response (DDR), which result in a delay of DNA repair. Both in Paper I and II, mixed beams showed a capability
in inducing higher activity of DDR proteins than expected from additivity. Paper III investigates selected DDR-related
gene expression levels after exposure to mixed beams in PBL from 4 donors. Synergy was present for all donors but the
results suggested individual variability in the response to mixed beams, most likely due to life style changes.

Low temperature at exposure is radioprotective at the level of cytogenetic damage. In Paper IV, data indicate that this
effect is through promotion of DNA repair, which leads to reduced transformation of DNA damage into chromosomal
aberrations. 

Paper V aims to compare the biological effectiveness of gamma radiation delivered at a very high dose rate (VHDR)
with that of a high dose rate (HDR) in order to optimize chronic exposure risk prediction based on the data of atomic bomb
survivors. The results suggest that VHDR gamma radiation is more effective in inducing DNA damage than HDR.    

Keywords: Radiation biology, DNA damage, gene expression, alpha particles, X-rays, mixed beams, gamma rays,
hypothermia, dose rate..
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Populärvetenskaplig sammanfattning 

Joniserande strålning är en naturlig del av våra liv, vår omgivning och våra 
kroppar. Strålning är även ett vanligt kliniskt verktyg, främst vid diagnostik 
och cancerbehandling. Det finns två huvudtyper av joniserande strålning, 
elektromagnetisk strålning och partikelstrålning. Båda dessa stråltyper kan 
skada DNA-baser samt bryta den ena eller båda DNA-strängarna, vilket kan 
leda till mutationer och i värsta fall cancer. Celler, vävnader och organismer 
reagerar på olika sätt mot strålning och det finns flera faktorer som påverkar 
reaktionen. Faktorerna inkluderar biologiska och fysikaliska aspekter. Biolo-
giska aspekter beror på cellernas genetiska bakgrund och modifiering av cel-
lens respons via miljöfaktorer. Fysikaliska aspekter inkluderar strålslaget, do-
sen och strålningens doshastighet. För att kunna vara säker på att nuvarande 
strålskyddssystem är tillräckligt bra, är det mycket viktigt att studera faktorer 
som kan påverka den cellulära responsen vid exponering för strålning. 

Avhandlingens första del fokuserar på strålslaget. Även om det finns många 
studier om cellulära effekter av strålning av olika slag, så saknas det fortfa-
rande kunskap om cellers reaktion mot blandat fält av tätt och glest jonise-
rande strålning. Blandad strålning inträffar när båda dessa stråltyper finns när-
varande samtidigt, t.ex. när bakgrundsstrålningen inkluderar radon, vid expo-
nering för kosmisk strålning under flygresor samt vid vissa former av cancer-
behandling. Den stora frågan är om de två typerna interagerar och därmed 
inducerar en synergistisk effekt. Vad är mekanismen för interaktionen? 

I manuskript I användes U2OS celler som uttrycker ett fluorescensmarkerat 
DNA reparationsprotein kallat 53BP1. 53BP1 bildar så kallade foci kring 
DNA dubbelsträngbrott (DSB). Resultaten visar att alfa- och röntgenstrålning 
interagerar och utlöser en högre nivå av DSB än förväntat. DSB som induce-
rades av blandat fält var komplexa och cellerna reparerade dem långsammare 
än DSB som inducerades av alfa- eller röntgenstrålning var för sig. I manu-
skript II användes en annan metod och en annan celltyp för att studera effek-
ten av blandat fält. Med hjälp av den så kallade kometmetoden (eller single 
cell gel electrophoresis) som samtidigt mäter nivån av flera typer av DNA 
skador kunde vi visa att blandad strålning utlöser komplexa skador även i 
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mänskliga lymfocyter. Liksom i U2OS celler reparerade lymfocyterna ska-
dorna långsammare än dem som inducerades av alfa och röntgenstrålning var 
för sig. Dessutom fanns en tydlig effekt av blandat fält på nivån av aktivering 
av DNA reparationsproteiner. Detta resultat gav anledning att studera vidare 
hur blandat fält påverkar reglering av genuttryck i lymfocyter.  

I manuskript III användes qPCR-tekniken (quantitative real time polymerase 
chain reaction) för att analysera mRNA nivåer av 6 gener som induceras av 
DNA skador. Analysen genomfördes i lymfocyter från 4 donatorer. I tre av 
dem var mRNA-nivån konsekvent högst i cellerna som exponerats med blan-
dat fält. I lymfocyter från den fjärde donatorn var resultatet variabelt, troligen 
på grund av förändringar i livsstilen. 

I manuskript IV undersökte vi en hypotes kring mekanismen bakom den 
strålskyddande effekten av hypotermi. Temperaturen vid bestrålning kan på-
verka den biologiska effekten av strålning, och man ser oftast att en lägre tem-
peratur vid bestrålningen leder till en lägre nivå av kromosomala skador. Med 
hjälp av PCC (premature chromosome condensation) tekniken undersökte vi 
omvandlingskinetiken från primära kromosomala skador (PCC breaks) till 
kromosomala avvikelser i mänskliga lymfocyter. Lymfocyter bestrålades i is-
vatten eller vid 37 oC. Resultaten visar att den strålskyddande effekten av hy-
potermi syns omedelbart efter bestrålning, alltså på nivå av primära kromoso-
mala skador.  

Cellulära effekter av de låga doshastigheter som finns i områden med hög na-
turlig bakgrundsstrålning är relativt välstuderade. Däremot finns få studier om 
effekter av väldigt de höga doshastigheter som uppstår när en atombomb ex-
ploderar. Syftet med manuskript V var att analysera effekten av hög doshas-
tighet på genuttryck och bildning av mikrokärnor i mänskliga lymfocyter. Cel-
lerna bestrålades med olika doser och tre doshastigheter: 0.4, 0,8 och 8.0 
Gy/min. Resultaten visar att antalet DNA skador per dosenehet är högst vid 
den väldigt höga doshastigheten 8 Gy/min. Resultaten bekräftades i U2OS 
cellerna. 
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Introduction 

Radiation 

Radiation is a kind of energy travelling through space or matter in the form of 
waves or particles. X-rays and γ-rays can be both described as waves and par-
ticles (photons). Particle radiation is composed of high energy sub-atomic par-
ticles, including alpha particles (helium-4 nuclei), beta particles (high-speed 
electrons or positrons), neutrons, protons and high Z number elements (HZE). 
Radiation is usually categorized into two types, ionizing radiation (IR) or non-
ionizing radiation, according to its ability to induce ionization. If the energy 
of radiation is high enough to eject one or more orbital electrons from an atom 
or molecule, the radiation is called ionizing radiation. If the absorbed energy 
is not high enough to ionize but only cause excitation of atoms or electrons, 
that radiation is called non-ionizing radiation. IR include X-rays, γ-rays, α 
particles, β particles, neutrons, protons and HZE. Radio waves, radiant heat, 
visible light, ultraviolet light in the UVB and UVC range as well as micro-
waves are non-ionizing radiations (1). Since X-rays were discovered in 1895, 
the technique of radiation is increasingly applied in many branches of science, 
industry, medicine and in normal life, such as medical diagnosis and treatment, 
nuclear power and industrial radiography. Radiation does not only have ben-
efits but also carries risks and dangers. IR is much more harmful than non-
ionizing radiation to cells and live organisms as it can induce ionizations and 
change cell structures, and it is extensively studied. Radiobiology is defined 
as “the study of the action of ionizing radiations on living things” (2). The 
present study focuses on two types of IR: X-rays and alpha particles.  

 
IR exists naturally everywhere, generated from decay of radioactive elements 
in the environment and in our bodies, or produced from interaction of cosmic 
rays with Earth’s atmosphere, which is called secondary cosmic rays (3). IR 
which is used artificially may also be emitted in the process of natural decay 
of some unstable nuclei or following excitation of atoms and their nuclei in 
nuclear reactors, cyclotrons, X-ray machines or other instruments (4). In this 
study, X-rays were generated from an X-ray tube that converts electrical 
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power into photons, while alpha particles were from a-decay of an 241Am 
source, which has a half-life of 432.2 years, making the alpha source very 
stable with respect to the dose rate. Unlike gamma rays or electromagnetic 
waves as X-rays, alpha particles are positively changed and have a low pene-
tration depth. They can be stopped by a sheet of paper, by a few centimeters 
of air or by the skin. Alpha particles can only penetrate about 0.05 mm of 
water and soft tissue. Alpha particles, protons and other ion particles lose most 
of their energy at the end of the track before stopping, which means that a 
pronounced peak in ionization density induced towards the end of their tracks. 
This kind of energy-loss curve is called Bragg curve and is well used in the 
cancer therapy (2).      
 

 

Linear energy transfer 
If energy of IR is absorbed by matter, ionizations and excitations occur along 
the tracks of the particles according to the type of radiations. This energy dep-
osition process is assumed to be progressive and continuous. Linear energy 
transfer (LET) is defined as the energy transferred per unit length of the track. 
The unit of LET is keV/µm and it depends on the types of IR and the material 
traversed. LET is an average quantity, as the energy deposition along the track 
per unit length varies over a wide range at the microscopy level (2). Generally 
speaking, it can be stated that, the LET value is directly related to energy of 
the ionization particle and stopping power. For practical reasons, IR is divided 
into low and high LET with the threshold of 10 keV/µm. 
 
Low LET radiations include electrons and photons, which induce sparsely dis-
tributed ionizations and excitations in a large targeted volume. Typical values 
of low LET IR are around 0.2 keV/µm for cobalt-60 gamma rays or a few 
keV/µm for X-rays. High LET radiations include alpha particles, neutrons 
(where the LET is related to recoil protons) and HZE. As these particles have 
very much higher weight compared to an electron or photon, deflection of the 
particles will not occur and the tracks are almost linear and short. The LET of 
these radiations is higher than 10 keV/µm, for example, 166 keV/µm for 2.5-
MeV alpha particles. The ionizations and excitations induced by high LET are 
densely distributed around the track and can induce clustered DNA damages 
which are difficult to repair. Usually, high LET IR can induce higher biologi-
cal effectiveness compared to low LET (2, 5). 
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Relative biological effectiveness 
The quantity of IR is described as absorbed dose, which represents the amount 
of energy absorbed per unit mass. The unit is gray (Gy) where 1 Gy = 1 J/kg. 
The same dose of different types of IR usually induce unequal biological ef-
fects. For example, high LET can induce greater biological effect than low 
LET, as the number of clustered DNA damage and the degree of their com-
plexity were increased with LET (6, 7). Then a special parameter, relative bi-
ological effectiveness (RBE), is applied to evaluate the difference, specifically 
in relation to their cancer-producing effects. RBE is the ratio of the absorbed 
dose of a reference radiation to the absorbed dose of a test radiation when 
causing the same level of biological effect in a certain biological system (8). 
Low LET radiations are used as the reference radiations for calculating RBE. 
It was found that RBE increased with LET until it reaches a maximum value 
at ca 100 keV/µm by clonogenic cell survival assay. They explained as ra-
diations with this density of energy transferred to DNA have the highest prob-
ability to cause double-strand breaks (DSB), which means the average dis-
tance of the two ionizations is the diameter of the DNA double helix (2, 9). 
But actually, RBE values vary in different test systems. RBE is not only in-
fluenced by LET, but also depends on radiation dose, number of dose fractions, 
dose rate, biological system and endpoint (2). Because of a curvilinear re-
sponse at higher acute doses of the reference low LET radiation, RBE of high 
LET increases to a maximum value at low dose and dose rate (8).              
    

 

Direct and indirect effect 
IR has two ways to induce damage in a target such as DNA, referred to as 
direct effect and indirect effect (Figure 1). Direct effect is when radiation par-
ticles interact directly with the DNA molecules, the critical cellular target, 
through ionizations and excitations to disrupt the molecular structure. This 
process is predominant with high LET radiation and at high radiation doses. 
In the indirect effect, radiation induces radiolysis first by hitting the water 
molecules which are the major constituent of cells. Then the water radiolysis 
products, free radicals and hydrogen peroxide, can react with the nearby (< 4 
nm) target molecules. Indirect effect is thought to be the major way of low 
LET radiation-induced DNA damage (5, 10).    
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Figure 1. Radiation-induced DNA damage and the difference between high LET and low LET 

radiation 

 

 

 

Radiation-induced DNA damage 
IR can damage all important components of the cell, ranging from lipids to 
proteins or DNA. Among all, DNA is thought to be the main target of IR inside 
a cell. The types of DNA damage induced by IR are universal, including base 
damage, intra-strand cross-link, single-strand break (SSB) and DSB (11). 1 
Gy IR can induce around 100,000 ionizations in the nucleus by around 1000 
tracks of low LET radiation or 2 tracks of high LET particles (depending on 
the LET). For low LET radiation, around 2000 base damages, 850-1000 SSBs, 
around 150 DNA-protein cross-links and 40 DSBs can be induced per Gy per 
cell (5). All types of DNA damage can be due to the direct or indirect effect. 
Base damage includes base loss and base modification. A large proportion of 
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base damage is formed from the interaction of indirectly produced free radi-
cals from water radiolysis. It is estimated that about 80% of hydroxyl radicals 
(•OH) react with a base which can cause base damage and the remaining 20% 
of radicals react with sugar moieties which might generate base loss or SSB 
(12). Although the number of DSB induced per unit dose is lower than that of 
the other types of DNA damage, it is thought to be the most lethal lesion as 
both DNA strands are broken simultaneously within a distance of < 20 base 
pairs (bp).  

IR can create clusters of damage which comprise two or more lesions in a 20 
bp region on DNA (13). These lesions can be base damage, cross-links and 
DSB. They pose a challenge to the cellular DNA repair system and if improp-
erly repaired, will cause new DSB, mispairing or deletions. In consequence, 
clustered damage is expected to be repair resistant, increasing genomic insta-
bility and malignant transformation (14). The complexity of the clustered 
damage is directly proportional to the LET (5). Monte Carlo calculations re-
veal that there are around 25 lesions per cluster after high LET radiation ex-
posure and only 10 lesions after low LET (15). Clustered damage can be di-
vided into DSB-related and non-DSB oxidative clustered DNA lesions. About 
70% of DSB are clustered after exposure to high LET radiation while the num-
ber is only 30% when induced by low LET radiation (16). The reason is that 
the energy deposition by high LET radiation is densely distributed along par-
ticle tracks while low LET is widely spread, which influences the probability 
of clustering. The yield of oxidative clustered damage decreases with increas-
ing LET as was shown both in Monto Carlo simulations and in biological 
studies with plasmid DNA, linear lambda DNA and Chinese hamster cells (15, 
17). It suggests that the biological effect of ionizing radiation which increases 
with LET is not only related to the yield of clustered DNA damage, but also 
highly influenced by the complexity of the damage.       

 

DNA damage response         
Damage to the DNA is ongoing every second with some 30 000 lesions per 
day by endogenous factors (18) like byproducts of normal cell metabolism or 
DNA replication, and can also be induced by external factors like radiation 
and genotoxic chemicals (19). Maintaining the genome integrity is crucial for 
survival and the next generation of cells and organisms. Eukaryotes have 
evolved a complex signal transduction pathway to handle the fate of a cell and 
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DNA lesions, called DNA damage response (DDR). DDR has the ability to 
sense DNA damage, transduce this signal and promote the following cellular 
response to the lesions including appropriate DNA repair, cell cycle regulation, 
apoptosis and senescence, therefore being an important process in genetic dis-
ease, aging, cancer and development. DDR is a complex system including 
sensors, transducers and effectors, which interplay between protein phosphor-
ylation and the ubiquitin pathway (19, 20).  

 
Figure 2. Structure of DNA damage response. Modified from (21) 

 

 

 

Repair pathways after DNA damage 
Efficient and faithful DNA repair systems can handle DNA damage from en-
dogenous and exogenous damage as well as IR to keep the integrity of DNA. 
Generally, simple SSB and base damage can be rapidly repaired by base ex-
cision repair/single-strand break repair (BER/SSBR) pathways (22). Bulky 
DNA lesions formed by UV light can be removed by nucleotide excision re-
pair (NER) which is mainly used by mammals (23). Among all the types of 
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damage, DSB is the most lethal form and one unrepaired DSB can trigger 
apoptosis. Efficient DSB repair is important for cell survival and function after 
exposure to IR. There are two main DSB repair pathways in mammalian cells: 
non-homologous end joining (NHEJ) and homologous recombination (HR) 
pathways, which will be the target of more focus below (24). NHEJ is a fast 
pathway to rejoin compatible DNA ends after adding new nucleotides or re-
moving excess ones. It is relatively error-prone, available at any time in the 
cell cycle, but prevalent in the G1 phase. HR is a slower pathway and uses the 
homologous DNA strand to restore missing nucleotides. It is error- free and 
mainly active in the G2 and late S-phase, when sister chromatids have formed 
and are in close proximity (25). NHEJ is dominant in DSB repair in vertebrates 
(26). How a cell chooses to activate NHEJ or HR during S/G2 is not well 
understood. Here, the interaction of tumor suppressor p53-binding protein 
1 (53BP1) and breast cancer type 1 susceptibility protein (BRCA1) seems to 
play a role. BCRA1 initiates HR by activating DNA end resection, while phos-
phorylated 53BP1 blocks the resection. BRCA1 can push a cell to select HR 
by promoting protein phosphatase 4C (PP4C)-dependent 53BP1 dephosphor-
ylation and the release of radiation-induced foci (RIF) (27).  
                 
In the NHEJ pathway, the protein heterodimer p70/p80 kDa subunit of Ku 
antigen or XRCC6/5 (Ku70/Ku80) binds to the two free ends generated by 
DSB within seconds after a break has formed, based on the abundance of Ku 
and its strong equilibrium dissociation constant for duplex DNA ends (28). 
Ku:DNA complexes serves as a node or a scaffold, where many proteins can 
dock. Then the complex can recruit the nuclease (DNA-dependent protein ki-
nase catalytic subunit (DNA-PKcs) and Artemis), polymerase (pol mu and pol 
lambda) and ligase (XRCC4-like factor (XLF), X-ray repair cross-comple-
menting protein 4 (XRCC4) and DNA ligase IV) in any order (25, 28). This 
flexibility allows NHEJ to handle identical starting ends and get a diverse ar-
ray of outcomes. DNA-PKcs binding to the complex and trans-autophosphor-
ylation is an essential step for efficient progression of the NHEJ pathway (29). 
Non-compatible ends can be modified by removing excess nucleotides by nu-
cleases (Artemis and DNA-PKcs complex) or adding new ones by polymer-
ases (pol mu or pol lambda). Then the two DNA ends can be ligated together 
by the XLF:XRCC4:DNA ligase IV complex which can ligate not only com-
patible DNA ends bot also non-compatible ones (25).    
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HR is initiated with the resection of the DNA end to generate a 3’ single-
stranded DNA region by removing another DNA strand in the 5’ to 3’ direc-
tion (30). Replication protein A (RPA) coats the single-stranded region and 
will subsequently be replaced by Radiation sensitive 51 (RAD51). RAD51 
forms nucleoprotein filaments and promotes invasion of the homologous tem-
plate strand. DNA synthesis templated by the intact duplex takes place with 
dissociation of RAD51. Depending on the process, a Holliday junction may 
be generated, leading to crossover and non-crossover products (11, 31).     

 
There is also another type of DSB repair pathway, which is called microho-
mology-mediated end-joining or alternative NHEJ (MMEJ/alt-NHEJ) (32, 33).  
It is initiated by end resection to generate single stranded overhangs with 5-
25 bp microhomologous sequences, which help in aligning broken ends, fa-
cilitating annealing. This repair is Ku-independent and always results in se-
quence deletions (33).  
 

 

Proteins involved in DDR 
Ataxia-telangiectasia mutated (ATM) protein kinase regulates the cellular re-
sponse to DSB in every cell phase by phosphorylating numerous proteins in 
the DDR network leading to DSB repair, cell cycle arrest or apoptosis (34). 
ATM is a 350 kDa serine/threonine protein kinase that can be recruited and 
activated by DSB and other factors like oxidative stress (35). Inactive ATM 
exists as a dimer or multimer in the cell nucleus, and IR induces rapid ATM 
autophosphorylation (at Ser 1981 in humans) in its FRAP-ATM-TRRAP 
(FAT) domain that causes dissociation of ATM homodimer (36). ATM is re-
cruited by the Mre11-RAD50-Nbs1 complex (MRN) at the broken end which 
is thought to be a platform for ATM and can initiate ATM activation (37-39). 
Activated ATM can phosphorylate around 200 downstream proteins involved 
in DNA repair, cell cycle checkpoint control and apoptotic responses, includ-
ing H2AX, Checkpoint kinase 2 (Chk2), p53, mouse double minute 2 homo-
log (MDM2), MER2, RAD9, RAD50, DNA-PKcs, Nbs1 and Artemis (40). 
ATM mediate a two-step cell cycle regulation response to DSB. In the rapid 
response activated ATM phosphorylates Chk2, which phosphorylates cell di-
vision cycle 25A (CDC25A). Phosphorylated CDC25A becomes ubiqui-
tinated and degraded, which leads to phosphorylated Cyclin-dependent kinase 
2-Cyclin (CDK2-Cyclin) accumulation and a cell cycle block. In the delayed 
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response, ATM phosphorylates MDM2 and p53, which also can be phosphor-
ylated by Chk2, resulting in activation and stabilization of p53, leading to an 
increased expression of Cdk inhibitor p21 (CDKN1A) to maintain long-term 
cell cycle arrest or induce apoptosis and senescence (41).  
                   
Unlike ATM, DNA-PKcs primarily regulates a smaller group of proteins in-
volved in DSB end joining. It is a 470 kDa protein kinase which is activated 
by binding to Ku70/80. It mainly plays a role in NHEJ as described above as 
well as in telomere capping and V(D)J recombination (42, 43). DNA-PK also 
can phosphorylated H2AX at serine-139 (γH2AX) on chromatin flanking 
DSB sites to initiate ubiquitin-adduct formation and recruitment of DDR fac-
tors to amplify DSB signaling and promote DSB repair (44).    

 
p53 is a well-studied tumor suppressor which plays an important role in the 
DDR pathway by orchestrating a variety of DDR mechanisms, including DNA 
repair, transient cell cycle arrest, apoptosis and senescence (45). It is muta-
tionally inactivated in about 50% of human cancers (46). It acts as a transcrip-
tion factor existing in the nucleus with a size of 53 kDa (47). After exposure 
to IR, the concentration of p53 increases rapidly. It is regulated by ATM and 
Chk2 in response to DSB as described, before leading to cell cycle arrest by 
transcriptionally regulating p21 to allow either repair and survival of cells or 
apoptosis by transcriptionally regulating proapoptotic bcl-2-associated X pro-
tein (BAX) and PUMA/BBC proteins (47). p53 can directly promote NER 
pathway by regulating NER factors Xeroderma pigmentosum, complementa-
tion group C (XPC) and DNA damage-binding protein 2 (DDB2) and induce 
dNTP synthesis (48). The expression level and activation level of p53 act in 
an oscillatory mode over the time with ATM pulses which can be detected in 
single cells (49).  
 
 
 

Radiation-related genes 
Numerous studies published in recent years suggest that dose- and time-de-
pendent gene expression alterations induced by radiation can be used as a bi-
odosimetric markers, especially in peripheral blood lymphocytes (PBL) (50-
52). Gene expression changes were usually checked in blood cells or human 
cell lines 2 to 48 h after exposure to a vast array of doses from tens of mGy to 
tens of Gy of low LET or high LET radiation by qPCR or microarray (50, 53-
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56). A number of radiation-responsive genes, mainly involved in the p53-sig-
naling pathway, have been identified and validated (57). After literature 
searches on gene expression alterations in these publications, 6 genes were 
selected and used in our studies to investigate the radiation response: BCL2 
binding component 3 (BBC3), CDKN1A, ferredoxin reductase (FDXR), 
growth arrest and DNA damage inducible alpha (GADD45a), MDM2 proto-
oncogene (MDM2) and Xeroderma pigmentosum, complementation group C 
(XPC). All of them are p53-regulated genes and have a positive response to 
increased doses of radiation. BBC3 and FDXR are involved in apoptosis. 
CDKN1A and GADD45a play a role in cell cycle regulation. MDM2 is an 
inhibitor of p53. XPC encodes a protein involved in NER. GADD45a also has 
a function in DNA damage repair.   
 
 

Factors which modulate the biological effects of radiation                
 

Mixed beam effect  
As described above, low LET and high LET IR can induce qualitatively and 
quantitatively different cellular responses. Under many situations, people are 
exposed to mixed radiation fields of high LET and low LET IR. For example, 
high natural background IR in the environment from the bedrock is a mixed 
field of gamma rays (e.g. from 226Ra) and alpha particles (e.g. radon gas) (58). 
Occupational groups such as flight staff and astronauts receive a mixed expo-
sure to gamma rays, neutrons, protons and cosmic rays (59). Patients during 
radiotherapy may be exposed to a mixed radiation such as in high energy pho-
ton therapy (gamma-neutron reaction) (60) or boron neutron capture therapy 
(61). 

 
To predict the risk of mixed beams is important for radiation protection and 
radiotherapy. But whether the combined exposure to high LET and low LET 
radiation acts in an additive (no interaction) or synergistic (a positive interac-
tion) mode is still not clear. The mixed beam studies were well summarized 
by Elina Staaf (62). Studies on the mixed beam effect did not yield clear re-
sults as some of the results suggested synergism while others additivity. The 
reason is unclear, but one factor could be that the settings of experiments are 
too variable to be compared, such as different cell systems, endpoints, se-
quence of exposure (simultaneous or sequential), radiation qualities (dose and 
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dose regimes), types of IR and methods of analysis. A mixed beam facility has 
been set up in our lab which allows simultaneously exposing cells to X-rays 
and alpha particles. Study results show a synergistic biological response after 
exposure to mixed beams which is higher than the simple sum of responses 
induced by single exposure. The kinetics of DNA repair also showed a delay 
following mixed beam exposure (63-65). The possible explanation of syner-
gism is that: two radiations interact and change the distribution of ionization 
and excitation; higher chromatin structures may be opened by high LET radi-
ation and DNA is exposed to free radicals induced mainly by low LET radia-
tion; more highly clustered DNA damage is formed which is difficult to repair. 
Further studies about the mixed beam effect are needed. 
 
 

Temperature effect at radiation exposure 
Many factors can modulate biological effects of radiation, one of which is 
temperature during exposure. An incubation in melting ice is a common step 
in most molecular biology labs in order to inhibit or reduce DNA repair, 
protein synthesis or other cellular response during the experiment process or 
transportation of samples. Historically, low temperature of cells at exposure 
was not thought to influence the level of DNA damage, although an increased 
level of chromosomal aberrations was found (66, 67). Later, more 
radiobiological experiments have been done which were designed to analyze 
DNA damage and repair in mammalian cells exposed at the temperature of 
physiological growth, on melting ice or at room temperature (RT), depending 
on the experimental conditions. The results indicate that temperature at 
exposure can indeed influence cellular responses and experimental 
reproducibility.  
 
In recent years, many studies show that hypothermia (low temperature at 
exposure) can act in a radio-protective manner which was observed with 
various endpoints. This phenomenon was termed the temperature effect (TE). 
Hypothermia during irradiation influences the radio-response of MCF-7 cells 
because low temperature (2 °C) X-irradiation of these cells (2, 3 and 4 Gy) 
resulted in higher surviving fractions compared to irradiation at 37 °C (68). 
Low temperature can reduce the level of chromosome aberrations, especially 
dicentric chromosomes, after in vitro irradiation of human PBL (69-71). 
Kempner et al. found that some enzymes had an enhanced enzymatic activity 
after the same dose of radiation at low temperature compared to RT (72). Both 
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PBL and thymidine kinase heterozygote cell line (TK6) cells showed lower 
frequencies of micronuclei (MN) after exposure at low temperature than after 
exposure at 37 °C (73-75). For human diploid fibroblast cells, rewinding of 
supercoils was inhibited after irradiation using the fluorescent halo assay and 
this inhibition of rewinding was reduced when cells were irradiated at low 
temperature compared with cells irradiated at 37 °C (76). Interestingly, the 
radio-protective effect of hypothermia is not always seen using different 
endpoints in the same cell systems. For example, in PBL the TE was seen at 
the level of MN, but not at the level of DNA damage measured by the alkaline 
and neutral comet assay (73). 
 
Although the TE was observed and described in many studies, its underlying 
mechanisms are not so clear. Indirect IR seems to play an important role in 
hypothermia as a higher TE has been observed after low LET than high LET 
radiation (77). One study also showed that low temperature could decrease the 
indirect effect of irradiation though reducing the DNA damage induced by 
ROS (73). TE had no relationship with the level of γH2A foci, which means 
that temperature has no influence on the level of radiation-induced DNA DSB 
and their repair (71, 75). The ATM kinase-mediated DNA damage signaling is 
not involved in the TE, but the TE was abolished when the chromatin was 
forced into a more open conformation through the inhibition of histone 
deacetylase by trichostatin A (TSA) (75). Selective elimination of highly 
damaged cells by apoptosis may also explain the TE, but the mechanism 
remains unknown (78).  
 
From the outcome of the studies above, it indicates that the TE reduces the 
transformation of DNA damage to chromosomal damage, but no change to the 
initial DNA damage. The aim of the project was to analyze the kinetics of 
aberration during the first hours after exposure by premature chromosome 
condensation (PCC) in order to unravel the mechanism behind TE.  
 
 

Dose rate 
To estimate any biological effect of IR, the absorbed dose and the radiation 
quality should be known. Beside these, the dose rate, which is the dose 
delivered per unit time, is also a key factor in determining the effect of a 
certain dose. Extensive studies suggest that a high total radiation dose 
delivered at a low dose rate has less biological impact than when it is given at 
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a high dose rate, the so called dose rate effect. It was also found that a radiation 
dose given in a series of fractions decreases the biological effect in normal 
tissue around the tumor. The reason is that radiation delivered at lower dose 
rate or in series of fractions gives cells time to recover (79). Usually, a range 
of dose rate from about 0.1 Gy/h (in distant tissues) to several Gy/min is 
important in radiotherapy. In this range, the fraction of dead cells decreases as 
the dose rate is reduced when cells are exposed to a given dose, principally 
because of the repair of sub-lethal damage. In certain cases, an inverse dose 
rate effect is observed over a narrow range of dose rate in some cell lines and 
this might due to cell cycle G2 arrest, which is a radiosensitive phase of the 
cell cycle (80). This hyper-radiosensitivity occurs in a lower dose rate range 
of 0.1-1 Gy/min /h (81). Ultrahigh dose-rate radiation given in a short pulse is 
called FLASH radiotherapy. Recent studies in animals showed that it can 
maintain tumor control level, while inducing less damage to normal tissue 
compared to the conventional radiotherapy at a dose rate of ca 1 Gy/min, 
suggesting that ultra-high dose rate may enhance the therapeutic window in 
radiotherapy and have a potential clinical applications (82-84).       

According to the United Nations Scientific Committee on the Effects of 
Atomic Radiation (UNSCEAR) (www.unscear.org), a low dose is classified 
as 0.1 Gy or lower and a low dose rate (LDR) is classified as 0.1 mGy/min 
averaged over 1h or lower. Any dose or dose rate above these values is 
regarded as high. In cell or animal experiments, a value of ca 1 Gy/min is 
generally used as representative for high dose rate (HDR) when comparing 
the effectiveness of low and high dose rate. This value is mainly based on the 
most common output of available radiation facilities and also on the fact that 
this dose rate is used in external beam radiotherapy (84, 85). The International 
Atomic Energy Agency recommends the dose rate of 1 Gy/min for generating 
calibration curves to be used in retrospective biological dosimetry for 
estimating doses received as consequence of accidental radiation exposures 
(86).   

Many experimental studies are carried out to compare the biological effectives 
of HDR with that of LDR. The rational for this is the prevailing uncertainty 
regarding the use of the Dose Rate Effectiveness Factor (DREF). Its use was 
suggested by the International Committee on Radiological Protection (ICRP) 
when risk factors derived from the Life Span Study (LSS) on Hiroshima and 
Nagasaki survivors are applied to predict health effects resulting from chronic 
exposure to radiation (87). However, the atomic bomb survivors were exposed 
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to tens of Gy/min (88). The important question is whether gamma radiation 
delivered very high dose rate (VHDR - several Gy/min) is more effective in 
inducing DNA damage than that delivered at HDR.  
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Aims 

IR-induced biological effectiveness can be influenced by many factors, like 
the type of cells radiated, the characteristics of the radiation (high LET or low 
LET radiation), dose rate, temperature and so on. Some of the factors have 
more clear effects than others. In this thesis, we focused on three factors in-
fluencing radiation-induced biological effectiveness: mixed beams of high 
and low LET IR, low temperature and high dose rate. The specific aims were:    

1. To investigate the effect of combined action of alpha particles and X-
rays on inducing initial DNA damage and on kinetics of DNA repair 
by alkaline comet assay in human PBL and DSB repair foci frequency 
in fixed U2OS cells. DDR was studied at the level of gene expression 
and protein activation, aiming to uncover the mechanism of the mixed 
beam effect. The mRNA levels of radiation-related genes were also 
tested under inhibition of ATM or DNA-PK, after exposure to mixed 
beams. 
 

2. To study whether low temperature at exposure has a radioprotective 
effect at the level of cytogenetic damage and if it is due to a reduced 
effective transformation of DNA damage into chromosomal aberra-
tion or not using premature chromosome condensation in isolated 
lymphocytes. DDR was analyzed by measuring ATM, DNA-PK and 
p53 phosphorylated levels and mRNA levels of the radiation-respon-
sive genes.   
 

3. To test the biological effectiveness of very high dose rate (8.25 
Gy/min) compared to high dose rate (0.79 Gy/min and 0.39 Gy/min) 
by different endpoints, aiming at investigating the validity of the dose 
and dose rate effectiveness factor at ca 1 Gy/min. 
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Materials and Methods 

U2OS cell line and 53BP1 foci 

The human osteosarcoma U2OS cell line, which was isolated from a moder-
ately differentiated sarcoma of the tibia of a 15-year-old girl in 1964, is one of 
the first generated cell lines and wildly used in biomedical research (89). Con-
ventional cytogenetic analysis and spectral karyotyping have showed the char-
acter of chromosomal instability, including high incidence of aneuploid and a 
large number of chromosomal aberrations (90). The tumor suppressive gene 
p53 was found functional in U2OS cells and can regulate p53-dependent cell 
cycle arrest and apoptosis induced by DNA damage (91, 92). U2OS cells were 
cultured in Dulbecco Modified Eagles Medium, supplemented with 10% bo-
vine calf serum and 1% penicillin streptomycin, in 5% CO2 humidified air at 
37°C.  
 
U2OS cells stably expressing green fluorescent protein (GFP) tagged protein 
53BP1 at its NH2 terminus were kindly provided by C. Lucas from the Danish 
Cancer Society, Copenhagen, and the cells were characterized and applied in 
this article (93), showing the function of 53BP1-GFP dynamic assembly at the 
sites of DNA DSB areas to form foci. In our study, cells were fixed with for-
maldehyde after irradiation and incubation, then pictures were taken under a 
fluorescent microscope with a 100X oil immersion lens, a Cool Cube 1 CCD 
camera and the image analysis system ISIS. A modified macro, written for the 
ImageJ software was used to calculate the area and number of 53BP1 in Paper 
I.   
 

Blood 
Fresh peripheral blood was donated by healthy male non-smokers. Ethical per-
mission was obtained from the local ethical committee at the Karolinska Uni-
versity Hospital, Stockholm, Sweden. Whole blood was used in the comet as-
say and gene expression analysis in Paper III and V. Isolated human PBL by 
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Ficoll-Paque premium solution were employed in the western blot and gene 
expression analysis in Paper II and IV. 
 

Irradiation 

A mixed-beam facility in the Center for Radiation Protection Research at the 
Department of Molecular Biosciences, the Wenner-Gren Institute, Stockholm 
University was used for the mixed beam experiments. It consists of an alpha 
irradiator AIF 08 (241Am, 50 ± 7.5 MBq) on the top and an YXLON SMART 
200 X-ray tube (operating at 190 kV, 4.0 mA, no filtering) underneath, which 
allows exposure to alpha particles and X-rays simultaneously, as described in 
details by Staaf et al (94). A movable shelf was used to position the polyamide 
(PA) disc with cells at a defined distance from the alpha source, to control the 
exposure (on/off). The dose-rate of alpha radiation was 0.223 Gy/min by cal-
culation at the entrance to the cell suspension and the average LET was 90.92 
± 8.55 keV µm-1. The alpha source also emits beta and gamma rays with a 
maximum energy of 70 keV and a dose rate of 25 mGy/min, which was ig-
nored in the study. The dose rate of X-ray was 0.068 Gy/min in the bottom 
and 0.052 Gy/min in the top position of the movable shelf because of the dif-
ferent distances to the X-ray tube. The exposure to mixed beams always 
started in the top position with alpha particles and X-rays acting simultane-
ously. Then, after reaching the desired alpha dose, the shelf was moved to the 
bottom position with X-rays on. X-rays was switched off after reaching the 
desired X-ray dose. In total, the mixed beams dose was always composed of 
50% alpha particles and 50% X-rays. 

The PA disc have a round, flat well with a depth of 30 µm and 145 mm in 
diameter. For attached cells, coverslips with cells were put on the top of the 
disc, a small volume of medium was added and the disc was covered with a 
2.5 µm Mylar foil lid. For cell suspensions or blood, 250 µl was added on the 
disc, covered with the lid and smeared out evenly. The Mylar foil and the thin 
layer of medium allow alpha particles to pass through and reach the cells. No 
collimator was used during the cell exposure because a significant reduction 
to the alpha particle dose rate would results from the long source-cell layer 
distance.  

Gamma radiation from three 137Cs sources at the Stockholm University was 
used in the TE and dose rate experiments: 1) Scanditronix (Uppsala, Sweden) 



18 

delivering a dose rate of 0.39 Gy/min; 2) Gammacell 40 Exactor (AECL, Can-
ada) delivering a dose rate of 0.79 Gy/min and 3) Gammacell 1000 (AECL, 
Canada) delivering a dose rate of 8.25 Gy/min. 

 

Western blot 
Western blotting is an important and common biochemical technique used in 
identifying specific proteins from a complex mixture of proteins extracted 
from tissues or cells. It contains three main steps: (1) Denatured proteins are 
separated through gel electrophoresis based on their molecular weights. (2) 
Separated proteins are transferred onto a membrane. (3) A proper primary and 
secondary antibody are used to visualize the target protein (95). Western blot 
was used in Paper I, II IV to assess the phosphorylation level changes of 
DDR proteins (p-DNA-PKcs, p-ATM, p-p53) before and after IR. Glyceralde-
hyde-3-phophate dehydrogenase (GAPDH), a key enzyme of glycolysis, was 
used as housekeeping gene since its expression is minimally responsive to IR 
(96).      
 

Comet assay 
Comet assay or single-cell gel electrophoresis is a common and widely used 
technique to quantify and analyze DNA damage and DNA repair in individual 
cells. Simply, treated cells are embedded in low melting point agarose on a 
slide and lysed to release the DNA. Then, negative charged DNA fragments 
are forced to move to the anode side by electrophoresis to form a comet struc-
ture with a brightly fluorescent head (the undamaged DNA part) and a tail 
(fragmented DNA), observed by fluorescence microscopy. The percentage of 
DNA in the tail shows a proportional relationship to the frequency of DNA 
breaks, which can be analyzed by special comet assay software linked to the 
microscope (97, 98). The comet assay measures transient DNA damage be-
cause of the short time between the treatment and the detection. DNA repair 
kinetics can be measured by incubating cells after treatment which analyses 
DNA damage in different time intervals (98). The comet assay can be used 
not only in vitro like for immortalized cell lines, but also in vivo for any tissue 
that can be separated to single cell suspensions, in the fields of genotoxicity 
testing, ecotoxicology, human biomonitoring, molecular epidemiology and 
fundamental research in DNA damage and repair.  
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Comet assay has many variants which can detect different DNA lesions. Neu-
tral comet assay with a neutral condition during unwinding and electrophore-
sis only can detect DSB (99). Under alkaline conditions, a very high pH solu-
tion (>13) can unwind the double stranded DNA to single stranded. So SSB 
can increase the DNA fragment migration through the gel as well as DSB. The 
alkaline comet assay can assess both DSB and SSB, and also alkali-labile sites 
which can be convert to SSB in the alkaline conditions (100, 101). The alka-
line comet assay was applied in Paper II to assess the initial DNA damage 
and the DNA repair kinetics after radiation with lymphocytes in peripheral 
whole blood.  
 
Other lesions, such as oxidative DNA damage can be detected using special 
DNA repair enzymes which can convert them into SSB in the comet assay. 
Formamidopyrimidine [fapy]-DNA glycosylase (Fpg) is a glycosylase in E. 
coli which can cleave specific DNA lesions. The majority of substrates are 
oxidized purines like FapyGua, FapyAde, C8-oxoAdenine, and to a lesser ex-
tent, other modified purines and some abasic sites. Endonuclease III (Endo 
III) can cleave specific DNA lesions and the majority of substrates are oxi-
dized pyrimidines like thymine residues damaged by ring saturation, fragmen-
tation, or ring contraction including thymine glycol and uracil residues, 
FapyAde, 5-OH-Cyt and to a lesser extent FapyGua, some abasic sites. Oxi-
dative clustered DNA lesions, which are located within 10-20 bp, can be in-
duced by low dose ionizing radiation, are very difficult to repair and produce 
cytotoxic and mutagenic effects.  Bi-stranded oxidative clustered DNA lesions 
can form DSB after treatment with Fpg or Endo III and the DSB can detected 
by neutral comet assay (102, 103). This kind of comet assay, called enzyme 
modified comet assay was attempted in the study of mixed beams but did not 
succeed.  
 

The cytokinesis-block micronucleus assay 
The cytokinesis-block micronucleus (CBMN) assay is a method to visually 
determine DNA damage at the chromosomal level in single cells. It is widely 
used in detection of IR-induced chromosomal aberrations since it can measure 
both chromosome loss and chromosome breakage.  MN originate from either 
lagging chromosomes or acentric chromosome fragments at anaphase and 
they are easily identified, as they are morphologically similar to, only smaller, 
than the main nuclei. As MN cannot be seen in non-dividing cells, Cyto-
chalasin-B (Cyt-B) is used to stop cytokinesis when cells undergo mitosis, 
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thus allowing the formation of binucleated cells (BNC), or tri- and multinu-
cleated cells, depending on Cyt-B culturing time and dose. MN are only scored 
in BNC to ensure that the scoring is restricted to cells that have divided only 
once after irradiation. Scoring the number of nuclei per cell gives the replica-
tion index, which indicates the rate of cell division. The CBMN assay can only 
be applied in cells that will divide after exposure and phytohemagglutinin is 
needed to stimulate cell proliferation in study of lymphocytes (104, 105). 
 

Quantitative PCR 
Quantitative polymerase chain reaction (qPCR), also called real-time PCR, is 
an efficient and rapid method for nucleic acid detection based on the 
traditional PCR with improvements in detection and quantification of small 
amounts of starting material by using a variety of fluorescent dyes that can 
correlate PCR product amount to fluorescence intensity (106). In our 
experiment, mRNA was reversed transcribed to cDNA before qPCR, but it 
can also be performed before qPCR in a single tube. The cycle threshold (Ct) 
is recorded when the fluorescence intensity of a target is first detected during 
amplification. The more target cDNA in the starting material, the quicker a 
fluorescent signal will appear, yielding a lower Ct (107). Both absolute 
quantitation and relative quantitation can be quantified. The comparative Ct 
(2-ΔΔCt) method was used in the projects for calculating changes in gene 
expression as a relative fold difference before and after exposure.  

18S rRNA was used as a housekeeping gene because rRNAs are transcribed 
with a different polymerase and rRNA expression tends to be less affected by 
treatments than mRNA (108). 18S may keep intact in samples with degraded 
mRNA while 28S may not (109).             

 
Premature chromosome condensation 
Usually eukaryotic chromosomes condense during mitosis, which is strictly 
regulated by the cell cycle machinery. But under many situations, chromo-
somes can condense outside of mitosis. This is called premature chromosome 
condensation (PCC) and the condensed chromosomes are called prematurely 
condensed chromosomes (PCCs). The PCC phenomenon was first reported in 
virus-infected mammalian cells about half a century ago (110, 111). Then, 
PCC was found in cells fused with mitotic cells using fusogenic virus or chem-
icals such as polyethylene glycol. Fusion-PCC using polyethylene glycol is 
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established in the cytogenetic field which depend on the production of sub-
stantial amounts of mitotic-arrested inducer cells (112, 113). This method was 
applied in Paper V. Today, drug-induced PCC is possible by applying phos-
phatase inhibitors like okadaic acid or calyculin A and is used in diverse re-
search areas, such as radiation biology for chromosome analysis since this 
method is much simpler and easier than fusion-PCC (114, 115). 
 

Envelope of additivity analysis 
The envelopes of additivity model was applied to analyze the effect of inter-
action between alpha particles and X-rays in inducing DNA damage and DDR 
gene expression. It relies on the dose response curves in described in Paper I, 
II and III (116) and is used to test the significance of an interaction when at 
least one of the dose response curves is not linear. Two isobolograms are con-
structed which are based on assuming heteroadditivity or isoadditivity of the 
effect induced by a combined exposure. Heteroaddition is the result for inde-
pendently acting agents, while isoadditition is the result for mechanistically 
similar agents. In the heteroadditivity mode, the effects of dose DA and DB are 
added to result in effect EC. In the isoadditivity mode, the effect to be added 
to EA from agent B corresponds to that if the system had been treated with a 
dose of agent B up to an effect equivalent to EA. The remaining dose DB 
needed to attain the combined effect EC is smaller than in the case of heteroad-
dition. If an observed effect is inside the envelope, it indicates additivity. If an 
effect lies below the envelope, it indicates a synergistic effect. A location 
above the envelope indicates a sub-additive effect (117). Usually, 3 different 
levels of effect are tested for interaction by envelopes of additivity. 

 
Figure 3.  Constructing two isobolograms based on assuming the two forms of interaction. 
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Results and Discussion 

Paper I 

To investigate the possible interaction of combined IR, a mixed-beam expo-
sure facility was constructed in our lab, which can be used to expose cells to 
X-rays and alpha particles simultaneously (94). Previous studies showed a 
synergistic effect of mixed beams in inducing micronuclei and complex aber-
rations in PBL (63, 65). But the mechanism is unclear. In Paper I, U2OS cells, 
which are stably expressing DNA repair protein 53BP1 fused with GFP， 
were used to verify whether a combined exposure leads to an altered DNA 
damage response that is different from simple additivity of single mixed-beam 
components. 53BP1 is a DSB sensor and can form foci at the site of DSB at 
the early stage of the repair process. The induction and repair of DNA DSB 
damage, which is visible as formation and disappearance of 53BP1 foci were 
investigated after exposure to X-rays, alpha particles and a 1:1 combination 
of both. The dose response relationship of foci induction measured 30 min 
after exposure between 0 and 2 Gy and the kinetics of focus decay between 0 
min to 24 h after exposure to a dose of 1 Gy were detected. The phosphory-
lated levels of DSB response markers, ATM and p53, were quantified too.  

Particle radiation can deliver high energy in small subcellular volumes which 
lead to clustered DNA damage, including DSBs (118). Low-LET-induced foci 
tend to be fast repaired, while high-LET radiation will lead to clustered DSBs, 
the repair of which is delayed and largely relies on homologous recombination 
(119). The larger size of foci indicates complex DNA DSBs on chromatin 
(120-122). According to the distribution of focus areas, foci were divided into 
small foci (SF) and large foci (LF) with the threshold of 0.5 µm2 (40 pixels). 
Construction of envelopes of additivity was used to test synergistic or additive 
effects of the interaction of X-rays and alpha particles according to the dose 
response curve of foci per cell. The result showed that mixed beams induce 
DNA damage in a synergistic way for both SF and LF at all three tested focus 
level. The 53BP1 focus repair kinetics showed that the radiation quality 
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strongly influenced the focus frequency decay. The decline-speed was lowest 
after mixed beams exposure at the quick repair period (the first few hours after 
exposure). This mixed beam-induced synergistic effect of DNA DSB repair 
was not only visible at the level of all foci and SF, but particularly obvious in 
the decay of LF. ATM and p53 was activated by all radiation types as detected 
1 h, 3 h and 6 h postirradiation, with the weakest induction observed after 1 
Gy X-ray irradiation. The X-ray-induced level of p-ATM and p-p53 declined 
during the investigated 6 h time frame but not that of alpha particles or mixed 
beams, indicating the maintenance of damage signaling by persistent high 
LET-induced damage.  

There are two possible ways of mixed beams interaction. Our results do not 
support the hypothesis, that mixed beams can increase the energy deposition, 
LET, and consequently of DNA damage complexity. No evidence of increased 
focus area due to mixed beams could be detected.  

Another mechanism of interaction between low and high LET radiation could 
be that exposure to either low or high LET radiation engage the DNA damage 
response machinery to the extent that the other damage induced by the high or 
low LET radiation may not be repaired properly in time. Indeed, the analysis 
of the kinetics of focus decay revealed that the initial elimination of foci in-
duced by mixed beams proceeded more slowly than expected, which is largely 
linked to LF. Moreover, the higher level of activated ATM and p53 after ex-
posure to mixed beams and alpha particles compared to X-rays, which was 
kept for a prolonged time, also may be interpreted as evidence of an over-
whelmed DNA repair system.  

We found that alpha particles induced a higher percentage of LF than X-rays 
and mixed beams at 0.5 Gy and 1 Gy, which fitted to our expectation that high 
LET IR induces more complex damage. But mixed beams induced LF had no 
increase in their proportion relative to X-rays. The proportion of large foci did 
not increase with increasing radiation dose for all radiation types, demonstrat-
ing that it is related to radiation quality and not the level of DNA damage. 
Here, it must be recalled that a synergistic effect of mixed beans was observed 
for both large and small foci and that the combined action of both radiation 
types does not result in an increased LET. Rather, there is more simple damage 
induced after mixed beams exposure. 
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A more successful repair outcome in mixed beam-exposed cells relative to 
alpha particle-exposed cells at 24 h postirradiation, indicate that, after early 
repair retardation, mixed-beam radiation may be able to increase the slow re-
pair at sites of clustered DNA damage. This phenomenon might be related to 
the fact that only half of the alpha dose contributed to the effect in mixed-
beam-irradiated cells. Further research is required to highlight this point in 
more detail.  

In conclusion, the results suggest that X-rays and alpha particles interact, lead-
ing to a synergistic effect, which was higher than accurately predicted based 
on assuming simple additivity of the individual mixed-beam components. It is 
not only present at the level of induction of DNA damage but also at the level 
of delay of repair kinetics. Our data strongly suggest an overpowering of the 
DNA repair system in cells exposed to mixed beams, leading to a slow repair 
of simple and complex damage. 

 

 

Major finding in Paper I 

• X-rays and alpha particles inteact in producing DNA damage at the 
level of all tested focus frequencies. 

• The decay of mixed beam-induced 53BP1 foci at a slower rate than 
expected based on simple additivity between the action of X-rays and 
alpha particles indicates an overpowering of the DNA repair system 
in cells exposed to mixed beams. 

• The slow repair kinetics was mainly due to a reduced initial decay of 
LF. 
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Paper II 

Unlike cancer cells which were used in Paper I to investigate the mixed beams 
interaction, normal cells ( PBL) were tested in Paper II and III. In Paper II, 
alkaline comet assay was applied to check the level of the initial damage and 
the kinetics of DNA repair after combined exposure to X-rays and alpha par-
ticles or each single exposure respectively from 0 to 2 Gy. Alkaline comet 
assay can detect not only DSB but also SSB and alkali-labile sites. Relative 
tail intensity (RTI), which means the percentage of DNA in comet tail, was 
used as measure of the level of DNA damage. Activation of DDR proteins, 
DNA-PKcs, ATM, and p53 were detected by western blot in phosphorylated 
form 1 h and 3 h postirradiation of 2 Gy. The mRNA expression levels of 
DDR related genes, BBC3, CDKN1A, FDXR, GADD45a, MDM2 and XPC, 
were investigated in PBL by qPCR after 4 h, 24 h and 48 h incubation follow-
ing 2 Gy exposure with X-rays, alpha particles and mixed beams. 

Dose response curves of RTI showed that mixed beams and X-rays induced 
higher DNA damage than alpha particles, which were significant at 1.5 Gy 
and 2 Gy, while the curves of mixed beams and X-rays almost overlapped by 
each other. The dose response relationship tended to be saturated with increas-
ing dose for all radiation types. The analysis of envelopes of additivity showed 
that the mixed beams always induced a higher than expected level of RTI at 
three different damage levels, indicating a synergism of X-rays and alpha par-
ticles in inducing DNA damage. The strongest interaction was at the low level 
of damage, while the weakest was at the highest level of damage. 

For DNA repair kinetics, no significant differences were seen in the normal-
ized repair curves among the different exposures, although cells exposed to 
mixed beams showed a decayed repair compared to X-rays and alpha particles. 
The delay was also observed in the RTI distributions which demonstrates that 
the repair of DNA damage induced by mixed beams was less efficient than X-
rays or alpha particles.  

Irradiation with mixed beams induced the highest activation of ATM and p53 
at both 1 h and 3h, which indicated a synergistic effect. A somewhat different 
result was that DNA-PKcs, after 1h post exposure, was most strongly acti-
vated following exposure to alpha particles. However, after 3h post exposure 
its level turned to be significantly higher for mixed beams than after alpha 
particles and X-rays.  
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The levels of 6 radiation-responsive genes’ mRNA were lowest 4 h post ex-
posure, highest at 24 h post exposure and intermediate at 48 h post exposure. 
Although not significant in all cases of analyzed genes, the mRNA levels of 
all genes were highest in cells exposed to mixed beams, especially at 48 h post 
exposure.  

In summary, the alkaline comet assay result confirmed the previous findings 
that X-rays and alpha particles interact in inducing initial DNA damage in a 
synergistic way, which was above the predicted level by assuming additivity 
of single radiations, and the repair of damage was declined. The results of 
activation levels of DDR proteins and mRNA expression levels indicated that 
exposure to mixed beams present a tough challenge for the cellular DDR sys-
tem. 

 

 

Major findings in Paper II: 

• X-rays and alpha particles interact and produce a synergistic effect in 
inducing initial DNA damage. 

• The repair of DNA damage in cells exposed to mixed beams is de-
layed. 

• The activation level of DDR proteins and the mRNA levels of radia-
tion-related genes were highest in cells exposed to mixed beams. 
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Paper III 

In Paper II, the result showed that mixed beams interaction influenced the 
DDR related gene expression. These selected genes, BBC3, CDKN1A, FDXR, 
GADD45a, MDM2 and XPC, are involved in the p53-signaling pathway. In 
Paper III, qPCR was used to measure the relative expression levels of the 6 
selected genes 24 h following exposure to alpha particles, X-rays and mixed 
beams (half dose of alpha particles and half dose of X-rays) from 0 Gy to 2 
Gy in PBL from 4 donors. The mRNA level of the genes was also tested 24 h 
following exposure to three different radiation types at 1 Gy under inhibition 
of ATM or DNA-PK in PBL from 2 donors. The two donors’ intrinsic radio-
sensitivity was compared with the dose response curves for gamma radiation-
induced micronuclei. 

The dose response curves of 6 genes relative levels in PBL from 4 donors were 
plotted. All genes showed a positive relationship to exposure. Alpha particles 
and mixed beams induced similar mRNA expression level increase for most 
genes and the increased folds were much higher than for X-rays, especially at 
lower doses. Generally, the dose response curves of alpha particles and mixed 
beams almost overlapped with each other, while the dose response curve of 
X-rays was much more linear. A rapid increase in gene expression at lower 
doses and a saturated increase speed at higher doses were observed after ex-
posure to alpha particles and mixed beams, compared to the more linear in-
crease in gene expression in cells exposed to X-rays. Among all genes, the 
expression of FDXR was highest, demonstrating that it is the most sensitive 
marker of IR exposure. 

The FDXR gene was chosen to construct the envelopes of additivity analysis 
at low, medium and high levels of excess levels, according to its gene expres-
sion dose response. Mixed beams showed a synergistic effect at all three levels 
in inducing FDXR expression in Donor 1 and 3, while effects were synergistic 
at low and medium excess levels, but additive effect at the high excess level 
in Donor 2. Donor 4 was different from the others. An additive effect was 
present at a low expression level, but sub-additive effects at medium and high 
levels were observed. The result suggested that an individual difference may 
be present for the mixed beam interaction. 

To confirm if an individual difference was existing or not, the changes in gene 
expression induced by 1 Gy X-rays, alpha particles or mixed beams exposure 
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respectively were analyzed in PBL of Donor 3 and Donor 4 after 24 h incuba-
tion in two separate trials (dose response experiment and inhibition experi-
ment). The interval time of the two experiments was about 1 year. The result 
indicated that the synergistic effect of mixed beams was reproducible in Donor 
3, while for Donor 4, the mixed beam effect transferred from an additivity to 
a synergism. MN assay was used to analyze the intrinsic radio-sensitivity of 
Donor 3 and Donor 4. The dose response curves of the MN frequency after 
exposure of gamma radiation from 0 to 2 Gy were plotted. There was no sig-
nificant difference between Donor 3 and Donor 4 at the MN level. The result 
suggested that factors other than the individual genotype influence the radia-
tion response of mixed beams.  

ATM, but not DNA-PK inhibition, reduced the radiation-related gene expres-
sion, but differently for alpha radiation between the two donors. The lower 
DDR gene expression induction upon inhibition of ATM was significant after 
exposure to X-rays and mixed beams in Donor 3, while it was significant for 
all three exposure types in Donor 4. The decrease tended to be larger after 
exposure to X-rays compared with alpha particles and mixed beams, but it was 
not significantly different. 

In conclusion, synergy in gene expression was present for all donors but the 
results suggest individual variability in the response to mixed beams, most 
likely due to life style changes or environmental factors, as no difference in 
intrinsic radiosensitivity was observed. But this conclusion remains specula-
tive because few individuals were analyzed. The FDXR gene is suggested to 
be a suitable biodosimeter which has different dose response shapes of low 
LET and high LET radiation and mixed beams. Alpha particles or mixed 
beams enhance DDR gene expression much higher at low doses than X-rays 
and the difference was smaller at high doses as the expression seemed satu-
rated. This explains why the synergetic effect was larger at lower damage lev-
els compared to higher levels.  

 

 

Major finding in Paper III: 

• A synergy of mixed beams was found in DDR-relative gene expres-
sion. 
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• The synergy has individual variability which most likely is due to en-
vironmental factors 

• The gene FDXR is suggested to be a good biodosimeter of radiation 
exposure, which has different expression patterns between cells ex-
posed to X-rays and alpha particles (or mixed beam), similar to the 
other genes. 

• ATM, but not DNA-PK inhibition, reduced the radiation-related gene 
expression 
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Paper IV 

Apart from radiation quality and mixed exposure, low temperature at exposure 
can influence the biological result. Usually, it has a radioprotective manner at 
the level of cytogenetic damage. The aim of Paper IV was to analyze the 
kinetics of aberration formation during the first hours in order to confirm if 
the effective transformation of DNA damage to chromosomal damage plays a 
role during hypothermia (low TE). The technique of PCC was applied in PBL 
exposed to gamma radiation of 5 Gy at 0.8 °C and 37 °C. In addition, DDR 
was detected by testing the levels of phosphorylated DDR proteins ATM, 
DNA-PK and p53 by western blot in PBL 1h following exposure to 2 Gy at 
0.8 °C and 37 °C and mRNA levels of radiation-response genes BBC3, 
CDKN1A, GADD45a, MDM2, FDXR and XPC by qPCR in PBL 24 h fol-
lowing exposure to 2 Gy at two different temperatures.   

PCC results showed that the frequency of radiation-induced PCC fragments 
decreased with time. The frequencies of aberrations per cell in cells exposed 
at 0.8 °C were significantly lower than in cells at 37 °C, at 0.5 h, 2 h and 4 h 
post exposure. The same result was observed for excess acentric fragments, 
dicentric chromosomes and rings scored in mitotic cells at 48 h post exposure. 
1 h after exposure, a significantly higher level of activated ATM and DNA-
PK was seen, while the level of phosphorylated p53 was significantly reduced. 
No significant differences were found in each gene expression level in PBL 
exposed at the two temperatures. After normalizing the mRNA levels in cells 
exposed at 0.8 °C with the mRNA levels in cells exposed at 37 °C, a signifi-
cantly lower level of gene expression was observed in cells 4 h after exposed 
at low temperature compared to high temperature. But at 24 h post exposure, 
the result was reversed. 

The results indicated that the TE is seen as early as 0.5 h, when a reduced 
frequency of PCC breaks was observed in cells exposed at 0.8 °C compared 
to 37 °C. And this difference remained until 48 h when cells reach the first 
mitosis. This result confirmed earlier conclusions (78, 123) that the TE ob-
served at the level of chromosomal aberrations or micronuclei after division 
is not due to cell cycle modulation or selective elimination of highly damaged 
cells by apoptosis. The augmented activation of ATM and DNA-PK at 0.8 °C 
suggested a more effective DDR.   
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In early studies, no TE was detected at the level of DSB induction and repair 
by comet assay or gamma H2AX and cell survival or apoptosis (71, 73, 75). 
It is difficult to explain why the difference in cytogenetic damage level in-
duced by TE is not reflected at the level of DNA damage and cell survival. 
Maybe the difference of cytogenetic damage is too small to be reflected at the 
level of cell survival, or the methods we used to study the DNA damage and 
repair do not measure the fidelity of DNA repair, resulting in the formation of 
chromosomal aberrations. Either way, more studies are needed here. 

 

 

Major finding in Paper IV: 

• Irradiation of cells at 0.8 °C appears to promote DNA repair to a re-
duced transformation of DNA damage into chromosomal damage as 
compared to 37 °C. 

• This effect is carried out from the first 30 min post-exposure. 

• The TE might be due to an effective DDR with the involvement of 
ATM and DNA-PK, but not p53. 
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Paper V 

Dose rate is thought to be another factor that can influence the biological out-
come, which is important in estimating health effects resulting from the Life 
Span Study on Hiroshima and Nagasaki survivors to those from chronic ex-
posure to radiation. Usually, a dose rate of around 1 Gy/min is used in cell or 
animal experiments as representative for HDR. However, the atomic bomb 
survivors were exposed to tens of Gy/min. The aim of this study was to com-
pare the biological effectiveness induced by gamma radiation delivered at 
VHDR (8.25 Gy/min) with that induced by HDR (0.38 Gy/min or 0.79 
Gy/min). 

mRNA levels of FDXR, GADD45a and MDM2 were detected by qPCR at 24 
h post irradiation in PBL which were exposed to 0, 1, and 3 Gy of gamma 
radiation delivered at 0.39, 0.79 and 8.25 Gy/min. Micronuclei and cell pro-
liferation were analyzed in PBL harvested 72 h after exposure. In order to 
validate the results achieved with PBL, U2OS-53BP1 cells were used to check 
the frequency and size of 53BP1 foci after 0 min to 24 h following 3 Gy of 
gamma radiation delivered at 0.39 and 8.25 Gy/min. Clonogenic cell survival 
was carried out in U2OS cells irradiated at RT with 0, 0.25, 0.5, 0.75, 1, 2, 3, 
and 5 Gy at dose rate of 0.39 Gy/min or 8.25 Gy/min. Micronucleus assay was 
also applied in U2OS cells exposure with 0 to 3 Gy at dose rate of 0.39 Gy/min 
or 8.25 Gy/min. Data were analyzed and dose response curves were plotted.  

For PBL, the mRNA levels of FDXR, GADD45a and MDM2 increased with 
the dose. The highest dose rate 8.25 Gy/min induced the highest effect. The 
dose response curves of 8.25 Gy/min showed a strong curvature, while the 
curves of 0.39 and 0.79 Gy/min were closed to linear. MN showed a similar 
result as 8.25 Gy/min produced the highest MN frequency and the dose re-
sponse curve was almost linear, which the curves for 0.39 and 0.79 Gy/min 
had distinct curvatures. Although 8.25 Gy/min caused a highest dose rate ef-
fect in these two experiments, the differences compared to lower dose rates 
were not significant due to high standard deviations. 

53BP1 foci assay showed that the level of foci induced by gamma rays deliv-
ered at 0.39 Gy/min was higher between 0 to 30 min post exposure and 
reached the maximal frequency of foci earlier than after 8.25 Gy/min. After 
that, the frequency of foci induced by 0.39 Gy/min decayed faster than foci 
induced at 8.25 Gy/min. There was no significant difference in comparing 
clonogenic cell survival in U2OS cells exposed to gamma rays at 0.39 and 



33 

8.25 Gy/min. Consistently higher MN frequencies were observed in U2OS 
cells irradiated at 8.25 Gy/min compared to 0.39 Gy/min, except cells har-
vested 30 h post exposure. The shapes of the dose response curves were dif-
ferent too. The curves for 0.39 Gy/min were mainly linear tested in cells har-
vest 30 h and 48 h postexposure, while the others were saturated at the higher 
doses. 

In summary, the results strongly indicated that gamma rays delivered at 
VHDR is more effective in inducing DNA damage than that delivered at HDR 
in both PBL and U2OS cells. In PBL, the dose response curve of gene expres-
sion is downward linear-quadratic for alpha particles and linear for photons 
(Paper III). For MN assay in PBL, linear or saturating dose response relation-
ships are observed for alpha particles (124, 125), while upward linear-quad-
ratic dose response relationships are common for low LET radiation like pho-
tons (126). Thus, the dose response relationship of gamma radiation at 8.29 
Gy/min is similar with high LET radiation both in gene expression and MN 
assay, while the dose response relationship of that at 0.39 Gy/min or 0.79 
Gy/min is similar with low LET radiation. This indicated that gamma radia-
tion at VHDR induced more complex damage than that at HDR. 

The conclusion was confirmed by the results obtained in U2OS cells. The for-
mation and decay of IR-induced repair foci (IRIF) induced by VHDR had a 
delay and persisted longer than those induced by HDR. MN were also applied 
in U2OS cells and the MN frequency was higher after VHDR radiation as 
compared to HDR. The shapes of the dose response curves for MN were dif-
ferent from that in PBL which is related to the fact that U2OS cells were irra-
diated during asynchronous growth, while PBL were irradiated in the G0 
phase of the cell cycle. But VHDR radiation effects in retarded DNA repair 
kinetics and high level of chromosomal aberrations did not lead to a low level 
of clonogenic cell survival, as chromosomal damage does not induce complete 
impairment of the reproductive capacity of cells (126).   

 

 

Major finding in Paper V: 

• Gamma rays delivered at VHDR is more effective in inducing DNA 
damage than that delivered at HDR in both PBL and U2OS cells 
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• DSB repair had a delay after exposure to VHDR gamma radiation 
compared to HDR radiation. 

• The shape of dose response curve in PBL exposed to gamma rays at 
VHDR is similar as high LET radiation, which is different than that at 
HDR, indicating that VHDR gamma rays can induce more complex 
damage. 

• There is no difference in clonogenic cell survival in U2OS cells when 
comparing VHDR and HDR. 
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Conclusions and future studies 

Radiation biological effectiveness is influenced by many factors when cells 
are exposed to the same dose. In the first three papers, the interaction of mixed 
beams which contains half low LET (X-rays) and half high LET radiation (al-
pha particles) was studied. The possibility of an interaction of different radia-
tion quality is not considered in calculation of the biological effect of mixed 
beams for radiological protection. Our results strongly suggested a synergistic 
effect of mixed beams which is higher than simple additivity. Simultaneous 
exposure to X-rays and alpha particles not only induces DNA damage syner-
gistically, but also enhances the DDR system much higher than additivity. 
Moreover, the DNA repair system is overwhelmed by the damage leading to 
a delay of repair. It was also found that the dose response of gene expression 
is different between X-rays and alpha particles. In Paper IV, low temperature 
at exposure was investigated. We found one of the mechanisms of TE was 
through promoting DNA repair to a reduced transformation of DNA damage 
into chromosomal damage. Moreover, a dose rate effect was detected in Paper 
V. The data showed that gamma rays delivered at VHDR are more effective 
in inducing DNA damage than when delivered at HDR. The shape of dose 
response curve in PBL exposed to gamma rays at VHDR is similar to the curve 
for high LET radiation, while that at HDR is like low LET radiation, indicating 
that VHDR gamma rays can induce more complex damage. Cells irradiated at 
different cell cycle phases might influence the dose response curve.  

The results are meaningful for the perspective of radiation protection and risk 
prediction for exposures to a mixed field, at low temperature or at VHDR. 
Although the levels of health risk cannot be calculated from our results, the 
data suggest that these factors should be considered when risk factors are 
transferred between cohorts exposed to different radiation qualities and dose 
rates.  

The mechanism of the synergistic effect of mixed beams was studied, but un-
fortunately, the enzyme-modified neutral comet assay did not succeed because 
of the limitation of dose and dose rate of our mixed beams facility. This kind 
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of comet assay can test bi-stranded oxidative clustered DNA lesions and need 
a higher dose than we can achieve. We cannot conclude if the complexity of 
DNA damage induced by mixed beams increased or not. A high resolution 
analysis of DSB repair foci by transmission electron microscopy (TEM) is 
undergoing to detect the organization and localization of DSB repair-related 
proteins. The high magnification and resolution of TEM permits visualization 
of the intracellular distribution of repair proteins at the single protein level. It 
is very interesting to use this method in order to visualize foci involved in the 
recognition and repair of DNA damage in cells exposed to mixed beams of 
high and low LET radiation. It will be possible to measure, with high resolu-
tion, the size of the foci as a function of time after exposure to mixed beams. 
The results will yield fascinating information about the complexity of the 
damage (focus size) and the distribution of the foci in the cell nucleus (eu-
/heterochromatin). Monte Carlo simulation can be used here to help under-
stand the interaction of mixed beams by theoretically calculating the dose dis-
tribution and biological damage in DNA based on experimental data.  

The result showed that the gene expression assay is a rapid and convenient 
method to test radiation dose and quality. It is worth to test the influence of 
other signal pathways in order to discover mechanisms behind the effect of 
mixed beams, TE or dose rate. Several biomarker genes were found alterna-
tively transcribed or spliced after irradiation (127) and investigating gene ex-
pression at the single exon level should be considered in our future studies.    
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