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Abstract 

 

The need to understand and accurately assess the health risks of low dose ionizing radiation is 

more important now than ever before. The global applications of ionizing radiation in medicine, 

mining, manufacturing, and the nuclear industry have increased exponentially in recent years. 

Parallel to this increase are the health concerns regarding occupational and medical exposures 

to radiation. The research presented here investigates the biological and health effects of 

ionizing radiation, specifically from medical diagnostic exposures. 

Medical diagnostic procedures such as x-rays and computed tomography (CT) scans account for 

a notable portion of the public's exposure to ionizing radiation. The health risk to humans 

associated with these low dose exposures is unknown. Often times they are correlated with risk 

estimates derived from much higher radiation doses. There is no doubt that very high dose 

ionizing radiation can be harmful; however, the same notion does not exist regarding exposures 

to low dose ionizing radiation such as that from medical diagnostic CT exposures. 

The objective of this research is to address the effects and risks associated with diagnostic CT 

scans. This research focuses on the biological outcome of cancer which remains a primary 

concern in health care and the development of radiation risk policies. The investigation utilized 

various mouse models that have differing sensitivities to radiation and susceptibilities to 

developing radiation-induced cancer.  

Results from this research found that low-dose diagnostic CT scans do not increase risk and can, 

in fact, induce protective effects. The hypothesis that harmful effects increase linearly with 

radiation dose is not supported by this research. With low doses of CT scans, protective 

biological effects such as reduced chromosomal aberrations, decreased radiation-induced 

oxidative DNA damage, and enhanced clearance of damaged cells have been observed. In 

cancer-prone mice, CT scans can increase longevity and reduce cancer risk by delaying the 

latency of specific cancers. 

This research advances the understanding of the biological effects and health risk associated 

with low-dose medical diagnostic procedures. This research is timely and important to allow 

medical practitioners, policy makers, and regulators to make informed decisions about using 

ionizing radiation in the clinic. Such knowledge is valuable as better, more complex, and perhaps 

more damaging modalities are being used to image and manage disease. 
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Chapter	1	

Introduction 

 

Radiation biology is the study of the effects of ionizing radiation on living things. The discovery of 

x-rays by Wilhelm Conrad Roentgen in 1895 led to its inception as a relatively new field of 

research (1). The first reported medical use of x-rays was to locate a metal fragment in the spine 

of a drunken sailor who had been temporary paralyzed by the injury (2). By 1897, physicians 

were using x-rays to treat abnormal growths such as hairy moles, ulcers, and warts (2). However, 

adverse effects from radiation exposure were noted early on amongst radiation scientists and 

radiotherapy patients. Dermatitis of the hands, irritation of the eyes, and hair loss were common 

signs (3), and their observation prompted systematic research on the biological and health 

effects of ionizing radiation.  

The idea that ionizing radiation exhibits stimulatory effects at low doses and detrimental effects 

at high doses, called radiation hormesis, gained prominence by the first decade of the 20th 

century. Low doses of radiation were found to have positive results in treating a spectrum of 

ailments and diseases (4-7). Conversely, high doses of radiation caused cancer, inhibition of bone 

growth, sterilization, and degeneration of blood and bone marrow compartments (1, 2, 3, 8). 

Although some thought that low doses were inherently genotoxic and carcinogenic, the majority 

at the time believed that ionizing radiation was beneficial up to a certain threshold (4, 9). 

The positive effects of ionizing radiation were not only observed in humans, but also in 

mammalian cells, plants, and animals. By the 1920’s, there was substantial evidence that ionizing 

radiation had stimulatory effects on growth (9). Studies published in prominent journals showed 
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that low-dose radiation enhanced cell division in chick embryo and other cell types (4, 9, 10). 

Research on the effects of radiation in plants led to a patent in 1923, which described the 

procedure to use radiation to stimulate plant growth (4, 11). By the 1940’s, there were reports 

that low-dose radiation exposure could enhance longevity in insects and small animals (4, 12-

14). 

Despite these positive biological effects of ionizing radiation, there were mounting concerns that 

even low doses of radiation exposure could have harmful effects. A series of ill-timed historical 

events strengthened this belief (15): 1) the discovery by Herman J. Muller in 1927 that x-rays 

could cause mutations in fruit flies heightened concerns that radiation was genotoxic; 2) the 

death of Eben M. Byers in 1932, a wealthy entrepreneur who had chronically consumed radium 

water for the supposed health benefits, brought the use of radioactive health products to a halt; 

3) the outright rejection of a threshold for radiation effects by Nobel laureate Herman J. Muller 

in 1946 substantiated fears about radiation at low doses; and 4) the 1972 introduction of the 

unvalidated linear, no threshold (LNT) model for radiation risk estimates supported the growing 

radiation-phobia. Although there were other key events that led to the demise of radiation 

hormesis (4, 10, 15), these events shaped the way popular culture and the media negatively 

portray exposure to ionizing radiation. One area where this is most prominent is in the field of 

medical diagnostic radiology. 

Diagnostic medicine has used ionizing radiation since the discovery of x-rays. Advances in 

computer technology have allowed for more powerful diagnostic modalities such as computed 

tomography (CT) to render 3-dimensional projections of patient anatomy. Introduced in 1972, 

the use of CT scans has increased rapidly, and it is estimated that there were over 390 million CT 

procedures performed worldwide in 2010 (16, 17). In Canada, CT scans account for only 12% of 
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all diagnostic radiological procedures, but is estimated to be responsible for more than 70% of 

the total radiation dose delivered to patient populations (18, 19). A study by Lee et al. found that 

patients, physicians, and radiologists are unable to provide accurate estimates of CT doses (18), 

let alone risk. The estimated average dose range for a single CT examination is between 10-30 

mGy, but can be as high as 80 mGy depending on the procedure and size of the individual (20-

23). To put this into perspective, the global average background radiation dose is 2.4 mGy 

annually (24). In some places such as Guarapari Beach, Brazil and Ramsar, Iran, the annual dose 

can be over 150 mGy (25-29). The regulatory limit for nuclear workers is 50 mGy per year; 

however, most workers receive less than 20 mGy over their entire lifetime on the job (30, 31). A 

return flight from New York to London is approximately 0.1 mGy (32), and a simple bone x-ray 

radiograph is five times less at 0.02 mGy (33). Although these dose estimates vary moderately 

from study to study, the risk estimates associated with them do not only vary in magnitude but 

also in direction (33-36). 

Using the LNT assumption, there are published studies claiming increased risk associated with 

low-dose radiation exposure, specifically from CT scans (36-43). In a recent publication, Brenner 

and Hall estimate that a 1.5-2% increase in cancer risk can be attributed to CT scans (42). Based 

on the most recent BEIR (Biological Effects of Ionizing Radiation) VII report, the overall solid 

cancer fatality risk for both males and females from a 10 mGy CT scan is 0.00041 (33). Although 

this risk figure is small, some researchers have inappropriately multiplied it by the number of CT 

scans performed annually to estimate the number of fatal cancers induced by CT procedures 

each year (40). This method of risk assessment is invalid and misleading. These LNT-based risk 

studies have been repeatedly challenged (29, 44-48). Scott et al. argue that the evidence is 

lacking for the assertion that current usage of CT scans will increase cancer incidence (46). They 

purport that available cell biology (49-55), animal cancer models (56-67), and human 
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epidemiological data (29, 68-71) show that occasional exposure to low-dose diagnostic x-rays 

could reduce the risk of cancers (46). 

Low-dose radiation exposure has been shown to induce protective mechanisms against genomic 

and cellular damage (48, 72, 73). Radiation doses less than 100 mGy can enhance the 

detoxification of reactive oxygen species by up-regulating antioxidants such as glutathione and 

superoxide dismutase (74). Priming doses from 1-500 mGy have been reported to effectively 

protect against chromosomal aberrations and/or micronuclei formation following high-dose 

challenges in human lymphocytes and tissue culture cells (26, 47, 75-78). Apoptosis induced by 

low-dose radiation is theorized to be an anti-oncogenic mechanism by which pre-cancerous cells 

are eliminated (50, 51). Similarly, low-dose radiation can reduce the incidence of cancer 

metastases by increasing the number of cytotoxic lymphocytes (52-55). Cell cycle delay is 

another way by which low dose radiation has been shown to prevent genomic damage from 

being passed on to daughter cells (73, 79, 80). These various radiation-induced protective 

mechanisms involve changes in gene expression (60, 81-84). Low doses can up-regulate the 

expression of thousands of stress response and DNA repair-related genes (84, 85). Taken 

together, these radiation-induced effects are indicative of reduced risk following low dose 

exposure, not increased risk, as would be predicted under the LNT model. 

The work in this thesis investigated the biological outcomes and carcinogenic effects of low-dose 

radiation exposure. The main objective was to directly address the risk associated with 

diagnostic CT scans and attempt to relate the mechanism of that risk with chromosomal 

aberrations, genomic instability, DNA oxidative stress damage, and apoptosis.  
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There were three specific aims to this research:  

1) To determine the biological effects of single and repeated CT scans;  

2) To determine if a single CT scan can alter cancer risk;  

3) To determine if repeated CT scans administered after high dose exposure can alter cancer risk.  

 

A mouse model was used to extrapolate radiation risk to humans. Although there are obvious 

limitations to using a non-human model, similarities between mice and humans at the cellular 

level make the findings of this research valuable to the understanding of the biological responses 

and cancer risk of diagnostic radiation exposure at low doses.  
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ABSTRACT 

This study investigated the biological effects and adaptive responses induced by single and 

repeated in vivo computed tomography (CT) scans. We postulated that, through the induction of 

low level oxidative stress, repeated low-dose CT scans (20 mGy, 2d/wk, 10wk) could protect 

mice (C57BL/6) from acute effects of high dose radiation (1 Gy, 2 Gy). Micronucleated 

reticulocyte (MN-RET) count increased linearly following exposure to single CT scans of doses 

ranging from 20 to 80 mGy (p=0.033). Ten weeks of repeated CT scans (total dose 400 mGy) 

produced a slight reduction in spontaneous MN-RET levels, relative to levels in sham CT scanned 

mice (p=0.040). Decreases of nearly 10% in γH2AX fluorescence level were observed in the 

repeated CT scanned mice following an in vitro challenge dose of 1 Gy (p=0.017) and 2 Gy 

(p=0.026). Spontaneous apoptosis levels (caspases 3 and 7 activation) were also significantly 

lower in the repeated CT scanned mice than the sham controls (p<0.010). In contrast, mice 

receiving only a single CT scan showed a 19% elevation in apoptosis (p<0.02), and a 10% increase 

in γH2AX fluorescence level following a 2 Gy challenge (p<0.05), relative to sham-CT scanned 

mice. Overall, repeated CT scans seemed to confer resistance to larger doses in mice, whereas 

mice exposed to single CT scans exhibited transient genotoxicity, enhanced apoptosis, and 

characteristics of radiation sensitization. 
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INTRODUCTION 

In the last decade, the number of computed tomography (CT) scans performed has increased 

nearly sevenfold worldwide (1-3). In the United States alone, it is estimated that more than 65 

million CT scans are performed annually (2, 4, 5). Studies in North America and Europe indicate 

that these procedures represent only 5-10% of all radiological exams, but account for 30-67% of 

total radiation exposure in patient populations (3, 6, 7). The estimated average dose range for a 

single CT examination is between 10-30 mGy, but can be as high as 80 mGy depending on the 

procedure and size of the individual (5, 8-10). These higher radiation doses have prompted on-

going discussions regarding the potential health risks CT scans may pose (2, 7, 11-17). According 

to the International Commission on Radiological Protection (ICRP) and the United Nations 

Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), it is important to minimize 

radiation dose to “as low as reasonably achievable” (ALARA) (18-21); however, CT scans may be 

critical for immediate medical intervention. Therefore, under certain conditions the benefit of 

the diagnostic procedure outweighs any small estimated risk from the radiation exposure. 

We studied the biological effects of low dose diagnostic X-rays from CT scans. In particular, the 

effects of single and repeated 20 mGy CT scans were investigated in a C57BL/6 mouse model 

with respect to three well established biological endpoints: micronucleated reticulocyte (MN-

RET) formation, histone H2AX phosphorylation, and apoptosis (Caspases 3/7 activation).  

Micronuclei form in dividing cells that contain unstable chromosome aberrations such as 

acentric chromosome fragments. Micronuclei are useful biological indicators of radiation 

exposure, and their formation has been used as a means of analyzing in vivo chromosomal 

damage (22-25). The in vivo erythrocyte-based micronucleus assay employed in this study has 

shown a robust dose-response correlation to clastogenic chemicals, as well as to ionizing 
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radiation exposure at doses up to 1 Gy and dose rates up to 2 Gy/minute (23, 26-28). The broad 

utility and sensitivity of the MN-RET assay can provide a better understanding of the biological 

impact of low-dose radiation on hematopoietic stem cell progenies. 

In addition to micronuclei analysis, histone H2AX phosphorylation was examined as a surrogate 

biomarker for radiation-induced DNA double-stranded breaks (DSBs) (29, 30). Histone protein 

H2AX phosphorylation rapidly forms γH2AX at nascent DNA DSBs sites (31, 32). Thus, the γH2AX 

assay can be used to measure DNA damage and repair following radiation exposure from CT 

scans. DNA DSBs can initiate genomic instability, and can potentially lead to cancer after high-

dose exposures (33). H2AX phosphorylation analysis provides valuable insight into the response 

of cells to low-dose diagnostic CT scans and how the effects are processed. 

Apoptosis is an evolutionarily conserved form of cell death that has distinctive morphological 

and biochemical features (34). Organisms activate the apoptotic pathway to eliminate 

extraneous or genetically damaged cells (35, 36). It is well documented that ionizing radiation 

can damage DNA and induce apoptosis (37, 38). However, it is not clear if or how the radiation 

quality and doses of diagnostic CT scans influence the homeostatic balance of cell death. Cell 

death via apoptosis can be triggered by activation of proteolytic enzymes called caspases. In 

caspase-dependent pathways of apoptosis, the activation of “executioner” caspases 3 and 7 is 

an essential step in the apoptotic process (39, 40). In this study, apoptosis, measured by 

activation of caspases 3 and 7, was investigated to highlight the cytotoxicity of X-rays originating 

from diagnostic CT imaging procedures. 

Having employed the three aforementioned biological endpoints, this study investigated the 

adaptive response with respect to low dose diagnostic CT scans. Low “priming” doses of ionizing 

radiation (< 100 mGy) have been shown to alter the biological response of “subsequent” 
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challenge radiation doses (1-2 Gy) in eukaryotic cells of many difference species, including mice 

(41), rabbits (42), and humans (43-46). An adaptive response is present when the observed 

negative biological response is decreased by the priming dose following exposure to the 

challenge dose. The adaptive response is highly variable across cell types, tissues, systems, and 

organisms (37, 47). This investigation examined the existence, magnitude, and kinetics of an 

adaptive response induced by single and repeated in vivo CT scans. 

Results from this research will further the understanding of the biological effects of low-dose 

medical diagnostic CT scans. This research is timely and relevant to medical practitioners, policy 

makers, and regulators who must make informed decisions about the use of ionizing radiation. 

Its significance cannot be understated in light of the increasingly complex modalities that are 

being developed to image and manage disease. 

 

MATERIALS & METHODS 

Animals 

Male C57BL/6 mice (14 weeks old) were purchased from Jackson Laboratory (Bar Harbor, 

Maine). The mice were allowed to acclimate for two weeks prior to random assignment to the 

various treatment groups (Table 1). Up to five mice were housed in solid-bottom polycarbonate 

cages (27 x 12 x 15.5 cm) containing woodchip bedding (Harlan Sani-Chips, 7090). A stainless 

steel wire-bar hopper held food (Harlan Lab Diets; Indianapolis, USA) and a water bottle for 

consumption ad libitum. The housing room was maintained at a 12:12-h light:dark photoperiod 

with an inside air temperature of 22±2oC and 40-60% humidity. All protocols were approved by 

the Animal Research Ethics Board at McMaster University and carried out according to the 



Ph.D. Thesis - N. Phan; McMaster University – Medical Physics (Radiation Biology) 

 

16 

 

regulations of the Canadian Council on Animal Care. Some of the mice from the sham groups 

were also included in the sham groups for a study performed concurrently by De Lisio et al. (48). 

 

Computed Tomography Protocols 

Whole-body CT scans were performed on a Gamma Medica X-SPECT Animal Imaging System 

(Northridge, California). Mice were placed in pairs into a customized sectioned polycarbonate 

tube and CT scanned (75 kVp, 215 µA, 1 mm Al filter, half-value layer 4.28 mm Al, 250 

projections) for 60 seconds to give a dose of 20 mGy. The mice were not anaesthetized during 

the CT scans as immobilization for image analysis was not necessary. Mice were treated as 

follows: A) a single CT scan of either 20-, 40-, 60-, 80-mGy at 25 weeks old; B) repeated 20 mGy 

CT scans twice a week (Tuesday and Thursday) for 10 consecutive weeks (starting at 16 weeks 

old); C) a sham single CT scan (i.e. control, age-matched) D) sham repeated CT scans (i.e. control, 

age-matched) (Table 1). 

 

Computed Tomography Dosimetry 

Whole-body dose measurements were obtained using thermoluminescent dosimeter (TLD) chips 

(Harshaw TLD-100 LiF Chips). TLD chip analyses were performed by a third party specializing in 

clinical diagnostic radiation measurements (K&S Associates Inc.; Nashville, Tennessee). To 

measure whole-body absorbed dose in mice, TLD chips were surgically implanted in five 

locations in a mouse carcass: head, chest, abdomen, above the skin, and under the skin. 

Measurements were performed on six individual carcasses on two separate occasions (before 

and during study). The overall uncertainty of the TLD measurement process is 5% at the 95% 
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confidence interval for a single TLD chip at the measurement location. This uncertainty does not 

take into account minor variations in the placement of the TLD chips between different mouse 

carcasses. Consistent dosimetry was confirmed and validated repeatedly throughout the study 

using a 0.6 cc ionizing chamber (Farmer Dose-meter Model 2570A and PTW Freiburg Model 

TN30010 Ion Chamber). The calculated mean whole-body dose for a 60-second CT scan at the 

aforementioned specifications was 19.5±3.6 mGy. 

A group of mice were given repeated CT scans twice a week starting at 16 weeks of age to 

simulate the annual diagnostic CT procedures that may be prescribed to monitor injury or 

disease status in adult human patients. In order to control for the possible effects of age when 

assessing the biological differences between single and repeated CT scans, mice were age-

matched up until the time of tissue harvest (i.e. 25 weeks old). For the investigation of the 

effects of repeated CT scans, tissues were harvested five days after the last CT scan time point. 

This harvesting schedule helped assess the cumulative indirect effects of the repeated CT 

exposures, instead that of the residual acute effects of the last CT scan. For example, estimates 

show that reticulocytes have an in vivo lifespan of several days (49, 50), and any direct damage 

from acute radiation exposure is cleared to baseline levels within five days (26).  

 

Acute Radiation Challenge Doses 

The effects of in vivo and in vitro irradiations were investigated. Irradiations performed in vivo 

allow for the investigation of the systems-based biological responses, whereas, in vitro 

irradiations help with understanding cell-specific responses without the influence of systemic 

factors from the whole animal. 
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In vivo radiation challenge: Cohorts of mice (Figure 1) were given a whole-body gamma radiation 

challenge dose of 1 Gy (662 keV - Cs137) at a dose rate of 0.28 Gy per minute. Respective control 

mice were sham irradiated (i.e. placed in the polycarbonate tubes for an equal amount of time 

but with no exposure to radiation). All in vivo radiation challenges were performed with the 

same customized polycarbonate tubes used for the CT scans. 

In vitro radiation challenge: Bone marrow harvested from euthanized mice (Figure 1) were 

separated into three aliquots (1 x 10
6
 cells/mL) for in vitro γ-radiation challenge of either 0, 1, or 

2 Gy at a dose rate of 0.17 Gy per minute (662keV - Cs137). All samples were kept on ice-water 

slurry (0oC) during the in vitro radiation challenges.  

 

 Sample Collection and Cell Preparation 

Blood 

Mice were anaesthetised using Isofluorane™ and blood was collected at 43 h after in vivo 

radiation challenge via cardiac puncture according to previously published protocols (26). 

Approximately 50 µL of blood was collected in 1.5 mL microcentrifuge tubes (VWR International, 

Mississauga, Ontario) containing 350 µL heparin solution (VWR International, Mississauga, 

Ontario). The heparinised blood was maintained at room temperature before being fixed (within 

4 hours). Following blood collection, the mice were euthanized by cervical dislocation.  
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Bone Marrow 

Bone marrow samples were collected by flushing both femurs with a 23 gauge needle containing 

1 mL of heparinised RPMI 1640 media (Lonza Inc., Allendale, New Jersey). The disaggregated 

bone marrow cell suspension was transferred to a1.5 mL microcentrifuge tube (VWR 

International, Mississauga, Ontario) and then held at 0oC in ice-water slurry until processing 

(within 1 hour). Bone marrow cells were counted using the Z2 Coulter Particle Count & Size 

Analyzer (Beckman-Coulter, Miami, Florida). The cell sample was adjusted to a final 

concentration of 1x10
6
 cells/mL in ice-cold RPMI 1640 supplemented with 10% fetal bovine 

serum (FBS, PAA Laboratories Inc., Etobicoke, Ontario), 1% penicillin-streptomycin (Lonza Inc., 

Allendale, New Jersey), 1% L-glutamine (Lonza Inc., Allendale, New Jersey). Three 1.5 mL 

replicate aliquots of the cell sample suspension were made for in vitro irradiations at 0, 1, and 2 

Gy. 

 Micronucleated Reticulocyte Assay 

 Reagents 

The reagents used for preparing blood specimens for flow cytometric analysis were from a 

commercially available kit, Mouse MicroFlowPLUS® (Litron Laboratories, Rochester, NY), and 

included a heparin-based anticoagulant solution, buffer solution, anti-CD71-FITC, anti-CD61-PE, 

RNase, and propidium iodide. The kit also provided a flow cytometer calibration standard 

consisting of fixed Plasmodium berghei-infected mouse erythrocytes (“malaria biostandard”). 

Fixation 

Cells were fixed in absolute methanol (CAS no. 67-56-1, Sigma Aldrich, Mississauga, Ontario) at -

80oC. Up to six samples were fixed at a time using dry ice. This was done to ensure that the 
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temperature of the fixative was maintained between -70oC and -80oC. A 180 µL aliquot of diluted 

blood suspension was forcibly delivered into a 15 mL conical tube (BD Biosciences, Mississauga, 

Ontario) containing 2 mL of -80oC methanol. The sample tubes were vortexed and struck sharply 

with a pen-sized plastic tube several times to break up any aggregates. The fixed samples were 

stored at -80oC for a minimum of 24 hours before staining and flow cytometric analysis. 

Staining and flow cytometric analyses 

Methanol-fixed blood samples were washed and labelled for flow cytometric analysis according 

to procedures detailed in the Mouse MicoFlowPLUS Kit manual (vP4.3m) and previously 

described (51). Briefly, fixed blood cells were washed with 12 mL of kit-supplied buffer solution 

and the pellets were maintained on ice slurry (0oC) until staining within 4 hours. An 80 uL 

reagent mixture containing anti-CD71-FITC, anti-CD61-PE, RNase and buffer solution was added 

to 20 µL aliquot of each fixed blood sample in duplicate. The cells were incubated on ice for 30 

minutes followed by 30 minutes at room temperature, and then returned to ice. Immediately 

before acquisition on the flow cytometer, 1 mL of cold (4oC) propidium iodide (1.25 µg/mL in 

buffer solution) was added to each tube. 

Flow cytometry analysis was performed using a Beckman Coulter EPICS XL flow cytometer 

(Beckman Coulter, Brea, CA). Cells were analyzed at an average rate of 4000 cells (events) per 

second. The EPICS XL flow cytometer is equipped with a 488 nm argon laser and four 

fluorescence detectors. Anti-CD71-FITC, anti-CD61-PE, and propidium iodide fluorescence signals 

were detected in the FL1 (525±15 nm), FL2 (575±15 nm), and FL3 channels (620±15 nm), 

respectively. The gating logic used to quantitatively analyse the erythrocyte subpopulations has 

been previously described (51). Analysis windows were set to quantify the number of 

reticulocytes (RETs) and MN-RETs for each sample. Representative bivariate graphs illustrating 
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the resolution of the various erythrocyte populations have been published (51). To ensure 

adequate sample sizes for statistical significance, the number of RETs was measured in a total of 

2x10
5
 erythrocytes. The number of MN-RETs was evaluated based on counting a total of 2x10

4
 

total RETs per sample. 

 

 γH2AX Fluorescence Assay 

Bone marrow cells were adjusted to 1x10
6
 cells/mL, transferred to 15 mL conical tubes (BD 

Biosciences, Mississauga, Ontario), and irradiated as described above. Following irradiations, 500 

µL aliquots were removed from irradiated cell samples and incubated for 30 minutes in a 370C 

water bath. After incubation, 3 mL of 70% ethanol at 0oC was immediately added to each tube. 

All sample tubes were maintained on ice-water slurry at 0oC for 1 hour and stored at -20oC until 

analysis. 

For analysis, the fixed bone marrow samples were centrifuged at 5oC (250 g, 8 minutes) and the 

supernatant was removed. Cells were then washed in 3 mL of Tris-buffered saline (1x TBS; 

Trizma base + NaCl, Sigma Aldrich, Mississauga, Ontario), centrifuged (250 g, 8 minutes), re-

suspended in 1 mL of Tris–saline–triton [TST; TBS + 4% FBS (VWR International, Mississauga, 

Ontario) + 0.1% Triton X-100 (Sigma Aldrich, Mississauga, Ontario)] and incubated on ice for 10 

minutes to permeabilize cells. The cells were again centrifuged (250 g, 8 minutes), the 

supernatant removed, and cells were re-suspended in 200 µL of a 1:400 dilution of anti-

phospho-H2A.X (ser139) antibody (γH2AX; Upstate Cell Signaling, Charlottesville, VA).  

Samples containing the primary antibody were incubated on a tube rocker at room temperature 

for 2 hours in the dark. The cells were then washed with 3 mL of TST, re-suspended in 200 µL of 
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a 1:500 dilution of AlexaFluor™ 488-conjugated goat anti-rabbit IgG F(ab’)2 antibody (Invitrogen 

Canada, Burlington, Ontario) and incubated at room temperature for 1 hour in the dark. The 

cells were then washed in 3 mL of TBS and re-suspended in 300 µL TBS + 5 µL propidium iodide 

(1 mg/mL; Sigma Aldrich). Samples were put on ice and promptly analysed on the Epics XL flow 

cytometer (Beckman Coulter; Brea, CA). Analysis was based on 5x10
3
 cells from the lymphocyte-

rich cell population, as determined by flow cytometric scattering patterns. The level of γH2AX 

fluorescence was measured by examining the mean fluorescence intensity of cells stained with 

the AlexaFluor™ 488-conjugated goat anti-rabbit IgG F(ab’)2 antibody (Invitrogen Canada, 

Burlington, Ontario). Each sample was analyzed in duplicate. 

 Apoptosis Assay 

Apoptotic cell death measurements were performed using the Carboxyfluoresein Fluorochrome 

Inhibitors of Caspases (FLICA) 3, 7 Apoptosis detection kit according to the manufacturer’s 

protocols (Immunochemistry Technologies, LLC, Bloomington, MN). FLICA specific for caspases 3 

and 7 (FAM-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethylketone) binds covalently to 

activated caspase sites, thus allowing the fluorochrome to accumulate in caspase-driven 

apoptotic cells. Briefly, 10 µL of 30x FLICA solution was added to 300 µL aliquots of irradiated 

mouse bone marrow cell suspension at a concentration of 1x10
6
 cells/mL. The stained cells in 

12x75 mm polypropylene tubes (Sarstedt, Montreal, Quebec) were incubated for 6 hours at 37oC 

in 5% CO2. Aliquots were gently re-suspended every 60 minutes to ensure adequate cellular 

staining. Cells were washed twice with 2 mL of 1x wash buffer (supplied), and maintained on ice 

until analysed (within 1 h) on the Epics XL flow cytometer (Beckman Coulter; Brea, CA). Cells 

identified as dying by apoptosis were defined as FLICA+. The percentage of cells dying by 

apoptosis was determined from analysis of 5x10
4
 cells. 
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Statistics 

Statistics were performed using Statistical Package for the Social Sciences version 16.0 (Chicago, 

Illinois). Data is presented as mean ± standard error of the mean with p≤0.05 considered 

statistically significant. Dose response significance testing was performed with linear regression 

or Spearman rank order correlation where appropriate. Student’s t-tests were carried out to 

determine if significant differences existed between groups for micronucleated reticulocyte 

data. Two-way ANOVA with Bonferroni’s post-hoc test was used to determine significance 

between groups for γH2AX fluorescence levels and apoptosis data.  

RESULTS 

Biological Effects of Single CT Scans 

Induction of Micronucleated Reticulocyte Formation following CT Scans 

The induction of MN-RET formation in mouse peripheral blood was assessed following whole-

body CT scans of varying doses (20, 40, 60, and 80 mGy). Only three mice per group were 

needed in order to achieve statistically significant dose separation, because of the high 

reproducibility and consistency of the MN-RET assay. Inter-day MN-RET levels in unirradiated 

age-matched control mice were highly stable and minimal variability was observed between 

mice (data not shown). There was a statistically significant linear dose response for the induction 

of MN-RETs following exposure to CT scans (p<0.033, R2=0.9838) (Figure 2). Significant increases 

in MN-RET frequencies were detectable for CT scan doses as low as 20 mGy, relative to sham CT 

scanned mice (p=0.020).  
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CT Scan-Induced Adaptive Response in Micronucleated Reticulocyte Formation 

The kinetics of the adaptive response was determined through varying the delay between the 

priming (CT) and challenge (gamma) doses (Figure 3). A single CT scan increased the MN-RET 

frequency by 28% above unirradiated sham levels (p=0.020), while the un-primed 1 Gy challenge 

irradiation increased the MN-RET frequency by approximately sevenfold. An adaptive response 

was observed only with a six hour delay between the priming CT scan and challenge dose 

(p=0.039), as the MN-RET frequency decreased 19% compared to the un-primed 1 Gy challenge 

dose. 

Cellular γH2AX fluorescence levels following a single 20 mGy CT scan 

The fluorescence levels of labelled γH2AX in lymphocyte-rich bone marrow cell populations were 

assessed following a 1 Gy in vitro challenge dose given six hours after a priming 20 mGy CT scan 

(Figure 4). A single CT scan did not change the mean cellular γH2AX levels, relative to the 

unirradiated sham levels (p=0.678). Following a 1 Gy in vitro challenge dose, there was no 

difference in the γH2AX fluorescence levels for sham CT scanned mice and CT scanned mice 

(p=0.547). However, after a larger 2 Gy challenge dose, the γH2AX fluorescence levels were 

significantly higher in the CT scanned mice than the sham CT scanned mice (p=0.037). Both 

mouse groups demonstrated a significant dose-dependent increase in cellular γH2AX 

fluorescence levels following in vitro challenge doses up to 2 Gy (p<0.025). 

Apoptosis following a single 20 mGy CT scan 

Six hours after a single 20 mGy CT scan, apoptosis levels in the bone marrow cells of CT scanned 

mice were 8% higher than those in the sham CT scanned mice (p=0.020) (Figure 5). This elevated 

apoptosis level in CT scanned mice persisted following in vitro challenge doses of 1 and 2 Gy 
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(p<0.009). There was a statistically significant correlation between apoptosis levels and in vitro 

challenge doses for both sham CT scanned mice and CT scanned mice (p<0.05); however, the 

magnitude of the apoptotic processes appeared to plateau after 1 Gy.  

 

Biological Effects of Repeated 20 mGy CT scans 

Induction of MN-RET formation following repeated 20 mGy CT scans 

The mean percentages of peripheral blood MN-RETs following 10 weeks of repeated CT scans 

are shown in Figure 6. The MN-RET levels in mice that received repeated CT scans (0.36±0.02%) 

were slightly reduced, as compared to the sham CT scanned mice (0.41±0.01%) (p=0.040). After 

a 1 Gy in vivo challenge dose, there was no significant difference in MN-RET frequencies 

between repeated CT scanned mice and sham CT scanned mice (p=0.337). For both sham and 

repeated CT scanned mouse groups, the 1 Gy in vivo challenge dose produced a sevenfold 

increase in MN-RET frequencies, relative to the un-challenged mouse groups (p<0.001) (Figure 

6). 

Cellular fluorescence of γH2AX following repeated 20 mGy CT scans 

Mean fluorescence levels of labelled γH2AX in lymphocyte-rich bone marrow cell populations 

were not different between mice CT scanned for 10 weeks and the corresponding sham CT 

scanned mice (p=0.30). However, following in vitro challenges of 1 and 2 Gy, mice that received 

repeated CT scans had approximately 10% lower γH2AX fluorescence levels than that of sham CT 

scanned mice (p=0.017 and p=0.026, respectively). There was a significant dose-dependent 

increase in mean cellular γH2AX fluorescence following the in vitro challenge doses for both 

sham CT scanned mice and repeated CT scanned mice (p<0.001) (Figure 7). 
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Apoptosis following repeated 20 mGy CT scans 

Apoptosis levels in bone marrow cell populations of mice given repeated CT scans for 10 weeks 

were approximately 5% lower compared to sham CT scanned mice at baseline and following a 2 

Gy challenge dose (p<0.010 and p=0.034, respectively). There was no significant difference in 

apoptosis levels between the two groups of mice following an in vitro 1 Gy challenge dose 

(p=0.20). Apoptosis levels increased proportionally to the level of in vitro challenge doses for the 

sham CT scanned mice (p<0.05). However, the same correlation was not observed for the 

repeated CT scanned mice beyond a dose of 1 Gy, as assessed by Spearman’s rank order 

correlation (p>0.05) (Figure 8). 

 

DISCUSSION 

Research on biological responses to ionizing radiation from diagnostic CT procedures is 

important; CT scans are becoming increasingly popular and their effects on cells and organisms 

are of interest. Considering that CT scans contribute up to 67% (3, 6) of the dose to the patient 

population and 14% of the total annual dose to the general population (52), there are good 

reasons to better understand the biological effects of these diagnostic procedures. The research 

presented here demonstrated that low doses of single and multiple CT scans can produce 

significant biological consequences in the hematopoietic system. 

Biological Effects of a Single CT scan 

Studies assessing cytogenetic effects of X-ray radiation from single CT scans have shown 

enhanced chromosome aberrations in human lymphocytes (53-57). Cytogenetic events such as 

increased acentric and dicentric chromosomes, chromosomal fragmentation, chromosomal 
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translocations, and γH2AX foci formation have been associated with CT radiation (52-59). This 

study was intended to supplement these findings by examining the genotoxic and cytotoxic 

effects of single 20 mGy CT scans.  

Micronuclei formation has been shown to be a reliable measure of unstable chromosomal 

aberrations, resulting from ionizing radiation exposures (26, 60-64). In most studies, 

chromosomal aberrations are observed directly in the treated cells. In this study a flow 

cytometry-based MN-RET assay was used to measure damage manifested in hematopoietic 

precursor cells. This provided insight into the processing of upstream damage (26, 50). In this 

study, a significant linear correlation between MN-RET formation in peripheral blood and CT 

scan doses as low as 20 mGy was observed (Figure 2). Previous studies investigating both 

microscopy-based and flow cytometry-based MN-RET formation following acute x-ray and γ-

radiation exposures have reported linear dose responses up to 1 Gy (26, 64). However, this is the 

first report in which a dose less than 50 mGy has been measured using the flow cytometry-based 

MN-RET assay. The increase in MN-RET formation following a single acute exposure to a 20 mGy 

CT scan indicates that CT scans can induce change to the division of the hematopoietic system 

responsible for reticulocyte production and, essentially, erythropoiesis.  

A number of studies have investigated the effects of CT scan-induced chromosomal aberrations 

in human peripheral blood lymphocytes. Stephan et al. showed that CT scans (12.9 mGy) in 

children can significantly elevate the frequencies of dicentrics and excess acentric fragments 

(56). Similarly, Jost et al. reported significant increase in dicentric chromosomes in human 

lymphocytes exposed in vitro to a 20 mGy CT scan (53, 55). If some of these damaged cells 

escape apoptosis and proceed with cell division, the consequence may be an elevated 

population of micronucleated cells. Hottayoglu et al. demonstrated that measurements of 
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dicentrics and micronuclei in hematopoietic cells are comparable assessments of radiation-

induced genotoxicity (63). In this study, the observed increase in MN-RET frequencies following 

an in vivo single 20 mGy CT scan supports previous documented effects. 

When a single 20 mGy CT scan was given six hours before a 1 Gy challenge dose, the MN-RET 

levels in the CT scanned mice were significantly decreased, relative to sham CT scanned mice 

challenged with 1 Gy. This response has been described as an adaptive response. However, 

when mice were CT scanned at 4 hours or 12 hours prior to a 1 Gy challenge dose, there was no 

apparent adaptive response with this MN-RET endpoint. The adaptive response observed when 

a CT scan was given six hours prior to a 1 Gy challenge dose may be due to enhanced CT-induced 

cell killing of prospective micronucleated cells. The increased apoptosis levels detected in bone 

marrow cells six hours after a single 20 mGy CT scan support this hypothesis (Figure 5). Another 

explanation for this time-specific adaptive response induction may be cell cycle delay caused by 

the priming single CT scan. Priming doses as low as 20 mGy have been shown to cause transient 

cell cycle delay and alter the distribution of cells within the cell cycle (65-68). Sorensen et al. 

found that adaptive responses were highly dependent on the cell cycle stage at the time of 

challenge irradiation (44).  

Using fluorescence microscopy analysis of γH2AX foci formation as a quantitative biomarker for 

radiation-induced DNA damage in human peripheral blood mononuclear cells, Rothkamm et al. 

reported an 8-10 fold increase following a whole-body in vivo CT scan dose of 16.4 mGy (95% 

confidence level: 15.1, 17.7) (52). Grudzenski et al. demonstrated increased γH2AX foci 

formation in both in vivo and in vitro CT scans (<20 mGy) (57).  Golfier et al. reported increases 

of γH2AX foci formation in human lymphocytes following in vitro CT irradiation, with doses as 
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low as 25 mGy (53). Furthermore, Lobrich et al. reported significant increases of γH2AX foci 

formation in both lymphocytes and fibroblasts after an in vivo CT scan (~20 mGy) (69).  

In this study, mean cellular γH2AX fluorescence was measured using flow cytometry instead of 

the standard microscopy-based γH2AX foci formation assay. Pilot projects and previous works 

demonstrated that the flow cytometry-based γH2AX assay was effective in detecting adaptive 

responses (48, 70). Although there is a strong correlation between the microscopy-based and 

flow cytometry-based γH2AX assays (71-75), their detection limits for ionizing radiation exposure 

may differ. Microscopy-based γH2AX analysis can detect doses less than 5 mGy (76), whereas 

the minimum reported dose detection limit for flow cytometry-based γH2AX analysis is 100-200 

mGy (72, 73, 77, 78). In this study, the reason for the lack of a difference in cellular γH2AX 

fluorescence levels of sham CT scanned mice and mice that received a single 20 mGy CT scan 

(p=0.678) may be either the kinetics of γH2AX foci induction/disappearance at the sampling 

time, or the detection limit of the flow cytometry-based γH2AX assay. Phosphorylation of 

histone protein H2AX is an early response to DNA DSBs. As DNA damage gets repaired, the level 

of γH2AX foci decreases. Since maximal γH2AX foci induction occurs around 30 minutes 

following radiation exposure, in this study the six hour wait period following CT scans possibly 

allowed the initial effects of the CT scan to disappear (31, 72). The six-hour time point was 

chosen because this time interval between the priming CT scan and the challenge dose was able 

to induce an adaptive response, albeit with MN-RET formation. 

Following a 1 Gy in vitro challenge dose, there was no adaptive response observed with respect 

to mean cellular γH2AX fluorescence levels, in mice that received a single CT scan six hours prior. 

However, the CT scanned mice showed elevated γH2AX fluorescence levels following a larger 2 

Gy challenge dose, relative to the sham CT scanned mice (p=0.037). It is possible that the single 
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20 mGy CT treatment sensitized the bone marrow cell populations, but only the 2 Gy challenge 

dose was large enough to show this sensitization effect in this endpoint. The biological 

mechanism(s) of this possible sensitization effect are still unknown, but may involve cell cycle 

delay. Cramers et al. examined γH2AX foci formation in human lymphocytes and suggested that 

low priming doses can induce perturbations in cell cycle that may affect adaptive responses (79). 

This study proposes that the 20 mGy CT scan given six hours before the 2 Gy challenge dose 

caused perturbations in cell cycle kinetics that made lymphocyte-rich bone marrow cells more 

sensitive to damage from the high-dose challenge, as measured by γH2AX fluorescence levels. 

Apoptosis was investigated in the heterogeneous bone marrow cell populations. A single 20 mGy 

CT scan increased spontaneous levels of apoptosis, and enhanced the cytotoxicity of both 1 and 

2 Gy challenge doses. This heightened sensitivity to radiation-induced apoptosis parallels the 

sensitization effect observed in CT scanned mice with the γH2AX endpoint following a 2 Gy in 

vitro challenge dose. These paralleling sensitization observations could be related. In support of 

this hypothesis, Lu et al. demonstrated that UV radiation-induced γH2AX is required for 

apoptotic DNA ladder formation (80). Also, the formation of γH2AX was found to be an 

important step in initiating apoptosis via the Caspase-3/Caspase-activated DNase pathway (80). 

Apoptosis is a protective mechanism by which unstable or damaged cells remove themselves 

from the population (37). Ionizing radiation causes oxidative stress (81), and higher levels of 

reactive oxygen species have been correlated with increased programmed cell death responses 

(82). The enhanced apoptosis levels observed in this study following a single acute 20 mGy CT 

scan support the postulation that radiation from CT scans may trigger apoptosis in a portion of 

unstable cells, thus potentially changing the overall risk to those cells. Portess et al. support this 

by demonstrating that low-LET radiation (2 mGy) can trigger selective removal of pre-cancerous 
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(src pre-transformed) cells (83). Also, Belloni et al. found that there was a direct relationship 

between dicentric chromosomes and the triggering of apoptosis following X-ray exposure to 

human peripheral blood lymphocytes (84). 

Apoptosis levels in mouse bone marrow following an in vivo 20 mGy CT scan without an in vitro 

challenge dose were higher than levels in sham CT scanned mice following a 1 Gy in vitro 

challenge dose (Figure 5). This observation may be a result of differing kinetics associated with in 

vivo versus in vitro irradiations and the timing of when apoptosis analyses were performed. 

There was a 12 hour period between the time of the in vivo single CT scan and the time of 

apoptosis measurement (i.e. 6 hours between CT scan and in vitro radiation challenge dose, plus 

6 hours of bone marrow incubation time with caspase markers). In the sham CT scanned mouse 

group, the radiation-induced apoptosis resulting from the 1 Gy in vitro challenge dose only had 

six hours (bone marrow incubation) to manifest. Thus, the higher apoptosis levels in the former 

case may be due to when apoptosis was measured, with respect to the two radiation exposures 

(in vivo CT scan and in vitro radiation challenge). Further experiments are required to support 

this postulate. Relatedly, the relatively high spontaneous apoptosis level seen in the sham CT 

mouse group (24.6%) is likely due to the cellular stress caused by the extraction and six hour in 

vitro incubation of the bone marrow samples, and not a real reflection of in vivo basal apoptosis. 

The significance of this study’s apoptosis results is not the absolute apoptosis levels but the 

demonstration of relative differences in the apoptotic responses following the in vivo single CT 

scans and in vitro radiation challenge doses.  
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Biological Effects of Repeated CT scans 

Using a flow cytometry-based micronucleated reticulocyte (MN-RET) assay, this study 

demonstrated that 10 weeks of repeated 20 mGy CT irradiations (total accumulated dose of 400 

mGy) produced a slight reduction in spontaneous MN-RET levels as compared to non-CT scanned 

mice (p=0.040). Further experiments are required to confirm this finding, as this reduction in 

MN-RET levels was observed only after the data pooling of the second of two independent 

repeat experiments. Nonetheless, repeated CT scans did not increase spontaneous MN-RET 

levels.  

Reticulocytes are progenies of erythroblasts, which are hematopoietic bone marrow stem cells. 

A lack of increase in MN-RET levels may indicate that the erythroblast stem cells did not become 

genomically unstable by the repeated CT irradiations. Using the same flow cytometry-based 

assay and mouse strain as this study, Hamasaki et al. found that one year after an acute in vivo 

2.5 Gy X-ray dose, spontaneous MN-RET levels in irradiated mice remained significantly higher 

than the unirradiated controls. Hamasaki et al. purported that the higher MN-RET level is 

evidence of radiation-induced genomic instability caused by the high-dose exposure (50). The 

lack of elevated spontaneous MN-RET levels following repeated CT scans, when compared to 

Hamasaki et al. (50), is likely a consequence of the lower total dose (400 mGy vs. 2.5 Gy) and the 

fractionation of that dose. Moreover, if the observed reduction in spontaneous MN-RET 

frequencies in the repeated CT scanned mice is real, this may indicate that the population of 

erythroblasts in these mice may be more stable, and that their clonal expansion and 

differentiation processes may be improved. However, a similar reduction was not evident in 

mice treated with repeated CT scans following an in vivo 1 Gy challenge (p=0.337). The latter 

result could be because the 1 Gy challenge was too damaging to the erythroblast population, 
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thus prohibiting the observation of an adaptive response for this particular endpoint, which 

saturates around 1 Gy (26). Another reason for the lack of an adaptive response may be simply 

due to the specific kinetics of the adaptive response (85, 86).  

It is generally accepted that almost every DNA DSB forms a γH2AX focus. Contention arises, 

however, when determining if every γH2AX focus represents a DNA DSB (33, 76, 87). 

Quantitatively, Rothkamm et al. demonstrated that detection of γH2AX foci has a strong 

correlation with DNA DSBs (76). Assuming that cellular γH2AX fluorescence levels correlate well 

with DNA damage, the fact that there were no significant differences in spontaneous γH2AX 

fluorescence levels between mice treated with repeated CT scans and sham CT scanned mice 

may indicate that repeated CT scans did not cause persistent DNA damage. The fact that the 

dose detection limit of the flow cytometry-based γH2AX assay is relatively insensitive should be 

considered when interpreting these results (72, 73, 77, 78).  

Despite the relatively high dose detection limit for the flow cytometry-based γH2AX assay, an 

adaptive response was observed in bone marrow cells of repeated CT scanned mice following in 

vitro challenge doses of 1 and 2 Gy (Figure 7). The recurring mild oxidative stress resulting from 

the repeated CT X-ray treatments may have triggered an adaptive response similar to that 

reported in a recent study published by Ermakov et al., where oxidative stress was found to be 

critical for the induction of an adaptive response in human lymphocytes (81). 

Similar to the reduction seen with MN-RET formation and cellular γH2AX fluorescence levels, 

repeated CT treatments significantly lowered spontaneous and radiation-challenged apoptosis 

levels (p<0.05) (Figure 8). The biological mechanism for the observed decreased apoptosis levels 

is unknown. However, the frequent mild oxidative stress produced by repeated CT scans may 

have caused an initial elimination of unstable cells, as suggested by the increased apoptosis 
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results from single CT scans (Figure 5). This increased removal of unstable cells, triggered by the 

initial CT scan(s), would result in cell populations with fewer chromosomal aberrations and 

reduced DNA damages. Results of the MN-RET and γH2AX endpoints in mice given repeated CT 

scans support this postulation. Through a selection process over time, there may be a shift to a 

homeostatic state wherein the observed lower apoptosis levels reflect a more robust cell 

population. 

 

The Biological Relationships between Single and Repeated CT scans 

Low-dose ionizing radiation from CT scans causes oxidative stress via production of damaging 

reactive oxygen species. Reactive oxygen species can cause damage to DNA by modification of 

bases, inter-carbon ruptures in deoxyribose, the appearance of apurinic and aprymidinic sites, 

single- and double-stranded breaks, DNA-protein cross-links, etc. (37). Damaged cells can 

attempt to repair or undergo apoptosis if the damage is substantial. A single CT scan will 

increase DNA damage as demonstrated by increased MN-RET formation (Figure 2), γH2AX foci, 

and chromosomal aberrations (52, 53, 55, 56, 59). CT radiation-induced oxidative stress will 

initially cause an increase in apoptosis levels as damaged and/or radiosensitive cells die 

(supported by the single CT apoptosis results - Figure 5). Ermakov et al. suggested that as cells 

undergo apoptosis, DNA fragments are released into the intercellular space and interact with 

DNA-binding receptors such as toll-like receptor 9 (TLR9) of neighbouring cells. This interaction 

activates cellular signalling pathways associated with synthesis of more reactive oxygen species, 

thus inducing a crucial oxidative stress cascade required in the adaptive response. Repeated CT 

irradiations would likely continue to increase oxidative stress levels and trigger more 

unstable/radiosensitive cells to undergo apoptosis. Eventually, most of the unstable or damaged 
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cells are eliminated, and the remaining cells are more robust and may have fewer chromosomal 

aberrations. The latter was demonstrated in this study by the slight reduction in MN-RETs and 

the induction of an adaptive response with respect to mean cellular γH2AX fluorescence levels in 

mice treated with repeated CT scans. With potentially fewer unstable chromosomal aberrations 

that would likely trigger apoptosis, the overall effect is lowered apoptosis levels (Figure 8). 

Results from repeated CT scans support the notion that frequent mild levels of oxidative stress 

allow for the maintenance of a healthy cell population by fostering the death of unstable and 

damaged cells. 

 

Summary 

The biological effects of single versus repeated CT scans are opposite to but not necessarily 

unrelated to each other. Many recent research studies have examined only the biological effects 

following acute single CT scans. This study complements previous works surrounding the 

biological responses from single CT scan exposures by providing further insight into the 

biological effects of multiple CT scans. In summary, repeated 20 mGy CT scans do not appear to 

induce genomic instability in reticulocytes, and confer resistance to larger doses in the bone 

marrow of mice. Conversely, exposures to single CT scans exhibit transient genotoxicity, 

enhanced apoptosis, and characteristics of radiation sensitization.  
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TABLE 1 

Experimental groups for the investigation of the biological effects of CT scans. 

Experiment 1: CT Scan Dose Response for the Induction of MN-RETs 
a

 
Treatment Specifications 

Sham for Single CT Scan n= 5*,   25 weeks old 

Single 20 mGy CT Scan n=4**,  25 weeks old 

Single 40 mGy CT Scan n=3,      25 weeks old 

Single 60 mGy CT Scan n=3,      25 weeks old 

Single 80 mGy CT Scan n=3,      25 weeks old 
  

Experiment 2: CT Scan-induced Adaptive Response: MN-RETs 
a

 
Treatment Specifications 
Sham for Single CT Scan n= 5*,   25 weeks old 
Single 20 mGy CT Scan n=4**,  25 weeks old 
1 Gy γ-rays n=4,      25 weeks old 

Single 20 mGy CT Scan + 4 h + 1 Gy γ-rays n=3,      25 weeks old 

Single 20 mGy CT Scan + 6 h + 1 Gy γ-rays n=3,      25 weeks old 

Single 20 mGy CT Scan + 12 h + 1 Gy γ-rays n=3,      25 weeks old 
  

Experiment 3: Biological Effects of Single and Repeated CT Scans 
b

 
Treatment Specifications 

Sham CT Scan 
c n = 9, 25 weeks old

 c
 

Single 20 mGy CT Scan n = 8, 25 weeks old 

Repeat Sham CT Scans
�c,d

 
twice/week/10weeks (Tues, Thurs) 

n = 24, starting at 16 weeks old 

Repeat 20 mGy CT Scans
�d

 
twice/week/10weeks (Tues, Thurs) 

n = 24, starting at 16 weeks old 
 

a 
Experiments were performed on the same day. 

* and ** denotes the same mouse groups. 
b 

Biological endpoints assessed were MN-RET formation, cellular γH2AX 

fluorescence, and apoptosis.  
c 

Some of the mice from the sham groups were also included in the sham  

groups for a study performed concurrently by De Lisio et al. (48). 
d 

Two independent repeat experiments; data was pooled. 

  



Ph.D. Thesis - N. Phan; McMaster University – Medical Physics (Radiation Biology) 

 

38 

 

 

 

 

FIG. 1. Schematic of the experimental treatments and collection of tissues for the investigation 

of Experiment 1) Induction of MN-RET following CT Scans of varying doses; Experiment 2) CT 

scan-induced adaptive response of MN-RET formation; Experiment 3) Genotoxic and cytotoxic 

effects of single and repeated CT scans, as measured by MN-RET formation, cellular γH2AX 

fluorescence, and apoptosis. 
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FIG. 2. The induction of MN-RET formation following in vivo single CT scans of varying doses; n≥3 

mice per dose. Results are sample mean values. Error bars represent standard error of the mean 

(samples analysed in duplicate). 
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FIG. 3. Adaptive response kinetics for the induction of MN-RET formation for specific time 

intervals between a priming 20 mGy CT scan and in vivo γ-radiation challenge dose (1 Gy); n≥3 

mice per treatment. Results are sample mean values. Error bars represent standard error of the 

mean (samples analysed in duplicate). * denotes p<0.05 compared to the controls; ** denotes 

p<0.05 compared to 1 Gy Gamma group. 
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FIG. 4. Mean cellular fluorescence of labelled γH2AX in lymphocyte-rich populations of bone 

marrow cells after in vitro γ-radiation challenge doses of 0, 1 and 2 Gy, six hours following a 

single 20 mGy CT scan; Sham CT: n=4; Single 20 mGy CT: n=4. Results are sample mean values. 

Error bars represent standard error of the mean (samples analysed in duplicate). * denotes 

p<0.05 compared to Sham CT following a 2 Gy challenge dose.  
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FIG. 5. Apoptosis (caspases 3, 7+) levels in bone marrow cell populations after in vitro γ-radiation 

challenge doses of 0, 1, and 2 Gy, six hours following a single 20 mGy CT scan; Sham CT: n=4; 

Single 20 mGy CT: n=4. Results are sample mean values. Error bars represent standard error of 

the mean (samples analysed in duplicate). *, **, *** denote p<0.05 compared to Sham CT 

following 0, 1 and 2 Gy challenge doses, respectively.  

  

0

5

10

15

20

25

30

35

40

45

0 1 2

%
 A

p
o

p
to

si
s

Challenge Dose (Gy)

Sham CT

Single 20 mGy CT



Ph.D. Thesis - N. Phan; McMaster University – Medical Physics (Radiation Biology) 

 

43 

 

 

FIG. 6. Comparison of MN-RET percentages in mice treated with 10 weeks of repeated CT scans 

and the corresponding sham CT mice; Repeat Sham CTs: n=8; Repeat 20 mGy CTs: n=8. Results 

are pooled sample mean values from two independent experiments. Error bars represent 

standard error of the mean (samples analysed in duplicate). * denotes p<0.05 compared to 

Repeat Sham CTs at baseline (0 Gy).   
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FIG. 7. Mean cellular fluorescence of labelled γH2AX in lymphocyte-rich populations of bone 

marrow cells after in vitro γ-radiation challenge doses of 0, 1 and 2 Gy in mice treated with 10 

weeks of repeated CT scans and the corresponding sham CT mice; Repeat Sham CTs: n=8; Repeat 

20 mGy CTs: n=8. Results are pooled sample mean values from two independent experiments. 

Error bars represent standard error of the mean (samples analysed in duplicate). *, ** denotes 

p<0.05 compared to Repeat Sham CTs following 1 and 2 Gy challenge doses, respectively. Error 

bars represent standard error of the mean. 
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FIG. 8. Apoptosis levels (caspase 3, 7+) in bone marrow cell populations after in vitro γ-radiation 

challenge doses of 0, 1 and 2 Gy in mice treated with 10 weeks of repeated CT scans and the 

corresponding sham CT mice; Repeat Sham CTs: n=5; Repeat 20 mGy CTs: n=5. Results are 

sample mean values. Error bars represent standard error of the mean (samples analysed in 

duplicate). *, ** denotes p<0.05 compared to Repeat Sham CTs following 0 and 2 Gy challenge 

doses, respectively.  
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ABSTRACT 

Low-dose computed tomography (CT) scans can induce protection against subsequent high-dose 

radiation exposures in the hematopoietic system of Trp53 wild-type mice. A single acute 

exposure to CT X-rays (0-100 mGy) caused dose-dependent increases in micronuclei formation 

and γH2AX levels in reticulocytes and bone marrow lymphocytes, respectively (p<0.01). A 

significant increase in apoptosis of peripheral lymphocytes coincided with these cytogenetic 

effects (p<0.05). When single 10 mGy CT scans were given before 1 and 2 Gy challenge doses, 

there was a 12% reduction in micronucleated reticulocytes (MN-RETs) frequencies and an 11% 

reduction in γH2AX levels in bone marrow lymphocytes relative to sham CT controls (p<0.05).  

The time interval between the priming CT scan and challenge dose was found to influence the 

nature of the adaptive response. Weekly 10 mGy CT exposures for ten weeks did not elevate 

spontaneous MN-RET levels, and conferred resistance to radiation-induced DNA double-

stranded breaks (γH2AX levels, p<0.02) and DNA oxidative stress damage (8-OHdG levels). 

Overall, low-dose CT scans, whether through enhanced apoptosis of damaged cells or enhanced 

protection against oxidative damage, can induce protective adaptations against the genotoxic 

effects of high-dose radiation exposures. 
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INTRODUCTION 

The health effects of low-dose ionizing radiation are important to understand, particularly within 

the context of medical diagnostic procedures. Computed tomography (CT) has become an 

integral part of patient health care over the last decade, and its greater use has resulted in a 

concurrent increase in ionizing radiation exposure (1). There are many epidemiological studies 

investigating the possible link between low-dose radiation exposure and increased health risk (2-

5). However, these studies encounter challenges such as dose-estimation accuracy, adequate 

sample size, and heterogeneity in the population. Consequently, the health risks of medical 

diagnostic CT have come under scrutiny in recent years (2, 6-8).  

The typical radiation dose range for a whole-body CT scan is 10 – 30 mGy but can be as high as 

80 mGy (9-11). By comparison, the annual natural background exposure is around 2 – 3 mGy in 

North America (12). Extrapolative risk studies looking at high-dose exposures and data from 

atomic bomb survivors have suggested that there is a small but statistically significant health risk 

from CT scans with doses as low as 10 mGy (2). These types of studies are misleading since they 

ignore a preponderance of evidence which shows that low-dose radiation exposures do not 

increase risk and can actually have protective effects.  

Humans and animals have evolutionarily-conserved cellular processes in place to manage and 

remove damage from environmental stressors such as low-dose radiation. Extrapolative risk 

studies that make claims of increased risk at low doses do not take these rudimentary defense 

mechanisms into account, and assume that both dose and risk are additive. With equal total 

dose, acute radiation exposures do not yield the same biological consequences as protracted or 

fractionated exposures (13). When the exposure is spread over time, there are protective 
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processes that are up-regulated to remove and prevent subsequent damage (14). Therefore, risk 

is not proportional to the total additive dose, and extrapolating risk estimates from acute high-

dose exposures to low- dose exposures is scientifically unsound. 

Experiments have shown that low-dose radiation exposures can induce protective responses 

such as the prevention of radiation damage (15), efficient removal of chromosomal aberrations 

(16), improved immune functions (17, 18), and selective elimination of precancerous cells (19, 

20). The term “adaptive response” is often used to describe a phenomenon whereby a small 

priming radiation dose reduces the biological effects of a subsequent challenge radiation dose 

(21). While many experiments have demonstrated the potential of low-dose radiation to induce 

adaptive responses, none have been examined within the context of medical diagnostic CT 

exposures. 

In the current study, the biological effects of diagnostic CT radiation were investigated to better 

understand the cellular processes altered by medical CT procedures. The induction of DNA 

damage (γH2AX formation) and manifestation of mis-repaired chromosomal aberrations 

(micronucleated reticulocytes) were assessed following acute exposures to single CT scans. 

Apoptosis was measured to evaluate the clearance process of the damaged cells. The existence, 

magnitude, and kinetics of an adaptive response induced by CT scans were also examined. 

Furthermore, DNA oxidative damage (8-OHdG formation) and cytotoxic effects of repeated CT 

scans were studied to provide further evidence that risk is not proportional to total additive 

dose for exposures relevant to medical diagnostic CT procedures. 
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MATERIALS & METHODS 

Animal Breeding and Genotyping 

Male Trp53 heterozygous (B6.129S2-Trp53
tm1Tyj/+

) and female Trp53 homozygous (129X1/SvJ 

Trp53+/+) mice, both obtained from Jackson Laboratory (Bar Harbor, Maine), were crossed to 

yield F1 Trp53 wild-type (+/+) and Trp53 heterozygous (+/-) mice. Only female Trp53 wild-type 

mice were used in this study. Trp53 wild-type status was determined by collecting a small tail 

snip from mice at five weeks old for PCR-based genotyping (procedure previously described (22, 

23)). Mouse tail snips were genotyped by a third party specializing in mouse genotyping services 

(Mouse Genotype.; Carlsbad, California). 

 

Animal Housing 

Five or fewer mice were housed in solid-bottom polycarbonate cages (27 x 12 x 15.5 cm) 

containing woodchip bedding (Harlan Sani-Chips, 7090). A stainless steel wire-bar hopper held 

food (Harlan Lab Diets; Indianapolis, USA) and a water bottle for consumption ad libitum. The 

specific-pathogen-free housing room was maintained at a 12:12-h light:dark photoperiod with 

an inside air temperature of 23±2oC and 40-80% humidity. All housing, handling, and 

experimental procedures were approved by the Animal Research Ethics Board at McMaster 

University and conducted in accordance to the guidelines of the Canadian Council on Animal 

Care.  
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Experimental Design 

Dose Responses and CT scan-induced Adaptive Responses 

The CT radiation dose responses were investigated in 7-8 weeks old Trp53 wild-type mice using 

flow cytometry-based micronucleated reticulocyte (MN-RET), γH2AX formation, and apoptosis 

assays. CT scan-induced adaptive responses with respect to the MN-RET and γH2AX endpoints 

were also examined. Additionally, the effect of age on the spontaneous levels of MN-RETs was 

studied over a period of 80 weeks. Table 1 outlines the specific design of the various dose 

response and adaptive response experiments. Gamma radiation dose responses were also 

assessed for the MN-RET and apoptosis endpoints. The gamma exposure for the apoptosis dose 

response was performed in vitro, whereas all other dose response exposures were performed in 

vivo. 

Biological Effects of Repeated CT Scans 

The biological effects of repeated CT scans were examined in 11-12 week old female Trp53 wild-

type mice. Single 10 mGy CT scans were given weekly for ten consecutive weeks. The 

corresponding control group were sham CT scanned throughout the 10 weeks and handled in 

the same manner as the CT scanned mice. There were five mice in each experimental group. Five 

days after the last CT scan time point, all mice were sacrificed and tissues (blood and bone 

marrow) were harvested for MN-RET, γH2AX, 8-OHdG, and apoptosis analyses. Except for blood 

used in the MN-RET analyses, tissue samples were given in vitro challenge doses of 1 and 2 Gy to 

further explore possible adaptive responses.  
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Computed Tomography Protocols 

Whole-body CT scans were performed on a Gamma Medica X-SPECT Animal Imaging System 

(Northridge, California). Mice were placed in pairs into a customized sectioned polycarbonate 

tube and CT scanned (75kVp, 215µA, 1 mm Al filter, half-value layer 4.28 mm Al) at a dose rate 

of 18.6 mGy/minute. Mice were not anaesthetized during the CT scanning procedures as 

immobilization for image analysis was not necessary. 

 

Computed Tomography Dosimetry 

Whole-body dose measurements were obtained using thermoluminescent dosimeter (TLD) chips 

(Harshaw TLD-100 LiF Chips). TLD chip analyses were performed by a third party specializing in 

clinical diagnostic radiation measurements (K&S Associates Inc.; Nashville, Tennessee). To 

measure whole-body absorbed dose in mice, TLD chips were surgically implanted at five 

locations in a mouse carcass: head, chest, abdomen, above the skin, and under the skin. 

Measurements were performed on two individual carcasses during the study. The overall 

uncertainty of the TLD measurement process is 5% at the 95% confidence interval for a single 

TLD chip at the measurement location. This uncertainty does not take into account minor 

variations in the placement of the TLD chips between different mouse carcasses. Consistent 

dosimetry was confirmed and validated repeatedly throughout the study using a 0.6 cc ionizing 

chamber (Farmer Dose-meter Model 2570A and PTW Freiburg Model TN30010 Ion Chamber). 

The calculated average whole-body dose for a CT scan at the aforementioned specifications was 

10.3±1.1 mGy. 
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γ-Radiation Exposures 

In vivo Exposures 

Mice were placed in pairs into a customized tube and given whole-body γ-radiation exposures 

(662keV - Cs
137

) at a dose rate of 18.6 mGy/minute or 0.188 Gy/minute for the 1 Gy challenge 

dose. Mice assigned as sham controls were sham irradiated (i.e. placed in the polycarbonate 

tubes for an equal amount of time but with no radiation exposure). All in vivo radiation 

challenges were performed with the same customized polycarbonate tubes used for the CT 

scans. 

In vitro Exposures 

Blood and bone marrow were collected and separated into aliquots (1 x 10
6
 cells/mL) for in vitro 

irradiation at a dose rate of 0.188 Gy/minute (662keV - Cs137). All samples were kept on ice-

water slurry (0oC) during the in vitro radiation exposures. 

 

Sample Collection and Cell Preparation 

Blood 

Mice were anaesthetised using Isofluorane™ and blood was collected via cardiac puncture or 

submandibular vein when repeat sampling from the same mice was required (e.g. MN-RETs and 

age effect investigation). In a previous study, we found that the method of blood sampling did 

not influence MN-RET formation (24). For MN-RET analysis, approximately 50 µL of blood was 

collected (43 hours after a radiation exposure) into 1.5 mL microcentrifuge tubes (VWR 
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International, Mississauga, Ontario) containing 350 µL heparin solution (VWR International, 

Mississauga, Ontario). For apoptosis analysis, approximately 400 µL of blood was collected in 

heparinized syringes and kept on ice slurry until further processing according to the apoptosis 

protocol. Heparinised blood for the MN-RET assay was maintained at room temperature until 

fixation (within 3 hours).  

Bone Marrow 

Bone marrow samples for γH2AX and 8-OHdG analyses were collected by flushing both femurs 

with a 23 gauge needle containing 1 mL of heparinized RPMI 1640 media (Lonza Inc., Allendale, 

New Jersey). The disaggregated bone marrow cell suspension was transferred to a 1.5 mL 

microcentrifuge tube (VWR International, Mississauga, Ontario) and held at 0oC on ice slurry 

until processing (within 1 hour). Bone marrow cells were counted using a Z2 Coulter Particle 

Count & Size Analyzer (Beckman-Coulter, Miami, Florida). The cell sample was adjusted to a final 

concentration of 1x10
6
 cells/mL in ice-cold RPMI 1640 supplemented with 10% fetal bovine 

serum (FBS, PAA Laboratories Inc., Etobicoke, Ontario), 1% penicillin-streptomycin (Lonza Inc., 

Allendale, New Jersey), 1% L-glutamine (Lonza Inc., Allendale, New Jersey). Three 1.5 mL 

replicate aliquots of the cell sample suspension were made for in vitro irradiations at 0, 1, and 2 

Gy. 
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 Micronucleated Reticulocyte Assay 

 Reagents 

The reagents used for preparing blood specimens for flow cytometric analysis were all from a 

commercially available kit, Mouse MicroFlowPLUS® (Litron Laboratories, Rochester, NY), and 

included a heparin-based anticoagulant solution, buffer solution, anti-CD71-FITC, anti-CD61-PE, 

RNase, and propidium iodide. Also included was a flow cytometer calibration standard consisting 

of fixed Plasmodium berghei-infected mouse erythrocytes (“malaria biostandard”). 

Fixation 

Cells were fixed in absolute methanol (CAS no. 67-56-1, Sigma Aldrich, Mississauga, Ontario) at -

80oC. A maximum of six samples was fixed at a time using dry ice. This was done to ensure that 

the temperature of the fixative was maintained between -70oC and -80oC. A 180 µL aliquot of 

diluted blood suspension was forcibly delivered into a 15 mL conical tube (BD Biosciences, 

Mississauga, Ontario) containing 2 mL of -80oC methanol. The tubes were vortexed and struck 

sharply with a pen-size plastic tube several times to break up any aggregates. The fixed samples 

were stored at -80oC for a minimum of 24 hours before staining and flow cytometric analysis. 

Staining and flow cytometric analyses 

Methanol-fixed blood samples were washed and labelled for flow cytometric analysis according 

to procedures detailed in the Mouse MicoFlowPLUS Kit manual (vP4.3m) and previously 

described in (25). Briefly, fixed blood cells were washed with 12 mL of kit-supplied buffer 

solution and the pellets were maintained on ice slurry (0oC) until staining (within 3 hour). An 80 

uL reagent mixture containing anti-CD71-FITC, anti-CD61-PE, RNase and buffer solution was 
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added to 20 µL aliquot of each fixed blood sample in duplicate. The cells were incubated on ice 

for 30 minutes followed by 30 minutes at room temperature, and then returned to ice. 

Immediately before acquisition on the flow cytometer, 1 mL of cold (4oC) propidium iodide (1.25 

µg/mL in buffer solution) was added to each tube. 

Flow cytometry was performed using a Beckman Coulter EPICS XL flow cytometer (Beckman 

Coulter, Brea, CA). Cells were analyzed at an average rate of 4000 cells (events) per second. The 

EPICS XL flow cytometer is equipped with a 488 nm argon laser and four fluorescence detectors. 

Anti-CD71-FITC, anti-CD61-PE, and propidium iodide fluorescence signals were detected in the 

FL1 (525±15 nm), FL2 (575±15 nm), and FL3 channels (620±15 nm), respectively. The gating logic 

used to quantitatively analyse the erythrocyte subpopulations has been described previously 

(25).  The number of reticulocytes (RETs) and MN-RETs were quantified for each sample. 

Representative bivariate graphs illustrating the resolution of the various erythrocyte populations 

have been published (25)(26). To ensure adequate sample sizes for statistical significance, the 

number of RETs was measured in a total of 2x10
5
 erythrocytes. The number of MN-RETs was 

evaluated based on counting a total of 2x10
4
 total RETs per sample. 

 

 γH2AX & 8-OHdG Fluorescence Assays 

Bone marrow cells were adjusted to 1x10
6
 cells/mL, transferred to 15 mL conical tubes (BD 

Biosciences, Mississauga, Ontario), and irradiated as described above. Following irradiations, 500 

µL aliquots were removed from irradiated cell samples and incubated for 30 minutes and 120 

minutes in a 370C water bath for the γH2AX and 8-OhdG assays, respectively. After incubation, 3 
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mL of 70% ethanol at 0oC was immediately added to each tube. All tubes were maintained on ice 

slurry (0oC) for 1 hour. Samples were stored at -20oC prior to analysis. 

For analysis, the fixed bone marrow samples were centrifuged at 5oC (250 g, 8 minutes) and the 

supernatant was removed. Cells were then washed in 3 mL of Tris-buffered saline (1x TBS; 

Trizma base + NaCl, Sigma Aldrich, Mississauga, Ontario), centrifuged (250 g, 8 minutes), re-

suspended in 1 mL of Tris–saline–triton [TST; TBS + 4% FBS (VWR International, Mississauga, 

Ontario) + 0.1% Triton X-100 (Sigma Aldrich, Mississauga, Ontario)] and incubated on ice for 10 

minutes to permeabilize cells. The cells were again centrifuged (250 g, 8 minutes), the 

supernatant was removed, and cells were re-suspended in 200 µL of a 1:400 dilution of anti-

phospho-H2A.X (ser139) antibody (γH2AX; Upstate Cell Signaling, Charlottesville, VA) or anti-8-

OHdG antibody (Chemicon International, Temecula, California).  

The cell sample containing the primary antibodies were incubated on a tube rocker at room 

temperature for 2 hours in the dark. The cells were then washed with 3 mL of TST, re-suspended 

in 200 µL of a 1:500 dilution of AlexaFluor™ 488-conjugated goat anti-rabbit IgG F(ab’)2 antibody 

(γH2AX) or AlexaFluor™ 488-conjugated rabbit anti-goat IgG F(ab’)2 antibody (8-OHdG) 

(Invitrogen Canada, Burlington, Ontario) and incubated at room temperature for 1 hour in the 

dark. The cells were then washed in 3 mL of TBS and re-suspended in 300 µL TBS + 5 µL 

propidium iodide (1 mg/mL; Sigma Aldrich). Samples were put on ice and promptly analysed on 

the Epics XL flow cytometer (Beckman Coulter; Brea, CA). Analysis was based on 5x10
3
 cells from 

the lymphocyte-rich cell population, as determined by flow cytometric scattering patterns. The 

levels of γH2AX and 8-OHdG fluorescence were measured by examining the mean fluorescence 

intensity of cells stained with the AlexaFluor™ 488-conjugated goat anti-rabbit IgG F(ab’)2 
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antibody and AlexaFluor™ 488-conjugated rabbit anti-goat IgG F(ab’)2 antibody (Invitrogen 

Canada, Burlington, Ontario), respectively. Each sample was analyzed in duplicate. 

 

Apoptosis Assay 

The protocol for the determination of apoptotic cell death by flow cytometry using Annexin V 

with 7-amino actinomycin D (7AAD) as a counterstain has been previously described in detail 

(27). Annexin V is an early marker of apoptosis and 7AAD is a cell viability marker. The reagents 

were purchased as a commercial kit (Annexin V-FITC-7-AAD; IM3614, Beckman Coulter, 

Mississauga, Ontario). In the current study, additional anti-CD61-PE  (Beckman Coulter, 

Mississauga, Ontario)and anti-CD45-PE-TexasRed  (Invitrogen Canada, Burlington, Ontario) 

markers were used to identify apoptosis occurring specifically in peripheral blood lymphocytes 

(CD45+) with the platelet (CD61+) population gated out. Apoptotic lymphocytes were identified 

as being CD45+, Annexin V+, 7AAD+ and CD61-. 

Briefly, each mouse blood sample was divided into three (1x10
6
 cells/mL) aliquots for 0, 1, and 2 

Gy in vitro irradiations. Following irradiations on ice-water slurry (0oC) in 5 mL polypropylene 

assay tubes (Sarstedt, Montreal, Quebec), the blood (100 µl) was incubated in a CO2 incubator at 

37oC for 8 hours. The blood was lysed by adding 2 mL of pre-warmed 1x NH4Cl (37oC) and 

incubated at room temperature for 10 minutes. The blood samples were centrifuged (5oC, 250 g, 

5 minutes), the supernatant was removed, and the sample tubes were vortexed gently. The 

samples were then washed with 2 mL of cold Hank's Buffered Salt Solution (HBSS, 5oC) 

(Invitrogen Canada, Burlington, Ontario) and re-suspended in 250 µL of 1x binding buffer 
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(supplied in kit). To each sample tube, a 100 µL antibody cocktail was added (36 tubes required 

3.6 mL of 1x binding buffer, 180 µL of Annexin V, 45 µL of anti-CD45+, 8 µL of anti-CD61+, and 

360 µL of 7AAD). Cells were maintained on ice slurry (0oC) and analysed (within 30 minutes) on 

the Epics XL flow cytometer (Beckman Coulter; Brea, CA). The percentage of cells dying by 

apoptosis was determined from an analysis of 5x10
4
 cells. 

 

Statistical Analyses 

Statistical analyses were performed using SigmaPlot version 11.0 (Systat Software Inc., Chicago, 

Illinois). Data is presented as mean ± standard error (SE) with a p value ≤ 0.05 considered 

statistically significant. Error bars depicted in all figures are standard errors of the mean. To test 

for differences in the dose responses between the exposed and unexposed, multiple linear 

regression analyses were performed. Two-way ANOVA with Bonferroni’s post-hoc test was used 

to determine significance between treatment groups for MN-RET frequency, γH2AX and 8-OHdG 

fluorescence levels, and apoptosis percentages. Additional Student’s t-tests were carried out, 

where appropriate, to determine if significant differences existed between any two groups.  

 

 RESULTS  

Dose Responses and Adaptive Responses: Micronucleated Reticulocyte Formation 

The induction of MN-RETs following both CT X-rays and gamma radiation exposures was linear 

from 0 to 100 mGy (r2=0.993) (Figure 1). The minimum dose that can be detected with either 
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radiation qualities was 10 mGy (p=0.012). From 0 to 100 mGy, there was no difference in the 

response of MN-RET formation between CT X-rays and gamma radiation (p=0.142).  

To investigate a possible CT-induced adaptive response and its kinetics, various time delays were 

implemented between when mice received a single 10 mGy CT scan and the subsequent in vivo 

1 Gy challenge dose (Figure 2). At 4 hours and 6 hours separation between the priming CT scan 

and the challenge dose, MN-RET levels were significantly lower than the 1 Gy-alone MN-RET 

levels (12%, p=0.003; and 5%, p=0.043, respectively). At the 9 hours separation, MN-RET levels 

were significantly higher the 1 Gy-alone levels (6%, p=0.010). When the separation time 

between the CT scan and challenge dose was 12 hours or longer, there was no difference in MN-

RET levels as compared to levels at 1 Gy-alone (p>0.05). 

Spontaneous MN-RET levels in a cohort of ten unirradiated mice were monitored over a period 

of 80 weeks to determine the possible effect of age (Figure 3). After nine periodic assessments, 

starting when the mice were at 7 weeks old, there were no significant changes in the 

spontaneous levels of MN-RETs with respect to age (p=0.615). 

 

Dose Responses and Adaptive Responses: γH2AX Fluorescence Levels 

The CT X-ray dose response for γH2AX fluorescence levels in bone marrow lymphocytes 

increased linearly with dose up to 200 mGy (r2=0.979) (Figure 4). The minimum dose detection 

limit was 100 mGy (p=0.017), although γH2AX fluorescence levels at lower doses exhibited an 

upward trend with increasing dose.  
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To investigate a possible CT-induced adaptive response with respect to γH2AX fluorescence 

levels, mice were given a single 10 mGy CT scan 24 hours before in vitro challenge doses of 1 and 

2 Gy. There were no differences in γH2AX levels between CT scanned and non-CT scanned mice 

at basal level and following the 1 Gy challenge dose (Figure 5). However, following the 2 Gy 

challenge dose, CT scanned mice had 11% lower γH2AX levels in bone marrow lymphocytes than 

non-CT scanned mice (p=0.040). The γH2AX fluorescence levels increased significantly with the 

increasing in vitro challenge doses (p<0.001). 

 

Dose Responses: Apoptosis 

Following in vivo CT X-ray exposures of 50 and 100 mGy, apoptosis levels in peripheral blood 

lymphocytes increased significantly (p<0.05)(Figure 6). This increase in apoptosis was also seen 

with in vitro gamma radiation exposures of whole blood up 1 Gy (p<0.05). Although there were 

no overlapping doses to compare between the in vivo CT X-ray exposures and the in vitro gamma 

exposures, the extrapolated slopes of the two dose response curves are significantly different 

(p<0.05). 

 

Biological Effects of Repeated 10 mGy CT scans 

Five days after the last repeated weekly CT scan time point, there were no detectable 

differences in spontaneous MN-RET frequencies, and basal apoptosis levels relative to sham CT 

controls (p>0.05) (Figure 7a and d). There was, however, a significant 16% reduction in basal 8-

OHdG levels in bone marrow lymphocytes of repeated CT scanned mice compared to non-CT 
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scanned mice (p=0.032) (Figure 7c). When bone marrow was challenged in vitro with 1 and 2 Gy, 

γH2AX fluorescence levels in the bone marrow lymphocytes of the repeated CT scanned mice 

trended significantly lower than that of non-CT scanned mice (p=0.017). There was a significant 

10% reduction in γH2AX fluorescence levels at the 2 Gy challenge dose (p=0.011). When blood 

was challenged in vitro with 1 and 2 Gy, there were no detectable differences in apoptosis levels 

between the repeated CT scanned mice and their relative sham controls (p>0.05) (Figure 7b and 

d). (Note: There was no in vitro challenge experiment performed with the MN-RET endpoint due 

to the in vivo nature of MN-RET formation (25).) There were significant reductions in 8-OHdG 

levels in bone marrow lymphocytes of repeated CT scanned mice compared to non-CT scanned 

mice following the challenge irradiations (p<0.05) (Figure 7c). However, there was no in vitro 

challenge dose response with 8-OHdG fluorescence levels (p=0.775). For the γH2AX and 

apoptosis endpoints, there were significant positive correlations with in vitro challenge doses up 

to 2 Gy (p<0.05) (Figure 7b and d).   

 

DISCUSSION 

Since its inception in the 1970s, the use of computed tomography (CT) in diagnostic medicine 

has increase rapidly. In recent years, there have been reports that associate increased cancer 

risk with the radiation doses from CT procedures (2, 28). The evidence to support these claims 

relies heavily on the extrapolation of risk models at high-dose radiation exposures. In the current 

study, we investigated the biological effects of CT scans to further understand the underlying 

cellular processes associated with the potential risk (or lack thereof) of medical diagnostic CT 

radiation exposures. 
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The general attributes often associated with ionizing radiation exposures are genotoxicity and 

cytotoxicity. Here, we used micronucleated reticulocyte (MN-RET) formation and H2AX 

phosphorylation as measures of genotoxicity, specifically mis-repaired chromosomal damage 

and DNA double-stranded breaks (DSBs) (29, 30). We examined levels of apoptosis as an 

indicator of radiation-induced cytotoxicity. Trp53 wild-type mice were used to investigate these 

biological effects to gain insight into the mechanisms of low-dose radiation risk. 

 

Acute Micronucleated Reticulocyte Response 

The in vivo flow cytometry-based MN-RET assay is a validated cross-species endpoint that is 

sensitive to clastogenic damage in hematopoietic cells (30). Most of the work performed with 

this assay is to support the registration of new pharmaceuticals with the U.S. Food and Drug 

Administration (31). Here, we determined that the radiation sensitivity of the assay for both 

gamma rays (662 keV) and CT X-rays (75 kVp) is 10 mGy, which is ten-fold lower than the lowest 

published dose for this assay (32). We investigated doses that are typical of exposures 

accompanying radiological diagnostic imaging procedures (0 – 100 mGy) (10, 11). The induction 

of MN-RETs followed a linear dose-dependent response from 0 to 100 mGy for both gamma rays 

and CT X-rays (Figure 1). Using multiple linear regressions in the tested dose range, the relative 

biological effectiveness (RBE) value for CT X-rays, with gamma as the reference, was 1. This RBE 

value is in agreement with the general risk models for low linear-energy-transfer (LET) radiation 

qualities, although some studies have purported that the RBE value for low energy X-rays should 

be higher than 1 (33, 34). 
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The formation of MN-RETs in peripheral blood is a direct dose-dependent manifestation of mis-

repaired DNA damage present in hematopoietic progenitors of reticulocytes. The demonstrated 

increase in MN-RET levels following CT radiation exposure indicates that CT scans, even at 10 

mGy, can cause acute genotoxic damage in the hematopoietic system. Although we and others 

have demonstrated that this increase in MN-RET frequency disappears to basal levels after 115 

hours post-irradiation (24, 25), the long-term consequences of this temporary MN-RET increase 

is largely unknown. It is likely that the transient formation of MN-RET acts as a sensitive 

biological dosimeter without any real implications on overall risk. In a separate study, we found 

that the levels of MN-RETs in Trp53 heterozygous mice four months after a cancer-inducing 4 Gy 

exposure were no different than those in unirradiated controls (35). This lack of correlation 

between MN-RET levels and long-term risk suggests that MN-RET levels may not be reflective of 

radiation-induced risk. 

Although the MN-RET assay may not be used as a surrogate measure for long term radiation risk, 

it offers information regarding the cellular processing of DNA damage. There are many reports 

describing adaptive responses induced by low-dose radiation exposures in the context of 

micronuclei formation (reviewed in (21, 36)). Protective effects against high-dose radiation 

challenges involve the up-regulation of antioxidants, efficient DNA repair, and damage removal 

by apoptosis (16, 21, 37, 38). Using the MN-RET assay, the adaptive response was investigated 

by treating mice with a single 10 mGy CT scan before challenging them in vivo with 1 Gy. The 

kinetics of the adaptive response were also examined by varying the time interval between the 

priming CT scan and challenge dose, as it has been shown to affect the response (39, 40).  
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The adaptive response was most prominent when there was a separation of 4 hours between 

the CT scan and the challenge dose (Figure 2). When the separation was 9 hours, the CT scan 

treatment caused a sensitization effect that increased the damage response of the 1 Gy 

challenge dose (p=0.010). A separation of 12 hours or longer between the CT scan and challenge 

dose did not induce an adaptive response, which supports the hypothesis that adaptive 

response decays if the time interval threshold between the priming and challenge doses is 

exceeded (41). The observed adaptive response at 4 hours is in agreement with previously 

published works (21, 36, 39-41). It has been suggested that 4 hours of protein synthesis is 

required for full expression of an adaptive response (42). The explanation for the sensitization 

response at 9 hours is not known.  We speculate that this modulation in MN-RET response may 

involve perturbations in cell cycle kinetics caused by the low-dose CT scans. Priming doses as low 

as 20 mGy have been shown to cause transient cell cycle delay and alter the distribution of cells 

within the cell cycle (21, 43-45).  Sorensen et al. found that in ten human lymphoblastoid cell 

lines the magnitude and direction of the response to a challenge dose, as measured by 

micronuclei frequency in binucleated cells, were dependent on the cell cycle stage at the time of 

irradiation (36). 

In the present study, the effect of age on the spontaneous formation of MN-RETs was also 

studied (Figure 3). There are numerous reports that have shown a positive correlation with age 

and genomic damage in somatic cells (reviewed in (32, 46)). Here, we found no significant 

differences in spontaneous MN-RET levels in Trp53 wild-type mice at 7 weeks old through to 80 

weeks old (p=0.615). The results are consistent with previous studies in which MN-RET levels did 

not differ in unirradiated C57BL/6 and BALB/c mice at 10 weeks old through to 52 weeks old (32, 



Ph.D. Thesis - N. Phan; McMaster University – Medical Physics (Radiation Biology) 

 

72 

 

47). Although spontaneous MN-RET levels do not appear to change with age, Dertinger et al. 

have shown that the induction of MN-RET levels following radiation exposure is increased 

significantly with increasing age (48). This observation may reflect a diminished effectiveness in 

the cellular processing of clastogenic damage with age. 

 

Acute γH2AX Response 

DNA double-stranded breaks are biologically significant lesions that can be caused by ionizing 

radiation. Using the MN-RET assay, we have demonstrated that there are detectable increases in 

mis-repaired DNA DSBs following in vivo CT scans of varying doses (0 to 100 mGy). We 

complement this data by assessing the initial induction of DNA DSBs from low-dose CT scans via 

the γH2AX endpoint. Similarly to the MN-RET endpoint, we found that in vivo CT scans (0 – 200 

mGy) induced a statistically significant linear dose response with respect to γH2AX fluorescence 

levels in lymphocyte-rich bone marrow cell populations. The minimum dose that can be 

significantly detected above background levels was 100 mGy, which is in agreement with other 

studies using the flow cytometry-based γH2AX fluorescence assay (49-51). Using the microscopy-

based γH2AX assay, the lowest reported dose detected for in vivo CT exposure was ~5 mGy (52). 

Although the flow cytometry-based γH2AX assay lacks the dose sensitivity to detect DNA DSBs 

from CT doses below 100 mGy, it was useful in assessing adaptive responses following in vitro 

challenge radiation doses of 1 and 2 Gy. Giving a 2 Gy challenge dose to bone marrow cells 24 

hours after mice were CT scanned induced an adaptive response. The adaptive response was an 

11% reduction in γH2AX levels in lymphocyte-rich bone marrow cells of CT scanned mice relative 
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to non-CT scanned mice (p<0.05)(Figure 5). This adaptive response observation contrasts the 

increase in γH2AX levels in our previous study (53); however, the difference may be due to the 

kinetics of the response. This study examined γH2AX levels 24 hours after a priming CT scan, 

whereas the previous study examined it after six hours (53). Similarly, there was no adaptive 

response observed following the 1 Gy challenge dose. We suspect that the magnitude of the 

radiation challenge at 1 Gy was insufficient to elicit an adaptive response. In support of this 

speculation, Sasaki et al. showed that the magnitude of the challenge dose can influence the 

observed presence of an adaptive response (39). 

 

Acute Apoptosis Response 

When DNA damage in cells becomes too substantial to repair, cells undergo programmed cell 

death. We have demonstrated that CT scans can cause DNA DSBs that lead to micronuclei 

formation in hematopoietic cells. Here, we found that levels of apoptosis in lymphocytes were 

significantly elevated following in vivo CT scans of 50 and 100 mGy (Figure 6). This dose-

dependent increase in apoptosis is biologically important as it is an evolutionarily-conserved 

process by which damaged cells are eliminated. 

Following in vitro gamma exposure to whole-blood, a dose-dependent increase in apoptosis was 

observed up to 1 Gy. Although there were no overlapping dose points, the rate (level of 

apoptosis per dose) at which in vivo CT scans induced apoptosis was significantly greater than 

that of the in vitro gamma exposures. For instance, a 100 mGy CT scan induced 26% apoptosis in 

peripheral lymphocytes compared to 24% apoptosis after a 250 mGy in vitro gamma exposure 
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(Figure 6). It may be possible that CT X-rays are more efficient at eliminating damaged cells than 

gamma rays. However, this difference in apoptosis rate between CT and gamma radiation 

exposures can be attributed to differences in the dose rates, and the in vivo/in vitro 

experimental setup. Further investigation is required to confirm this observation and its 

significance. 

 

Biological Effects of Repeated 10 mGy CT scans 

In a previous study, we found that repeated 20 mGy CT scans given twice a week for ten 

consecutive weeks resulted in lower spontaneous MN-RET formation, lower γH2AX levels 

following radiation challenges, and lower spontaneous and radiation-induced levels of apoptosis 

(54). We also observed that these effects were in contrast to that of single CT exposures. 

Specifically, single CT scans exhibited characteristics of radiation sensitization with respect to 

genotoxicity and cytotoxicity; whereas, repeated CT scans did not induce genomic instability and 

conferred resistance to larger challenge doses. In the current study, we found similar results 

with treatments of repeated 10 mGy CT scans given once a week for ten consecutive weeks. 

Although it has yet to be confirmed whether MN-RET formation is an appropriate surrogate 

marker for radiation-induced genomic instability, repeated 10 mGy CT scans did not alter the 

spontaneous levels of MN-RET formation. Hamasaki et al. showed that MN-RET levels remained 

significantly elevated one year after an in vivo 2.5 Gy exposure, and claimed that residual 

radiation-induced MN-RET formation may reflect aberrant DNA damage repair mechanisms 

and/or genomic instability (55). 
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The treatment of repeated 10 mGy CT scans induced γH2AX levels in radiation-challenged bone 

marrow lymphocytes that trended significantly lower in comparison to non-CT scanned mice. 

This CT-induced reduction in γH2AX levels was most prominent following an in vitro 2 Gy 

challenge dose. Similarly to the adaptive response observed with H2AX formation following a 

single CT, we suspect that if higher challenge doses were given, we would observe greater 

differences in the reduction in γH2AX levels between the repeated CT scanned and non-CT 

scanned mice. Along with Sasaki et al. (39), Cramers and colleagues showed that with certain 

biological endpoints, larger challenge doses can elicit more obvious adaptive responses (45, 56).  

Low-dose ionizing exposure can cause oxidative stress that consequently up-regulate protective 

antioxidant mechanisms (57).  Here, we used 8-OHdG as a biomarker of oxidative stress DNA 

damage (58). The production of 8-OHdG is derived from hydroxyl radical attack upon the 

structure of DNA which leads to GC � TA transversions (59).The detection of 8-OHdG in cells can 

indicate point mutations and possible genomic instability, which in turn can initiate 

tumorigenesis.  Here, we found that repeated CT scans significantly reduced spontaneous and 

radiation-challenged DNA oxidative stress damages in bone marrow lymphocytes. This data 

suggests that repeated CT scans do not increase DNA oxidative stress damage, and can confer 

resistance to persistent oxidative stress-mediated DNA mutations. The lack of an observable 

dose-dependent increase in 8-OHdG levels two hours after the in vitro challenge irradiations 

may be due to 8-OHdG kinetics. Umegaki et al. demonstrated that 8-OHdG levels in mouse bone 

marrow cells do not start to increase until 3-5 hours after in vitro irradiations and then reach a 

maximum at 24 hours (60). 
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In contrast to our previous study that found repeated 20 mGy CT scans (twice a week for 10 

weeks) reduced spontaneous and radiation-induced apoptosis levels (53), the treatment of 

repeated 10  mGy CT scans (once a week for 10 weeks) did not. There are some notable 

variations between these two studies that may explain the discrepancy in the results. Aside from 

the differences in CT scan doses, the current study examined apoptosis in peripheral blood 

lymphocytes using Annexin V+ and 7AAD+ in female mice, whereas the previous study assessed 

apoptosis in bone marrow lymphocytes using Caspases 3+/7+ in male mice. It may be that the 

repeated treatment of 10 mGy CT scans is below the threshold to induce an adaptive response 

as seen with the 20 mGy CT scanning treatment. The discrepancy may also be due to differences 

in the cell population and/or sex of the mice. Additionally, differences in the biomarkers used to 

detect apoptosis may contribute to the aforementioned discrepancy. This, however, is unlikely, 

as both methods of apoptosis analyses have been previously validated (61, 62). Additional 

experiments are required to determine the exact reason(s) for the observed discrepancy. 

 

CONCLUSION 

In summary, single CT scans induced acute chromosomal damage that was measurable by MN-

RET formation and γH2AX in hematopoietic cells. Single CT scans also induced a dose-dependent 

increase in apoptosis that is important for the elimination of damaged cells. For both the MN-

RET and γH2AX endpoints, a single 10 mGy CT scan was able to induce an adaptive response, 

albeit under specific priming and challenge conditions. Repeated CT scans over ten weeks did 

not cause elevated DNA damage or genomic instability. In fact, there was evidence that 

repeated CT scans conferred resistance to radiation-induced chromosomal aberrations and DNA 
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oxidative stress damage. Taken together, this data suggests that low-dose CT scans, whether 

through increased apoptosis of damaged cells or enhanced protection against oxidative damage, 

can induce protective adaptations against the genotoxic effects of high-dose radiation 

exposures. 
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TABLE 1 
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i) Dose response and CT scan�induced adaptive response: micronucleated reticulocytes 

 

 

 

 

 

 

 

 

 

 

 

 

 

ii) Age and spontaneous levels of micronucleated reticulocytes 

 

Spontaneous levels of MN�RETs with Age 

Age (weeks old) 7 12 15 19 27 36 43 60 80 

# of mice 10 10 10 10 10 10 10 10 10 

 

iii) Dose response and CT scan�induced adaptive response: γH2AX. 

 

 

 

 

 

iv) Dose response: Apoptosis 

 

Dose Response: Apoptosis 

Treatment* CT X�rays
 d

 
# of mice 

Gamma
 e

 
# of mice 

Sham Control 5 20
 b

 
50 mGy 6 N/A 

100 mGy 6 N/A 
250 mGy N/A 10 
500 mGy N/A 10 

1000 mGy N/A 20
 b

 
 

* All mice were female Trp53 wild/type mice at 7/8 weeks old. 

a – pooled data from three independent experiments 

b – pooled data from two independent experiments 

c – a single 10 mGy CT scan was used as a priming exposure 

d – bone marrow samples were challenged  with 1 and 2 Gy 24 h after a priming/sham CT scan  

e – blood samples were irradiated �����	
�

CT Scan�induced
 c

  Adaptive 
Response: MN�RETs 

Treatment* # of mice 

Sham Control 5 
1 CT Scan 5 

1 Gy Gamma 5 
1 CT + 4 h + 1 Gy 5 
1 CT + 6 h + 1 Gy 5 
1 CT + 9 h + 1 Gy 5 

1 CT + 12 h + 1 Gy 5 
1 CT + 24 h + 1 Gy 5 
1 CT + 48 h + 1 Gy 5 

Dose Response: MN�RETs 

Treatment* 
CT X�rays 

# of mice 
Gamma 
# of mice 

Sham Control 15 
a
 10

 b
 

10 mGy 10 
b
 5 

20 mGy 08 
b
 5 

30 mGy 3 N/A 
40 mGy 3 N/A 
50 mGy 5 5 
80 mGy 5 N/A 

100 mGy 5 5 

CT Scan�induced
 c

  Adaptive Response: γH2AX 
Treatment* # of mice 

Sham Control 5 
d
 

1 CT Scan 5 
d
 

CT X�rays Dose Response: γH2AX 
Treatment* # of mice 

Sham Control 8 
b
 

10 mGy 5 
b
 

20 mGy 5 
b
 

50 mGy 6 
b
 

100 mGy 6 
b
 

200 mGy 3 
b
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FIG. 1. The induction of MN-RET formation in peripheral blood following in vivo CT scans and in 

vivo gamma radiation exposures of varying doses; n ≥ 5 mice per dose per radiation quality. 

Results are sample mean values. Error bars represent standard error of the mean (samples 

analysed in duplicate). 
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FIG. 2. Adaptive response kinetics for the induction of MN-RET formation after specific time 

delays between a priming 10 mGy CT scan and in vivo γ-radiation challenge dose (1 Gy); n = 3 

mice per treatment. Results are sample mean values. Error bars represent standard error of the 

mean (samples analysed in duplicate). 

  

 p=0.003 

 p=0.043 

 p=0.010 

    p<0.001 
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FIG. 3. The spontaneous MN-RET levels in peripheral blood of Trp53 wild-type mice assessed at 

various ages from 7 to 80 weeks old. Each data point represents the mean  sample value from a 

cohort of ten mice followed over a one year period. Error bars represent standard error of the 

mean (samples analysed in duplicate).  
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FIG. 4. The mean cellular fluorescence of labelled γH2AX in lymphocyte-rich populations of bone 

marrow cells following in vivo CT scans of varying doses; n ≥ 3 mice per dose. Results are sample 

mean values. Error bars represent standard error of the mean (samples analysed in duplicate). *, 

** denotes p<0.05 compared to 0 mGy and 100 mGy, respectively. 
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FIG. 5. Mean cellular fluorescence of labelled γH2AX in lymphocyte-rich populations of bone 

marrow cells after in vitro γ-radiation challenge doses of 0, 1 and 2 Gy, 24 hours following a 

single 10 mGy CT scan; Sham CT: n=5; 10 mGy CT: n=5. Results are sample mean values. Error 

bars represent standard error of the mean (samples analysed in duplicate). 

  

 p = 0.040 
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FIG. 6. The induction of apoptosis (Annexin V+, 7AAD+) in peripheral blood CD45+ lymphocytes 

following in vivo CT scans and in vitro gamma radiation exposures of varying doses; n ≥ 5 mice 

per dose per radiation quality. Results are sample mean values. Error bars represent standard 

error of the mean (samples analysed in duplicate). 
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FIG. 7. Acute biological endpoints assessed five days after the last CT scan time point. Sham Rpt 

CTs: n=5; Rpt CTs: n=5. Results are sample mean values. Error bars represent standard error of 

the mean (sample analysed in duplicate). * denotes p<0.05 A) Spontaneous MN-RET levels in 

peripheral blood. B) Mean cellular fluorescence of labelled γH2AX in lymphocyte-rich 

populations of bone marrow cells after in vitro γ-radiation challenge doses of 0, 1 and 2 Gy. C) 

Mean cellular fluorescence of labelled 8-OHdG in lymphocyte-rich populations of bone marrow 

cells after in vitro γ-radiation challenge doses of 0, 1 and 2 Gy. D) Apoptosis (Annexin V+, 7AAD+) 

levels in peripheral blood CD45+ lymphocytes after in vitro γ-radiation challenge doses of 0, 1 

and 2 Gy.  
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A B 
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ABSTRACT 

 

Previous studies have demonstrated that low doses of ionizing radiation can have protective 

effects such as reduced cancer risk and increased lifespan. The aim of this study was to 

investigate cancer development and longevity of cancer-prone mice exposed to a single 10 mGy 

exposure from either a diagnostic CT scan or γ-radiation. At 7-8 weeks of age, female Trp53+/- 

mice were randomly assigned to either the control (n=199), CT scan (n=188), or γ-exposure 

groups (n=187). All mice were monitored daily for adverse health conditions until the time of 

death. Histopathology examinations were performed on all mice.  The median lifespan of CT 

scanned mice (502 ± 11.2 days) and  γ-exposed mice (499 ± 8.9 days) were greater than that of 

the control mice (484 ± 7.4 days); however only the lifespan of CT scanned mice was statistically 

significant (p=0.004). There were no differences in the frequency of malignant cancers between 

the radiation-exposed and control mouse groups (p>0.05). Among the groups, sarcoma was the 

most prevalent cancer (70%), followed by lymphoma (20%) and carcinoma (10%). Treatment 

with a single CT scan caused a significant increase in the latency of sarcoma and carcinoma 

(p<0.05), but not that of lymphoma (p=0.429).  We conclude that low-dose radiation exposures, 

specifically a single 10 mGy CT scan, can prolong lifespan by reducing cancer risk in 

radiosensitive cancer-prone Trp53+/- mice. The data from this investigation adds to the large 

body of evidence which shows that risk does not increase linearly with dose in the low dose 

range. 
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INTRODUCTION 

It is well-established that whole-body exposure to large doses of ionizing radiation decreases 

survival in many living organisms (1-4). In mammals, longevity has been inversely correlated with 

dose and dose rate; however, doses below 1 Gy have not always followed this linear relationship 

(5, 6). At low-dose and low dose-rate exposures there are many published studies reporting 

prolonged survival and reduced risk of cancer and non-cancer diseases (5-13).  

In 1947, Lorenz et al. were the first to report radiation-induced lifespan prolongation in 

mammals (14). Male and female LAF1 mice irradiated with 1.1 mGy for 8 hours per day, 6 days 

per week had significantly longer mean survival time than unirradiated controls, by nearly 2 

months. In 1955, Lorenz et al. repeated the study and found a similar enhancement in longevity 

(15). Later studies by Grahn in 1970 (16) and Spalding et al. in 1982 (13) confirmed the 

phenomenon that low doses of ionizing radiation can increase average lifespan. More recently, 

Ishii et al. showed that mice irradiated with 150 mGy X-rays twice a week lived over a month 

longer than unirradiated controls (17). A detailed review of key initial radiation-prolonged 

lifespan studies is published by Calabrese and Baldwin (6). 

Over the past few years, many more studies have investigated the phenomenon of radiation-

induced lifespan prolongation (5, 10-12, 18, 19). Most of these studies have looked at x-rays and 

γ-exposures with respect to tumourigenesis and immune functions. Mice exposed to a single 100 

mGy exposure at a low dose rate exhibited increased latency for myeloid leukemia induced by a 

1 Gy challenge dose (19). Immune-compromised mice irradiated at a chronic low dose rate have 

been shown to live longer than unirradiated mice (12). Although low dose and low dose-rate 
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exposures have been shown to induce protective effects, the notion that all radiation is bad still 

persists in radiation protection policies and the general public. 

One area that has received much attention surrounding low-dose radiation effects is the 

radiological diagnostic field in medicine. The use of diagnostic imaging modalities such as 

computed tomography (CT) have increased exponentially in North America, from 3 million CT 

procedures in 1980 to over 62 million in 2007 (20). CT scans have become an integral part of 

physicians’ routine assessment of patient health. As such, there have been great interest and 

concern regarding the radiation risk associated with these diagnostic procedures (21). Radiation 

risk studies, based on linear extrapolation data from high doses, conclude that exposure to any 

dose, no matter how low, has an associated health risk (22, 23). The normal average dose range 

estimate for a single CT examination is between 10 to 30 mGy (24-27). In the current study, we 

investigated the cancer risk and effects on lifespan in cancer-prone Trp53+/- mice exposed 

whole-body to a single 10 mGy diagnostic CT scan and a single 10 mGy γ-exposure. A cancer-

prone mouse model was used to simulate the response of a radiation-sensitive population, and 

to amplify any potential radiation effects. We postulated that low-dose radiation exposures do 

not increase risk and can, in fact, induce protective effects such as decreased cancer risk and 

prolonged lifespan. 
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MATERIALS & METHODS 

Animal Breeding and Genotyping 

Male Trp53 heterozygous (B6.129S2-Trp53
tm1Tyj/+

) mice and female Trp53 homozygous 

(129X1/SvJ Trp53+/+), both obtained from Jackson Laboratory (Bar Harbor, Maine), were 

crossed to yield F1 female Trp53 heterozygous (+/-) mice. Heterozygosity of the Trp53 gene is 

due to a mutant allele produced by a targeted neo cassette insertion into the Trp53 locus, which 

removes approximately 40% of the coding capacity of Trp53 and completely eliminates p53 

protein synthesis (28).  The Trp53 +/- F1 female mice were genotyped prior to random 

assignment into the appropriate experimental groups (Table 1). A small tail snip was collected 

when the mice were five weeks old for PCR-based genotyping (procedure previously described 

(5, 28)). Mouse tail snips were genotyped by a third party specializing in mouse genotyping 

services (Mouse Genotype.; Carlsbad, California). 

 

Animal Housing 

Five or fewer mice were housed in solid-bottom polycarbonate cages (27 x 12 x 15.5 cm) 

containing woodchip bedding (Harlan Sani-Chips, 7090). A stainless steel wire-bar hopper held 

food (Harlan Lab Diets; Indianapolis, USA) and a water bottle for consumption ad libitum. The 

specific-pathogen-free housing room was maintained at a 12:12-h light:dark photoperiod with 

an inside air temperature of 23±2oC and 40-80% humidity. All housing, handling, and 

experimental procedures were approved by the Animal Research Ethics Board at McMaster 

University and conducted in accordance to the guidelines of the Canadian Council on Animal 
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Care. Mice were kept for the duration of their natural life span or until euthanasia was required 

according to strict and objective criteria determined a priori in agreement with previous lifetime 

mouse studies (5, 18, 19). 

 

In vivo 10 mGy Exposures 

At 7-8 weeks old, Trp53+/- female mice were randomly assigned to one of three treatment 

groups: control, single 10 mGy CT scan, or single 10 mGy γ-exposure (662keV - Cs
137

). CT scans 

were performed using a Gamma Medica X-SPECT Animal Imaging System (Northridge, California) 

at the following settings: 75kVp, 215µA, 1 mm Al filter, half-value layer 4.28 mm Al. For both the 

CT scan and γ-exposure treatments, pairs of mice were irradiated in a customized polycarbonate 

tube at a dose rate of 18.6 mGy/minute. The control group was handled in the same way as the 

treatment groups, except for the irradiation procedure. Following treatment, mice were 

returned to specific-pathogen-free housing and allowed to live for the entirety of their normal 

lifespans. 

 

Overall Health Assessment 

Mice were monitored daily for any indications of poor health. In all cases, treatment status was 

coded with respect to cage cards, necropsy reports, and histological submissions. Objective 

criteria in accordance with the guidelines of the Canadian Council on Animal Care were set a 

priori to determine the endpoints for euthanasia. For all mice, selected normal and abnormal 

tissues were fixed in 10% neutral buffered formalin. Vertebrae and heavily mineralized tissues 
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were further processed in an EDTA (145 g/L) solution to allow for proper paraffin embedding. 

The paraffin blocks were sectioned on a Leica RM 2165 microtome at 3 µm thickness and stained 

with hematoxylin and eosin for histological examination. All pathologies were diagnosed by an 

experienced animal veterinarian pathologist using information from monitoring tags, necropsy 

reports, and histopathological examinations. Blinded repeat histological samples were re-

submitted to the veterinarian pathologist for quality assurance with a 100% demonstrated 

precision record. When multiple cancers of the same type were found within a mouse, it was 

classified as being a single observation of that cancer type as not all primary and metastasized 

cancers can be uniquely distinguished. Conversely, if a mouse had multiple different types of 

cancers, each cancer type would be classified separately. The measure of cancer latency in this 

study was defined as the time after treatment (at 7-8 weeks old) to the time of 

death/euthanasia (days at risk) in mice with histologically confirmed cancers. In animal studies, 

obtaining accurate measures of cancer latency is often difficult. For example, internal cancers 

are diagnosed after death, and they may or may not have been the cause of death. The 

definition of cancer latency in this study permits the evaluation of cancer risk by measuring the 

days, following radiation exposure, mice have to develop cancer. 

 

Statistical Analyses 

Statistical analyses were performed using SigmaPlot version 11.0 (Systat Software Inc., Chicago, 

Illinois). Data is presented as median ± standard error (SE) with a p value ≤ 0.05 considered 

statistically significant. The frequencies of different cancer types in the treatment groups were 

tested for statistical significance using Fisher’s Exact test or Chi-squared test. Survival curve 
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probabilities were analyzed using Kaplan-Meier analysis. Differences in overall lifespan and 

cancer latency (calculated as days at risk after treatment) were analyzed with the Log Rank test. 

All statistical tests were corrected for multiple comparisons. Survival analyses, except for all-

cause mortalities, accounted for competing causes of death via competing risk censoring. 

 

RESULTS  

Lifetime Cancer Study 

Effects of Single CT Scans and Single γ-Exposures on Survival and Cancer Frequency 

Considering all-cause mortalities, Trp53+/- mice treated with either a CT scan or γ-exposure had 

nominally greater lifespans than control mice (Table 1), although only the median lifespan of CT 

scanned mice was statistically significant (p=0.004). At the 50% survival, CT scanned mice (502 ± 

11.2 days) lived 18 days longer than control mice (484 ± 7.4 days). This difference widened in the 

lower 50% survival level, with CT scanned mice living 34 days longer than control mice at the 

25% survival level (Figure 1, p<0.001). 

The total frequency of malignant cancers were not different between any of the mouse groups 

(p>0.140, Table 1). The ratio of cancers per mouse was greater than 1 for control and radiation-

exposed groups, as multiple different cancers often developed within the same animal. In the 

control group there were 36 mice with lymphoma, 138 mice with one or more sarcomas, and 19 

mice with one or more carcinomas. Comparatively, the CT scanned group had 45 mice diagnosed 

with lymphoma, 135 mice with one or more sarcomas, and 11 mice with one or more 

carcinomas. In the γ-exposed group, there were 43 mice diagnosed with lymphoma, 126 mice 
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with one or more sarcomas, and 28 mice with one or more carcinomas. The proportions of 

lymphoma and sarcoma cancers between the mouse groups were not different (p>0.451). 

However, the incidence of carcinoma in the CT scanned group was statistically lower than the 

other groups (p=0.013). For all groups, certain cancer types were more prevalent than others. 

Sarcomas were by far the most prevalent (~70%), followed by lymphomas (~20%), and 

carcinomas (~10%) (p<0.010). Pooled across the groups and uncorrected for competing risks, the 

median post-treatment lifespans of mice diagnosed with lymphoma, sarcoma, and carcinoma 

were 469 ± 11.7 days, 461 ± 4.6 days, and 471.5 ± 11.3 days) (p=0.681). 

 

Effects of Single CT Scans and Single γ-Exposures on Lymphoma Frequency and Latency  

Radiation exposures from CT scans or γ-radiation did not influence the frequency of mice 

developing T-cell or B-cell lymphoma, relative to the control group (p=0.077) (Table 1). In all 

groups, the incidence of B-cell lymphoma was more than double that of T-cell lymphoma 

(p<0.05). When accounting for competing causes of death, neither CT scans nor γ-exposures 

changed the latency of lymphoma development (p=0.429) (Figure 2A).  

 

Effects of Single CT Scans and Single γ-Exposures on Sarcoma Frequency and Latency  

The frequencies of the different sarcoma subtypes were not altered by CT scans or γ-exposures 

(p=0.647). Of the various sarcoma subtypes, osteosarcoma was the most prevalent, by at least 

four-fold, across the mouse groups (p<0.010) (Table 1). The treatment of a single 10 mGy CT 

scan increased the latency of sarcoma development, relative to the control group (p=0.010) 
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(Figure 2B). Correcting for competing risks, the median latency of sarcoma in the CT scan group 

was 30 days greater than that of the control group (495 ± 10.1 days vs.465 ± 7.5 days). At the 

25% survival level, the difference in sarcoma latency was still over 30 days between the CT 

scanned group and control group. There was no difference in sarcoma latency between the γ-

exposed group and the control group (p=0.497). 

 

Effects of Single CT Scans and Single γ-Exposures on Carcinoma Frequency 

The frequencies of carcinoma and its subtypes were not different between γ-exposed mice and 

control mice (p=0.141) (Table 1). Mice treated with a single CT scan had a lower incidence of 

adenocarcinoma relative to the control and γ-exposed groups (3 compared to 12 and 14, 

respectively) (p<0.046). When corrected for competing causes of death, CT scans delayed the 

latency of carcinoma, relative to the other groups (p<0.016) (Figure 2C).  

 

DISCUSSION 

A single whole-body exposure to a 10 mGy CT scan at 7-8 weeks of age can significantly increase 

the median lifespan in cancer-prone Trp53+/- female mice by nearly three weeks (p=0.004). A 

similar prolongation of lifespan, relative to control mice, was observed but not statistically 

significant for the 10 mGy γ-exposure (p=0.372). In the same mouse model, Mitchel et al. also 

reported a non-significant increase in lifespan following a 10 mGy γ-exposure. With sample sizes 

of nearly 200 mice per group, the present study had sufficient statistical power (0.8) to detect 

differences in median lifespans of at least 26 days. Recently, Carlisle et al. reported that in 
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Trp53+/- female mice, the life-shortening effect of acute radiation exposure is 38.9 ± 1.9 days 

per Gy (4). Applying the linear no-threshold hypothesis (i.e. risk of harmful effects increases 

linearly with dose) to the figure quoted by Carlisle et al., the life-shortening effect from a 10 

mGy exposure would be less than a day. Although the statistical power in this study was 

insufficient to detect such a small reduction, a reduction, nonetheless, was to be expected based 

on this extrapolation. For both CT and γ-radiation exposures, there was no evidence of a 

reduction in lifespan. Both radiation treatments increased lifespan, although only CT scanning 

was statistically significant. 

 While the linear no-threshold hypothesis is generally accepted in radiation risk protection 

policies, the findings of this paper with respect lifespan do not support it. There are numerous 

reports that provide evidence to support the biphasic response of radiation exposure. A critical 

review of past studies on radiation exposure and longevity is published by Calabrese and 

Baldwin (6) and Upton (7).  

In the present study, the mechanism(s) responsible for the lifespan extension in CT scanned mice 

are not fully elucidated. Analysis of cancer latency, as a surrogate measure for cancer risk, in 

these Trp53+/- mice revealed that the observed lifespan extension is due to increased cancer 

latency, specifically increased sarcoma latency (Figure 2B). Mitchel et al. have reported similar 

findings in this Trp53+/- mouse model using a Co
60

 source with a dose rate of 0.5 mGy/minute 

(5). They showed that a 10 mGy γ-exposure reduced spontaneous cancer risk by increasing the 

latencies of lymphoma and spinal osteosarcoma. Although the 10 mGy γ-exposure in our study 

did not replicate these results, the discrepancy may be due to differences in the energy and/or 

dose rate of the γ-exposures. The γ-radiation energy from a Co
60

 source is ~1.3 MeV compared 
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to 0.662 MeV for the Cs
137

 source used in our study. The 0.5 mGy/minute dose rate used by 

Mitchel et al. is over 35 times lower than our dose-rate of 18.6 Gy/minute. The influences of 

radiation energy and dose rate on longevity have been documented previously (29-33). 

Many hypotheses have been put forward for the mechanism(s) behind the lifespan extension 

following both acute (5, 6, 34) and chronic exposure (7, 10, 12, 32, 35)  to low doses of radiation. 

Two popular hypotheses are radiation-induced stimulation of immune functions and radiation-

induced protective effects against neoplastic diseases. Although these are two different 

hypotheses, they may not be distinctly unrelated. It has been postulated that radiation- 

enhanced immune responses keeps oncogenic cells under surveillance, and thereby restricting 

the development of neoplastic diseases (32, 36-38). Nowosielska et al. demonstrated that 

BALB/c mice irradiated in vivo with a single 100 mGy exposure of X-rays displayed enhanced 

anti-tumour reactions mediated by natural killer cells and cytotoxic macrophages when 

intravenously injected with L1 tumour cells (37). Other researchers have shown similar up-

regulation in immune-mediated anti-neoplastic effects following exposures to doses of X-ray as 

low as 10 mGy (38, 39). In fact, low-dose exposures of non-transformed cells have been shown 

to stimulate anti-cancer mechanisms to selectively remove precancerous cells (36). 

It is known that high doses of acute radiation exposure ablate immune responses. This is most 

evident in medical procedures involving bone marrow transplants, where marrow transplant 

patients receive fractionated exposures up to 20 Gy to eliminate host immune responses (40). At 

low doses and/or low dose rates, there is evidence that immune responses are improved (32, 33, 

35, 41). Liu et al. found that mice exposed to 75 mGy of X-rays had T-cell function increased by 

212%, relative to non-irradiated controls (35, 41, 42). James et al. showed mice exposed to 20 
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days of γ-radiation at doses between 5 and 40 mGy/day can increase the proliferation of splenic 

T-cells (43). More recently, Ina et al. demonstrated that chronic lifetime γ-radiation exposure 

(0.35 or 1.2 mGy/hour) in immune-compromised MRL-lpr/lpr mice significantly increased 

lifespan, relative to unirradiated controls (10). The prolongation in lifespan was associated with 

radiation-induced immunological modifications that ameliorated the ensuing autoimmune 

diseases (10, 12). A follow-up study by the same group found that low dose-rate irradiation in 

various wild-type mouse strains (C57BL/6, BALB/c, C3H/He, DBA/1, DBA/2 and CBA) stimulated 

an increase in CD4+ T cells, CD8 molecules expression, and improved response to immunization 

(35). Sakai and colleagues found that enhanced immune response was associated with the 

suppression of T-cell lymphoma in C57B/6 mice that were pre-irradiated with 0.075 Gy of X-rays 

before four cancer-inducing fractions of 1.8 Gy (11). These studies provide support for the 

hypothesis that low-dose and low dose-rate exposures stimulate various immune responses that 

help delay disease on-set and prolong survival. 

Low-dose radiation exposures have been shown to stimulate DNA repair processes (44-46) and 

reduce endogenous oxidative DNA damage (47, 48). If the correlation between DNA damage and 

increased risk of neoplastic formation can be assumed, then it follows that low-dose radiation 

exposure can reduce the risk of tumourigenesis. In the present study, a single 10 mGy CT scan 

increased lifespan by delaying the onset of cancer. Others have reported similar delay in cancer 

latency for radiation-induced myeloid leukemia in CBA/H mice (19), and both spontaneous and 

radiation-induced lymphoma and osteosarcoma in Trp53+/- mice (5, 18). In the cancer-prone 

AKR mouse strain, mice irradiated with 50 or 150 mGy three or two times a week, respectively, 

had greater survival than unirradiated controls due to a reduction in lymphoma incidence (17). 
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In the same mouse strain, Shin et al. found that mice irradiated with a chronic low dose rate of 

0.7 mGy/hour lived significantly longer than unirradiated mice (32). Additionally, the incidence 

of lymphoma was 10% lower in the irradiated mice than unirradiated mice (32). Similarly, 

C57BL/6 mice exposed to continuous whole-body γ-radiation for 450 days, starting 35 days 

before challenging with cancer-inducing exposures totally 7.2 Gy, had nearly 50% less lymphoma 

than challenge-only mice (11). 

In our study with Trp53+/- mice, there were no differences in the frequency and proportions of 

the cancers that developed among the radiation-exposed and control groups. The distribution of 

mice developing with sarcoma (70%), lymphoma (20%), and carcinoma (10%) are similar to other 

published studies (28, 49, 50). The lack of effect on cancer frequency but a delay in cancer 

latency is corroborated by previous studies investigating the same mouse strain (5, 18). 

Developing upon the idea proposed by Mitchel et al. (18), the major effect of a single low-dose 

exposure in Trp53+/-mice is likely due to a delay in the progression, not elimination, of genomic 

instability associated with endogenous or exogenous cancer-initiating events. Our other 

concurrent lifetime cancer study, which investigated the effects of repeat CT scans following a 4 

Gy exposure, yielded the same lack of difference in cancer frequency but similar delay in cancer 

latency (51). 

The increase in cancer latency was statistically significant for the development of sarcoma and 

carcinoma in the CT scan mouse group. However, the significance detected for carcinoma 

latency is questionable since there were only 11 CT scanned mice with carcinoma in the analysis. 

Sarcomas accounted for 70% of the mice with cancers, thus, there was great statistical power to 

detect a real difference. The latter is not true for the small cohort of mice diagnosed with 
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carcinoma. The detected significance for carcinoma latency requires further evaluation to 

confirm that it is not an artefact of chance (Figure 2C).  

 

CONCLUSION 

We conclude that low-dose radiation exposures, under specific conditions, can prolong lifespan 

by reducing cancer risk in radiosensitive cancer-prone Trp53+/- mice. The observed extension in 

survival is attributed to protective effects induced by exposure to a single whole-body 10 mGy 

diagnostic CT scan. These CT radiation-induced effects triggered a tissue-specific increase in 

cancer latency but not a reduction in cancer frequency. This finding is consistent with the 

hypothesis that single low-dose exposures delay the progression of spontaneously initiated cells 

becoming genomically unstable. Taken together, these results demonstrate that low-dose 

diagnostic CT scans do not increase risk and can, in fact, induce protective effects. The data from 

this investigation adds to the large collection of evidence which shows that the linear no-

threshold hypothesis is incorrect at low doses and cannot be systemically applied in the study of 

radiation biology.  
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TABLE 1 – Frequency of Malignant Cancers in Trp53+/� Mice 
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 For all-causes of death, no correction required for competing risks. 

b
 Statistically significant relative to the control group. 

c No significant differences in cancer frequencies and proportions were detected between the groups (p>0.05). 
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FIG. 1. Comparison of overall survival (all-cause mortality) of control mice (n=199), and mice 

exposed to either a single 10 mGy CT scan (n=188) or a single 10 mGy γ-exposure (n=187).  

  

Log rank p = 0.004 
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FIG. 2. Comparisons of cancer type-specific latency in Trp53+/- mice of control mice (n=199), and 

mice exposed to either a single 10 mGy CT scan (n=188) or a single 10 mGy γ-exposure (n=187). 

Survival probabilities were corrected for competing causes of death. A) Latency of mice 

developing lymphoma. B) Latency of mice developing sarcoma. C) Latency of mice developing 

carcinoma. 

A 

B C 

Log rank p = 0.429 

Log rank p = 0.010 Log rank p = 0.002 
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ABSTRACT 

We have investigated the potential of computed tomography (CT) scans to modify the 

consequences of a prior high-dose radiation exposure to cancer-prone mice. Female Trp53+/- 

mice were exposed to an acute whole-body 4 Gy dose of γ-radiation. After four weeks, weekly 

CT scans (10 mGy/scan, 75 kVp) were given for ten consecutive weeks. The acute biological 

responses and subsequent lifetime cancer risk were investigated. Five days after the last CT scan, 

there were no detectable differences in the spontaneous levels of micronucleated reticulocytes 

and histone H2AX phosphorylation in mice given CT scans post-4 Gy compared to  4 Gy alone or 

unirradiated controls. CT scanned mice had constitutive levels of DNA oxidative stress (8-OHdG) 

and apoptosis (Annexin V + 7AAD) that were significantly lower (~9% and ~20%, respectively) 

than non-CT scanned mice (p<0.05). Mice in the lifetime investigation were monitored daily to 

assess the risk of radiation-induced tumorigenesis (i.e. cancer frequency, latency, and mortality). 

The overall lifespan of mice treated with repeated CT scans post-4 Gy was increased by ~8% 

compared to mice exposed to 4 Gy-alone (p=0.017). Repeated CT scans increased lymphoma 

latency significantly (~16%, p=0.040) but not the latencies of sarcoma or carcinoma. We 

conclude that repeated CT scans can modify the acute biological responses of a prior high-dose 

radiation exposure, and delay the progression of specific types of radiation-induced cancers in 

Trp53+/- mice. 
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INTRODUCTION 

Following the detonation of the atomic bombs in Japan over half a century ago, the effects of 

ionizing radiation have been extensively explored within various biological systems at different 

levels of organization. From molecules, to cells, to tissues and whole organisms, the research 

indicates that there are important differences between the consequences of low-dose and high-

dose radiation exposure. Acute high-dose radiation has been reported to cause significant 

increases in chromosomal aberrations, genomic instability, cell death, tissue damage, 

tumorigenesis, and mortality rates (1-6). Conversely, there is substantial evidence that low-dose 

and/or low-dose rate exposure can induce an adaptive response that protects against an array of 

damaging agents, including harmful high-doses of radiation (7-12). The radiation-induced 

adaptive response is conventionally described as a reduction in the damaging effect(s) 

associated with a high ‘challenge’ dose of radiation when preceded by a low ‘priming’ dose. 

Here, we broaden the scope of this radiation-induced adaptive response to include protective 

effects induced by low-dose radiation, both prior to and following a high dose exposure.  

In this study, we investigated the potential modifying effects of low-dose exposures delivered 

after an acute in vivo high-dose radiation exposure in a cancer-prone Trp53 (+/-) heterozygous 

mouse model. Low-dose exposures were delivered via weekly single 10 mGy CT scans for ten 

consecutive weeks commencing four weeks after a 4 Gy γ-radiation exposure. This experimental 

schedule was designed to determine the latent genotoxic and cytotoxic effects of a cancer-

inducing radiation exposure, and to assess the subsequent modifying responses produced by 

weekly CT scans. In Trp53+/- cancer-prone mice, radiation-induced tumorigenesis is associated 

with the loss of p53 function and is suggested to be initiated within weeks of a high-dose 
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radiation exposure. Donehower and colleagues showed that inactivation of p53 two weeks after 

high-dose irradiation led to the promotion of lymphoma development (13). Reporting 

complementary results, Evans and colleagues found that activating p53 function two weeks after 

a high-dose radiation exposure suppressed lymphoma development in mice (14). Presuming that 

high-dose radiation exposure abrogates p53 function (15), we postulated that a four week 

period following an acute 4 Gy exposure is sufficient to initiate tumorigenesis in cancer-prone 

Trp53+/- mice. Under this premise, we aimed to investigate the cancer-modifying effects of low-

dose fractionated exposures via repeated CT scans. 

The rationale behind this experimental design came from cases wherein cancer patients undergo 

routine CT scans to monitor disease status and progression. Reports by Beyan et al. (16) and 

Pierobon et al. (17) found that cumulative diagnostic CT doses can be considerable in patients 

with lymphoma (median effective dose as high as 518 mSv over a median follow-up period of 7.5 

years). Radiation doses in this range have raised concerns of increasing the risk of developing 

secondary malignancies (16, 18). In the present study, we endeavoured to address these 

concerns and postulated that repeated diagnostic CT scans may not increase risk, and can 

potentially provide protective effects such as delaying disease progression and extending overall 

survival. 

The late cancer effects of repeated low-dose radiation exposures following a high-dose radiation 

challenge have not been investigated previously. There are numerous reports of acute and 

chronic low-dose exposures reducing cancer incidence (19-21), increasing cancer latency (22-24), 

and increasing overall survival in various animal models (19, 20, 25). Mitchel et al. demonstrated 

that a single 10 mGy γ-exposure can significantly increase the latency of lymphoma and 



Ph.D. Thesis - N. Phan; McMaster University – Medical Physics (Radiation Biology) 

 

118 

 

osteosarcoma in cancer-prone mice (22). Ina et al. reported prolonged lifespan in immune 

compromised MRL-Ipr/Ipr mice exposed to 1.2 mGy/h for three weeks (19, 25). Similarly, a study 

by Shin et al. showed chronic low-dose rate exposure to AKRJ mice reduced the incidence of 

lymphoma and extended overall survival, as compared to unirradiated controls (20). Although 

these studies and many others were able to demonstrate a radiation-induced adaptive response 

at the whole-animal level, few investigated concurrently the biological mechanisms responsible 

for the protective phenomenon. 

To gain an insight into the biological mechanisms involved in radiation-induced tumorigenesis 

and the subsequent modifying effects of low-dose CT scans, biological endpoints associated with 

persistent unstable chromosomal aberrations, residual DNA damage, DNA oxidative stress 

damage, and apoptosis were examined. One of the best-validated methods for measuring 

chromosomal damage following radiation exposure is the enumeration of micronuclei formation 

(4, 26, 27). Micronuclei form in dividing cells that contain unstable chromosome aberrations 

such as acentric chromosome fragments (28, 29).  In most studies, the formation of micronuclei 

is observed directly in treated cells. Here, we used a flow cytometry-based micronucleated 

reticulocyte (MN-RET) assay which measures damage manifested in hematopoietic precursor 

cells, thus providing insight into the processing of upstream damage.   

Radiation-induced DNA damage was assessed using histone H2AX phosphorylation as a 

surrogate biomarker for DNA double-stranded breaks (DSBs) (30). Histone protein in H2AX 

becomes rapidly phosphorylated to form γH2AX at nascent DNA DSBs sites. Although γH2AX foci 

are not always indicative of DNA DSBs, Rothkamm et al. have quantitatively demonstrated that 

the detection of γH2AX foci is strongly correlated with the presence of DNA DSBs (31).Measuring 
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γH2AX levels long after radiation exposure can reveal aberrant DNA repair mechanisms and 

genomic instability. Elevated levels of γH2AX formation have been noted in tumour cells (32); 

thus, evaluating γH2AX levels can help discern the DNA related processes involved with 

radiation-induced tumorigenesis. 

Radiation exposure can perturb oxidative stress metabolism within cells (33). Persistently high 

levels of oxidative stress can deregulate redox homeostasis mechanisms and promote tumour 

formation through aberrant induction of signalling networks (34). Several different malignancies 

such as lymphoma and carcinoma have been associated with significantly elevated levels of 

oxidative stress (35-37). A widely used biomarker of oxidative stress related to DNA damage is 8-

hydroxy-2'-deoxyguanosine (8-OHdG) (38). The production of 8-OHdG is derived from hydroxyl 

radical attack upon the structure of DNA which leads to GC � TA transversions (39). The 

detection of 8-OHdG in cells can indicate point mutations and possible genomic instability, which 

in turn can initiate and promote tumorigenesis (38). In the present study, 8-OHdG levels were 

assessed to determine the link between the modifying effects of low-dose CT scans on DNA 

oxidative stress damage and radiation-induced tumorigenesis. 

When cells become overly damaged and cannot repair themselves effectively, an evolutionary 

conserved process known as apoptosis is activated. Apoptosis has been shown to be 

preferentially triggered in cells bearing unstable chromosomal aberrations such as dicentrics, 

relative to those with balanced translocations (40). This self-regulatory mechanism is beneficial 

in preventing the accumulation of replication errors and genetic damage from clastogens such as 

ionizing radiation (41, 42). However, fractionated radiation exposures have been shown to lower 

basal apoptosis levels, presumably because the remaining cell population is healthier and less 
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burdened with genetic damage (43). Apoptosis analysis permits the assessment of self-

regulatory processes that may be modulated by repeated low-dose CT scans and possibly 

correlated with radiation-induced tumorigenesis. 

In conjunction with acute genotoxic and cytotoxic endpoints, overall lifetime cancer risk 

measures (e.g. cancer frequency, latency, and mortality) were also assessed. By incorporating 

acute biological effects with lifetime cancer risk data, this study is poised to explore the cellular 

processes involved in radiation-induced tumorigenesis. The novelty of this research is that it 

investigates the modifying effects of low-dose radiation exposures of CT scans after a high-dose 

cancer-inducing radiation dose. Furthermore, it is clinically insightful, as it investigates concerns 

of increased secondary malignancy risk due to repeated radiological diagnostic CT procedures. 

 

MATERIALS & METHODS 

Animal Breeding and Genotyping 

Male Trp53 heterozygous (B6.129S2-Trp53
tm1Tyj/+

) mice and female Trp53 homozygous 

(129X1/SvJ Trp53+/+), both obtained from Jackson Laboratory (Bar Harbor, Maine), were 

crossed to yield F1 female Trp53 heterozygous (+/-) mice. Heterozygosity of the Trp53 gene is 

due to a mutant allele produced by a targeted neo cassette insertion into the Trp53 locus, which 

removes approximately 40% of the coding capacity of Trp53 and completely eliminates p53 

protein synthesis (44).  The Trp53 +/- F1 female mice were genotyped prior to random 

assignment into the appropriate experimental groups (Table 1). A small tail snip was collected 

when the mice were 5 weeks old for PCR-based genotyping (procedure previously described (22, 
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44)). Mouse tail snips were genotyped by a third party specializing in mouse genotyping services 

(Mouse Genotype.; Carlsbad, California). 

 

Animal Housing 

Five or fewer mice were housed in solid-bottom polycarbonate cages (27 x 12 x 15.5 cm) 

containing woodchip bedding (Harlan Sani-Chips, 7090). A stainless steel wire-bar hopper held 

food (Harlan Lab Diets; Indianapolis, USA) and a water bottle for consumption ad libitum. The 

specific-pathogen-free housing room was maintained at a 12:12-h light:dark photoperiod with 

an inside air temperature of 23±2oC and 40-80% humidity. All housing, handling, and 

experimental procedures were approved by the Animal Research Ethics Board at McMaster 

University and conducted in accordance to the guidelines of the Canadian Council on Animal 

Care. Mice assigned to the lifetime groups were kept for the duration of their natural life span or 

until euthanasia was required according to strict and objective criteria determined a priori in 

agreement with previous lifetime mouse studies (22-24). The experimental designs of the study 

are shown in Figure 1. 

 

In vivo Radiation Challenge 

 Cohorts of mice (7-8 weeks old) were placed in pairs into a customized polycarbonate tube and 

given a whole-body γ-radiation challenge dose of 4 Gy (662keV - Cs
137

) at a dose rate of 0.349 

Gy/minute (Table 1). The control and CT scan-only groups were sham irradiated (i.e. placed in 

the polycarbonate tubes for an equal amount of time but with no exposure to radiation). 
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Following 4 Gy exposure, mice assigned to the lifetime investigation were returned to specific-

pathogen-free housing and allowed to live for the entirety of their normal lifespans. 

 

Computed Tomography Protocols 

Four weeks after the 4 Gy in vivo radiation challenge, assigned groups were given weekly whole-

body CT scans for ten consecutive weeks on the same day each week (Wednesday) (Table 1). CT 

scans were performed on a Gamma Medica X-SPECT Animal Imaging System (Northridge, 

California). Mice were placed in pairs into the aforementioned customized polycarbonate tubes 

and given a CT scan (75kVp, 255µA, 1 mm Al filter, half-value layer 4.28 mm Al, 185 projections) 

with a whole-body absorbed dose of ~10 mGy. Mice were not anaesthetized during the CT 

scanning procedure as immobilization for image analysis was not necessary. 

 

Computed Tomography Dosimetry 

Whole-body dose measurements were obtained using thermoluminescent dosimeter (TLD) chips 

(Harshaw TLD-100 LiF Chips). TLD chip analyses were performed by a third party specializing in 

clinical diagnostic radiation measurements (K&S Associates Inc.; Nashville, Tennessee). To 

measure whole-body absorbed dose in mice, TLD chips were surgically implanted at five 

locations in a mouse carcass: head, chest, abdomen, above the skin, and under the skin. 

Measurements were performed on two individual carcasses during the study. The overall 

uncertainty of the TLD measurement process is 5% at the 95% confidence interval for a single 

TLD chip at the measurement location. This uncertainty does not take into account minor 
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variations in the placement of the TLD chips between different mouse carcasses. Consistent 

dosimetry was confirmed and validated repeatedly throughout the study using a 0.6 cc ionizing 

chamber (Farmer Dose-meter Model 2570A and PTW Freiburg Model TN30010 Ion Chamber). 

The calculated average whole-body dose for a CT scan at the aforementioned specifications was 

10.3±1.1 mGy, with a dose rate of 18.6 mGy/minute. 

 

In vitro Radiation Challenge 

Tissues from mice assigned to the acute biological endpoint investigation were harvested five 

days after the final CT scan time-point. Blood and bone marrow were collected and separated 

into three aliquots  (1 x 10
6
 cells/mL) for in vitro radiation challenge of either 0, 1, or 2 Gy at a 

dose rate of 0.188 Gy/minute (662keV - Cs137). All samples were kept on ice-water slurry (0oC) 

during the in vitro radiation challenges.  

 

Sample Collection and Cell Preparation 

Blood 

Blood was collected via cardiac puncture from mice anaesthetized with Isofluorane™. 

Approximately 500 µL of blood was collected in heparinized syringes, of which 50 µL was 

immediately aliquoted into 1.5 mL microcentrifuge tubes (VWR International, Mississauga, 

Ontario) containing 350 µL heparin solution (VWR International, Mississauga, Ontario) for 

micronucleated reticulocyte (MN-RET) analysis. The remaining blood was kept on ice slurry for 
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apoptosis analyses. Heparinised blood for the MN-RET assay was maintained at room 

temperature until fixation (within 3 hours). Following blood collection, mice were euthanized by 

cervical dislocation.  

Bone Marrow 

Bone marrow samples were collected by flushing both femurs with a 23 gauge needle containing 

1 mL of heparinized RPMI 1640 media (Lonza Inc., Allendale, New Jersey). The disaggregated 

bone marrow cell suspension was transferred to a 1.5 mL microcentrifuge tube (VWR 

International, Mississauga, Ontario) and held at 0oC on ice slurry until processing (within 1 hour). 

Bone marrow cells were counted using a Z2 Coulter Particle Count & Size Analyzer (Beckman-

Coulter, Miami, Florida). The cell sample was adjusted to a final concentration of 1 x 10
6
 cells/mL 

in ice-cold RPMI 1640 supplemented with 10% fetal bovine serum (FBS, PAA Laboratories Inc., 

Etobicoke, Ontario), 1% penicillin-streptomycin (Lonza Inc., Allendale, New Jersey), 1% L-

glutamine (Lonza Inc., Allendale, New Jersey). Three 1.5 mL replicate aliquots of the cell sample 

suspension were made for in vitro irradiations at 0, 1, and 2 Gy. 

 

 Micronucleated Reticulocyte Assay 

 Reagents 

The reagents used for preparing blood specimens for flow cytometric analysis were all from a 

commercially available kit, Mouse MicroFlowPLUS® (Litron Laboratories, Rochester, NY), and 

included a heparin-based anticoagulant solution, buffer solution, anti-CD71-FITC, anti-CD61-PE, 
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RNase, and propidium iodide. Also included was a flow cytometer calibration standard consisting 

of fixed Plasmodium berghei-infected mouse erythrocytes (“malaria biostandard”). 

Fixation 

Cells were fixed in absolute methanol (CAS no. 67-56-1, Sigma Aldrich, Mississauga, Ontario) at -

80oC. Up to six samples was fixed at a time using dry ice. This was done to ensure that the 

temperature of the fixative was maintained between -70oC and -80oC. A 180 µL aliquot of diluted 

blood suspension was forcibly delivered into a 15 mL conical tube (BD Biosciences, Mississauga, 

Ontario) containing 2 mL of -80oC methanol. The tubes were vortexed and struck sharply with a 

pen-size plastic tube several times to break up any aggregates. The fixed samples were stored at 

-80oC for a minimum of 24 hours before staining and flow cytometric analysis. 

Staining and flow cytometric analyses 

Methanol-fixed blood samples were washed and labelled for flow cytometric analysis according 

to procedures detailed in the Mouse MicoFlowPLUS Kit manual (vP4.3m) and previously 

described in (45). Briefly, fixed blood cells were washed with 12 mL of kit-supplied buffer 

solution and the pellets were maintained on ice slurry (0oC) until staining (within 4 hour). An 80 

uL reagent mixture containing anti-CD71-FITC, anti-CD61-PE, RNase and buffer solution was 

added to 20 µL aliquot of each fixed blood sample in duplicate. The cells were incubated on ice 

for 30 minutes followed by 30 minutes at room temperature, and then returned to ice. 

Immediately before acquisition on the flow cytometer, 1 mL of cold (4oC) propidium iodide (1.25 

µg/mL in buffer solution) was added to each tube. 
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Flow cytometry was performed using a Beckman Coulter EPICS XL flow cytometer (Beckman 

Coulter, Brea, CA). Cells were analyzed at an average rate of 4000 cells (events) per second. The 

EPICS XL flow cytometer is equipped with a 488 nm argon laser and four fluorescence detectors. 

Anti-CD71-FITC, anti-CD61-PE, and propidium iodide fluorescence signals were detected in the 

FL1 (525±15 nm), FL2 (575±15 nm), and FL3 channels (620±15 nm), respectively. The gating logic 

used to quantitatively analyse the erythrocyte subpopulations has been described previously 

(45).  Analysis windows were set to quantify the number of reticulocytes (RETs) and MN-RETs for 

each sample. Representative bivariate graphs illustrating the resolution of the various 

erythrocyte populations have been published (45)(46). To ensure adequate sample sizes for 

statistical significance, the number of RETs was measured in a total of 2x10
5
 erythrocytes. The 

number of MN-RETs was evaluated based on counting a total of 2x10
4
 total RETs per sample. 

 γH2AX & 8-OHdG Fluorescence Assays 

Bone marrow cells were adjusted to 1x10
6
 cells/mL, transferred to 15 mL conical tubes (BD 

Biosciences, Mississauga, Ontario), and irradiated as described above. Following irradiations, 500 

µL aliquots were removed from irradiated cell samples and incubated for 30 minutes and 120 

minutes in a 370C water bath for the γH2AX and 8-OhdG assays, respectively. After incubation, 3 

mL of 70% ethanol at 0oC was immediately added to each tube. All tubes were maintained on ice 

slurry (0oC) for 1 hour. Samples were stored at -20oC prior to analysis. 

For analysis, the fixed bone marrow samples were centrifuged at 5oC (250 g, 8 minutes) and the 

supernatant was removed. Cells were then washed in 3 mL of Tris-buffered saline (1x TBS; 

Trizma base + NaCl, Sigma Aldrich, Mississauga, Ontario), centrifuged (250 g, 8 minutes), re-
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suspended in 1 mL of Tris–saline–triton [TST; TBS + 4% FBS (VWR International, Mississauga, 

Ontario) + 0.1% Triton X-100 (Sigma Aldrich, Mississauga, Ontario)] and incubated on ice for 10 

minutes to permeabilize cells. The cells were again centrifuged (250 g, 8 minutes), the 

supernatant was removed, and cells were re-suspended in 200 µL of a 1:400 dilution of anti-

phospho-H2A.X (ser139) antibody (γH2AX; Upstate Cell Signaling, Charlottesville, VA) or anti-8-

OHdG antibody (Chemicon International, Temecula, California).  

The cell sample containing the primary antibodies were incubated on a tube rocker at room 

temperature for 2 hours in the dark. The cells were then washed with 3 mL of TST, re-suspended 

in 200 µL of a 1:500 dilution of AlexaFluor™ 488-conjugated goat anti-rabbit IgG F(ab’)2 antibody 

(γH2AX) or AlexaFluor™ 488-conjugated rabbit anti-goat IgG F(ab’)2 antibody (8-OHdG) 

(Invitrogen Canada, Burlington, Ontario) and incubated at room temperature for 1 hour in the 

dark. The cells were then washed in 3 mL of TBS and re-suspended in 300 µL TBS + 5 µL 

propidium iodide (1 mg/mL; Sigma Aldrich). Samples were put on ice and promptly analysed on 

the Epics XL flow cytometer (Beckman Coulter; Brea, CA). Analysis was based on 5x10
3
 cells from 

the lymphocyte-rich cell population, as determined by flow cytometric scattering patterns. The 

levels of γH2AX and 8-OHdG fluorescence were measured by examining the mean fluorescence 

intensity of cells stained with the AlexaFluor™ 488-conjugated goat anti-rabbit IgG F(ab’)2 

antibody and AlexaFluor™ 488-conjugated rabbit anti-goat IgG F(ab’)2 antibody (Invitrogen 

Canada, Burlington, Ontario), respectively. Each sample was analyzed in duplicate. 
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Apoptosis Assay 

The protocol for the determination of apoptotic cell death by flow cytometry using Annexin V 

with 7-amino actinomycin D (7AAD) as a counterstain has been previously described in detail 

(47). Annexin V is an early marker of apoptosis and 7AAD is a cell viability marker. The reagents 

were purchased as a commercial kit (Annexin V-FITC-7-AAD; IM3614, Beckman Coulter, 

Mississauga, Ontario). In the current study, additional anti-CD61-PE  (Beckman Coulter, 

Mississauga, Ontario)and anti-CD45-PETR  (Invitrogen Canada, Burlington, Ontario) markers 

were used to identify apoptosis occurring specifically in peripheral blood lymphocytes (CD45+) 

with the platelet (CD61+) population gated out. Apoptotic lymphocytes were identified as being 

CD45+, Annexin V+, 7AAD+ and CD61-. 

Briefly, each mouse blood sample was divided into three (1 x 10
6
 cells/mL) aliquots for 0, 1, and 

2 Gy in vitro irradiations. Following irradiations on ice-water slurry (0oC) in 5 mL polypropylene 

assay tubes (Sarstedt, Montreal, Quebec), the blood (100 µl) was incubated in a CO2 incubator at 

37oC for 8 hours. The blood was lysed by adding 2 mL of pre-warmed 1x NH4Cl (37oC) and 

incubated at room temperature for 10 minutes. The blood samples were centrifuged (5oC, 250 g, 

5 minutes), the supernatant was removed, and the sample tubes were vortexed gently. The 

samples were then washed with 2 mL of cold Hank's Buffered Salt Solution (HBSS, 5oC) 

(Invitrogen Canada, Burlington, Ontario) and re-suspended in 250 µL of 1x binding buffer 

(supplied in kit). To each sample tube, a 100 µL antibody cocktail was added (36 tubes required 

3.6 mL of 1x binding buffer, 180 µL of Annexin V, 45 µL of anti-CD45+, 8 µL of anti-CD61+, and 

360 µL of 7AAD). Cells were maintained on ice slurry (0oC) and analysed (within 30 minutes) on 
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the Epics XL flow cytometer (Beckman Coulter; Brea, CA). The percentage of cells dying by 

apoptosis was determined from an analysis of 5x10
4
 cells. 

 

Overall Health Assessment 

Mice in the lifetime cancer risk investigation were monitored and checked daily for any 

indications of poor health. In all cases, mouse treatment status was coded and undisclosed with 

respect to cage cards, necropsy reports, and histological submissions. Objective criteria in 

accordance with the guidelines of the Canadian Council on Animal Care were set a priori to 

determine the endpoints for euthanasia. For all mice, selected normal and abnormal tissues 

were fixed in 10% neutral buffered formalin. Vertebrae and heavily mineralized tissues were 

further processed in an EDTA (145 g/L) solution to allow for proper paraffin embedding. The 

paraffin blocks were sectioned on a Leica RM 2165 microtome at 3 µm thickness and stained 

with hematoxylin and eosin for histological examination. All pathologies were diagnosed by an 

experienced animal veterinarian pathologist using information from monitoring tags, necropsy 

reports, and histopathological examinations. Blinded repeat histological samples were re-

submitted to the veterinarian pathologist for quality assurance with a 100% demonstrated 

precision record. When multiple cancers of the same type were found within a mouse, it was 

classified as being a single observation of that cancer type, as not all primary and metastasized 

cancers can be uniquely distinguished. Conversely, if a mouse had multiple different types of 

cancers, each cancer type would be classified separately. The measure of cancer latency in this 

study was defined as the time between the 4 Gy exposure to the time of death/euthanasia (days 

at risk) in mice with histologically confirmed cancers. Although this definition of latency does not 
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follow the strict conditions often assumed for cancer latency (i.e. time between exposure and 

clinical onset of cancer), it permits the determination of the days at risk of developing cancer 

following radiation exposure. 

 

Statistical Analyses 

Statistical analyses were performed using SigmaPlot version 11.0 (Systat Software Inc., Chicago, 

Illinois). Data is presented as mean ± standard error (SE) with a p value ≤ 0.05 considered 

statistically significant. Error bars depicted in all figures are standard errors of the mean. Dose 

response significance testing was performed with multiple linear regression analysis. Student’s t-

tests were carried out to determine if significant differences existed between groups for MN-RET 

data. Two-way ANOVA with Bonferroni’s post-hoc test was used to determine significance 

between groups for γH2AX and 8-OHdG fluorescence levels, and apoptosis data. The frequencies 

of different cancer types in the lifetime groups were tested for statistical significance using 

Fisher’s Exact test or Chi-squared test. Survival curve probabilities were analyzed using Kaplan-

Meier analysis. Differences in overall lifespan and cancer latency (calculated as days at risk after 

4 Gy exposure) were analyzed with the Log Rank test. All statistical tests were corrected for 

multiple comparisons. Survival analyses, except for all-cause mortalities, accounted for 

competing causes of death via competing risk censoring.
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 RESULTS  

Acute Biological Endpoint Investigation 

Micronucleated Reticulocyte 

We enumerated MN-RETs in mouse peripheral blood, fifteen weeks after a single acute 4 Gy 

exposure, to investigate genomic instability. We also explored the potential of repeated 10 mGy 

CT scans in modifying both spontaneous and radiation-induced MN-RET formation (Figure 2A). 

We found that exposure to 4 Gy and/or repeated CT scans did not alter MN-RET frequencies 

from control levels (p>0.30).  

γH2AX 

Five days after the last CT scan time-point, the spontaneous γH2AX fluorescence levels in bone 

marrow lymphocytes were not significantly different between the various treatment groups 

(p=0.421) (Figure 2B). However, when the bone marrow were given in vitro challenge doses of 1 

and 2 Gy, mice that received only the repeated CT scans had nearly 10% lower γH2AX 

fluorescence levels than that of non-CT scanned mice (p<0.015). Repeated CT scans after a 4 Gy 

exposure did not produce the same reduction, relative to 4 Gy alone (p=0.870) (Figure 2B). All 

treatment groups demonstrated a significant positive correlation between mean cellular γH2AX 

fluorescence levels and in vitro γ-radiation doses up to 2 Gy (p<0.010). 

8-OHdG 

As a biomarker for oxidative stress damage to DNA, fluorescence levels of 8-OHdG were 

measured in bone marrow lymphocyte-rich cell populations to examine the impact of a 4 Gy 
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exposure and/or repeated CT scans. Mice treated with weekly CT scans showed a significant 

reduction (> 9%) in spontaneous 8-OHdG fluorescence levels, relative to non-CT scanned mice 

(p=0.027) (Figure 2C). Exposure to 4 Gy alone did not change the spontaneous levels of 8-OHdG, 

relative to controls (p=0.723). When bone marrow was challenged in vitro with 1 Gy, there was 

no modifying effect of the repeated CT scans. However, following an in vitro 2 Gy challenge 

dose, bone marrow from repeatedly CT scanned mice exhibited a reduction in 8-OHdG levels 

relative to non-CT scanned mice (p = 0.032). There was no significant correlation between 8-

OHdG mean fluorescence levels and the in vitro challenge doses (p=0.677) (Figure 2C). 

Apoptosis 

Apoptotic cell death in peripheral blood CD45+ lymphocytes was measured to assess persistent 

cytotoxicity following an in vivo 4 Gy exposure and subsequent repeated CT scans. Mice exposed 

exclusively to 4 Gy at 7-8 weeks old did not exhibit differences in apoptotic response, relative to 

control mice, when measured at 22-23 weeks old (p>0.05)(Figure 2D). Mice treated with weekly 

CT scans exhibited a significant 20% reduction in spontaneous apoptosis levels, compared to 

non-CT scanned mice (p=0.038). When their peripheral blood was challenged in vitro with 1 and 

2 Gy in vitro, the same reduction in apoptosis was observed, relative to non-CT scanned mice 

(p<0.05). The lower apoptosis levels induced by repeated CT scans were not influenced by a 

prior 4 Gy exposure (i.e. no difference between Rpt CTs vs. 4 Gy + Rpt CTs groups at all doses). 

There was a significant positive correlation between apoptosis levels and in vitro challenge doses 

up to 2 Gy (p<0.010) (Figure 2D).  
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Lifetime Cancer Risk Investigation 

Effects of Repeated CT Scans on Survival and Total Cancer Frequency following 4 Gy Exposure 

Considering all-cause mortalities, Trp53+/- mice exposed to 4 Gy at 7-8 weeks old had a median 

lifespan of 246 ± 6.1 days. The median lifespan of mice given ten weekly CT scans post-4 Gy was 

258 ± 5.2 days, which is a gain of 12 days (p=0.023) (Figure 3). The frequencies of malignant 

cancers in the 4 Gy group and the 4 Gy + Rpt CTs group were not statistically different, 256 and 

268, respectively.  The ratio of cancers per mouse was over 1 for both treatment groups, as 

multiple different cancers often developed within the same animal in Trp53+/- mice (44, 48), 

especially from subtypes of sarcomas and carcinomas (Table 2). In the 4 Gy-alone group there 

were 122 mice with lymphoma, 78 mice with one or more sarcomas, and 24 mice with one or 

more carcinomas. Comparatively, the 4 Gy + Rpt CTs group had 109 mice diagnosed with 

lymphoma, 84 mice with one or more sarcomas, and 28 mice with one or more carcinomas. The 

differences in cancer frequencies between the 4 Gy-alone and 4 Gy + Rpt CTs group were not 

significant (p>0.32). However, within the treatment groups there was a significant difference in 

the types of cancer that mice developed. In both treatment groups, lymphomas were the most 

prevalent (~60% of mice), followed by sarcomas (~40% of mice), and carcinomas (~10% of mice) 

(p < 0.014). Pooled across both treatment groups and uncorrected for competing risks, the 

median survival post-4 Gy of mice that were diagnosed with lymphoma was ~60 days (173 ± 3.5 

days) shorter than the median survival of mice with either sarcoma (233 ± 4.1 days) or 

carcinoma (232 ±  12.0 days) (p<0.001). There was no difference between the median survival of 

mice diagnosed with sarcoma and carcinoma (p=0.515). 
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Effects of Repeated CT Scans on Lymphoma Frequency and Latency following 4 Gy Exposure 

The treatment of repeated CT scans following 4 Gy did not influence the frequency of mice 

developing T-cell or B-cell lymphoma, relative to the 4 Gy-alone group (p=0.747) (Table 2). In 

both groups, the incidence of T-cell lymphoma was three times higher than that of B-cell 

lymphoma (p<0.05). When accounting for competing causes of death, repeated CT scans given 

after 4 Gy significantly increased lymphoma latency, as reflected by the survival of mice with 

lymphomas compared to mice exposed to 4 Gy alone (p=0.040) (Figure 4A). With non-lymphoma 

deaths censored, CT scanned mice that were diagnosed with lymphoma had a median latency 

that was 30 days (~16%) greater than non-CT scanned mice with lymphoma (233 ± 8.0 days vs. 

203 ± 6.3 days, p<0.05).  

 

Effects of Repeated CT Scans on Sarcoma Frequency and Latency following 4 Gy Exposure 

The frequencies of the various sarcoma subtypes were not altered by the treatment of repeated 

CT scans following the 4 Gy exposure (p>0.05). In the group that received only 4 Gy there were 

63 mice that had only one sarcoma, 14 mice that had exactly two distinct sarcomas, and one 

mouse that had three distinct sarcomas. Similarly, in the CT scanned group there were 61 mice 

that had only one sarcoma, 20 mice that had two distinct sarcomas, and three mice that had 

three distinct sarcomas. In both treatment groups the most prevalent sarcoma subtypes were 

osteosarcoma, hemangiosarcoma, and fibrosarcoma. Approximately 50% of mice diagnosed with 

sarcoma had osteosarcoma, which is a higher proportion than mice diagnosed with either 

hemangiosarcoma (34%) or fibrosarcoma (33%) (p<0.05). The treatment of repeated CT scans 
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following 4 Gy did not alter the latency of sarcoma development, relative to the 4 Gy alone 

group (p=0.194) (Figure 4B). Correcting for competing risks, the median latency of sarcoma was 

similar between the CT scanned group and the 4 Gy-alone group (240 ± 5.9 days vs. 249 ± 3.7 

days, p>0.05). There were no significant differences in cancer latency between the treatment 

groups when stratification analyses were performed on the various sarcoma subtypes (p>0.05). 

 

Effects of Repeated CT Scans on Carcinoma Frequency and Latency following 4 Gy Exposure 

The frequencies of overall carcinoma cases and its subtypes were not different between mice 

that were CT scanned following 4 Gy and mice that were exposed to only 4 Gy (p>0.05). When 

corrected for competing causes of death there were no differences in the latency of carcinoma 

between the two mouse groups (p=0.475). With non-carcinoma deaths censored, the median 

latency for CT scanned mice with carcinoma was 293 ± 11.2 days, compared to 289 ± 7.1 days for 

non-CT scanned mice with carcinoma (Figure 4C).  

 

DISCUSSION 

The genotoxic and cytotoxic effects of high-dose radiation exposure have been well described in 

mice for a variety of biological endpoints (4, 49, 50). There have also been several studies 

investigating the tumorigenic effects and survival measures in wild-type and cancer-prone 

mouse models exposed in vivo to different radiation doses and qualities (5, 6, 51-57). Although 

there are obvious limitations to using a non-human model, similarities between mice and 
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humans at the cellular level make the findings of this research valuable to the understanding of 

the biological responses and cancer risk of diagnostic CT radiation at low doses. 

At high-dose rates and doses above 500 mGy there is convincing evidence to support that risk is 

proportional to dose (2, 2, 58-60). However, the biological and health consequences of doses ≤ 

100 mGy are still under investigation. One of the earliest investigations of low-dose exposure 

took place in 1909, and showed that mice given low levels of radiation were protected against 

bacterial disease (61). Since then, there have been many experiments conducted to elucidate 

the diverse effects of low-dose radiation (9, 62-66). The induction of a protective response, also 

known as an adaptive response, following low-dose or low-dose-rate exposures has been 

reported at the molecular, cellular and organismal level (21, 25, 66-70). In the current study, 

using Trp53 heterozygous cancer-prone mice, we explored the potential effects of repeated low-

dose CT scans in modifying the biological responses as well as the late cancer effects of a prior 

high-dose 4 Gy γ-exposure delivered during adolescence (7-8 weeks old). By examining biological 

endpoints associated with unstable chromosomal aberrations, persistent genomic instability, 

DNA oxidative stress damage, and apoptosis, we sought to gain deeper insight into the 

mechanistic developments associated with radiation-induced tumorigenesis and the possible 

modifying effects of fractionated low-dose exposure via repeated CT scans. 

 

Acute Biological Responses 

The assessment of the biological effects of 4 Gy and/or repeated CT scans was conducted five 

days after the last CT scan time-point to allow for the overall assessment of the repeated CT 
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treatment and not the immediate effects of the last CT scan. Radiation-induced genomic 

instability, genotoxicity, oxidative stress, and cytotoxicity were investigated via micronucleated 

reticulocyte (MN-RET) formation, H2AX phosphorylation, 8-OHdG oxidative stress, and 

apoptosis, respectively. 

Micronucleated reticulocytes are manifestations of unstable chromosomal aberrations in 

hematopoietic stem cells. They are enumerated as a measure of acute genotoxicity or induced 

genomic instability. The average lifespan of reticulocytes in vivo is only a few days (71, 72). Thus, 

examining MN-RET frequency in peripheral blood five days after the last CT scan, which is 15 

weeks after the 4 Gy exposure, allowed for the assessment of indirect radiation damage 

resulting from radiation-induced genomic instability in precursor stem cells. In the current study, 

Trp53+/- mice that were exposed to 4 Gy and/or repeated CT scans did not have differing MN-

RET frequencies relative to age-matched unirradiated controls. This observation contrasts with a 

study performed by Hamasaki et al. in which it was reported that one year after a single 2.5 Gy 

X-ray exposure BALB/c and C57BL/6 mice had significantly elevated MN-RET frequencies (72). 

However, the elevated MN-RET levels in BALB/c and C57Bl/6 were statistically different. 

Therefore, the discrepancy between Hamasaki’s study and the present one may be associated 

with differences in mouse strains. Another possible explanation for this discrepancy is the age at 

which MN-RETs were assessed. Mice in Hamasaki’s study were over one year old and mice in our 

study were 22-23 weeks old. It may be possible that older mice have a diminished capacity to 

suppress radiation-induced genomic instability, while younger mice still have efficient 

surveillance mechanisms to limit the manifestation of such damage. This latter postulation is 
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supported by Dertinger et al. who showed that a 1 Gy exposure induces more MN-RET in older 

mice than younger ones (73). 

DNA DSBs, which are marked by the induction of H2AX phosphorylation to produce γH2AX foci, 

are prevalent consequences of radiation exposures (11, 74, 75). Following an acute exposure to 

γ-radiation, levels of γH2AX formation reach a maximum at 30 minutes and decrease to 

background levels within two days (half-life of ~4 hrs) (76, 77). In the current study, γH2AX 

fluorescence levels were measured in lymphocyte-rich bone marrow cell populations five days 

after the last CT scan time-point. This timing is important, as elevated levels of γH2AX 

fluorescence would represent residual DNA DSBs and genomic instability, instead of initial direct 

radiation damage. Consistent with the observed MN-RET response, spontaneous levels of γH2AX 

mean fluorescence were not different among the various treatment and control groups. One 

interpretation of this result is that mice that were exposed to 4 Gy radiation at 7-8 weeks of age 

did not develop genomic instability after 15 weeks. Rube et al. reported that residual DNA 

damage depends decisively on the underlying cell ability to repair DNA DSBs (78). The lack of an 

increase in levels of γH2AX may be due to the fact that the relatively young mice still had 

effective repair capacity to remove radiation-induced DNA damages and limit genomic 

instability. The same interpretation can be applied to mice exposed to repeated CT scans alone 

or a 4 Gy exposure prior to those CT scans. Some caution should be taken however, when 

interpreting these results, since the minimum reported dose detection limit for the employed 

flow cytometry-based γH2AX assay is approximately 100 mGy (31, 31, 74, 79, 80).  

To further explore the existence of an adaptive response, mouse bone marrow cells were 

challenged in vitro with 1 and 2 Gy of γ-radiation. There was a significant reduction in γH2AX 
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fluorescence levels in mice that received only repeated CT scans, relative to control mice (Figure 

2B). This reduction was not observed when 4 Gy preceded the CT scanning regimen. We suspect 

that the treatment of an in vivo 4 Gy exposure ablated the potential for low-dose CT scans to 

adapt cells with respect to phosphorylation of histone H2AX at this particular analysis time point. 

Further investigation into the latent impact of a 4 Gy exposure on DNA repair mechanisms and 

antioxidant pathways is required to explain this phenomenon. It has been suggested that high-

dose radiation exposures may induce significant oncogenic stress in proliferating cells (i.e. bone 

marrow cells) that can keep γH2AX levels relatively static to change, and presumably also to 

adaption (81). 

Ionizing radiation exposure produces reactive oxygen species (ROS) and can perturb oxidative 

stress metabolism in cells (82). Excessive oxidative stress can cause damage to cell structures, 

including proteins, lipids, and DNA (34). The most frequent DNA mutations caused by oxidative 

stress triggered by ionizing radiation are the formations of 8-hydroxy-2'-deoxyguanosine (8-

OHdG) (38, 83). There is evidence that persistent elevation of oxidative stress regularly exists in 

the progeny of irradiated cells whose genomes are unstable (84, 85). In the current study, 8-

OHdG levels were assessed following a high-dose 4 Gy exposure and/or repeated low-dose CT 

scans in lymphocyte-rich bone marrow cell populations of mice. The involvement of repeated CT 

scans in activating a possible adaptive response associated with oxidative stress was examined. 

Mice treated with repeated CT scans had lower baseline levels of 8-OHdG than non-CT scanned 

mice (p=0.027) (Figure 2 C). This data suggests that repeated CT scans do not increase DNA 

oxidative stress damage, and can confer resistance to persistent oxidative stress-mediated DNA 

mutations in bone marrow lymphocyte progenitor cells.  
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The main proposed mechanisms to explain the phenomenon of an adaptive response are 

increased efficiency in DNA repair and/or induction of antioxidant enzymes (86). Several studies 

have demonstrated that mice given antioxidant drugs and diets were protected against radiation 

damage and lived significantly longer than untreated controls (37, 87, 88). It is possible that 

fractionated exposures of ionization radiation associated with repeated CT scans can up-regulate 

antioxidant enzymes that decrease baseline level of oxidative stress damage (Figure 2C). 

Supporting this postulation is the fact that fractionated low-dose radiation exposures have been 

shown to reduce 8-OHdG levels in mice with prion-infection and significantly prolonged their 

survival (89).  

To further examine the protective effects associated with oxidative stress, 8-OHdG levels in 

mouse bone marrow cells were analysed two hours after an in vitro 1 and 2 Gy challenge dose. 

An adaptive response was only observed in bone marrow of CT scanned mice following the 2 Gy 

dose. There was a lack of a dose-dependent increase in 8-OHdG levels following the in vitro 

challenge irradiations (Figure 2C). This result questions the interpretive value of the in vitro 

challenge irradiation data for this endpoint. The appearance of 8-OHdG following in vitro 

irradiation has been shown to be highly time dependent. Umegaki et al. demonstrated that 8-

OHdG levels in mouse bone marrow cells do not start to increase until 3-5 hours after in vitro 

irradiations, and reach a maximum at 24 hours (83). Thus, the lack of a dose-dependent increase 

in 8-OHdG levels observed two hours after the in vitro irradiations may be due to 8-OHdG 

kinetics and not necessarily an absence of increasing oxidative stress damage following acute 

radiation exposure. 
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The CT-induced reduction in basal DNA oxidative stress damage (8-OHdG levels) in lymphocyte-

rich bone marrow cells complements the observed apoptosis reduction in peripheral lymphocyte 

of mice that were repeatedly CT scanned (Figure 2D). Apoptosis is an evolutionary conserved 

self-regulatory mechanism activated to eliminate cells that are “unfit” or overly burdened with 

damages (41, 90, 91). Our previous study demonstrated that a single CT scan can increase 

chromosomal aberrations initially (43). This increase in CT-induced chromosomal damages later 

disappeared following repeated CT scans, with evidence trending towards a reduction in 

damages below baseline control levels (43). Redpath et al. and Portess et al. have published data 

to support the hypothesis that damaged or pre-transformed cells are stimulated to readily 

undergo apoptosis following an initial low-dose exposure (e.g. CT scan) (92-95). We postulate 

that repeated exposures via CT scans would likely maintain the purging of genomically unstable 

and unfit cells until the majority are eliminated. The remaining cell populations would then be 

more robust and have fewer chromosomal aberrations. This proposal is supported in the current 

study by the decrease in γH2AX levels following in vitro challenge doses and also the persistent 

lower baseline 8-OHdG levels in mice that were CT scanned, relative to controls (Figure 2B & 2C). 

Assuming that these biomarkers reflect reduced genomic instability and DNA oxidative stress 

damage, the observed apoptosis reduction in peripheral lymphocytes of CT scanned mice is 

justified. This adaptive apoptosis response was also evident following in vitro challenge doses of 

1 and 2 Gy for mice given repeated CT scans. 

The present study demonstrates that repeated low-dose radiation exposures do not contribute 

to genomic instability and can confer protection against persistent chromosomal aberrations, 

DNA oxidative stress damage, and radiation-induced cytotoxicity. In the next section, we draw 
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correlations between these acute biological effects and the modifying effects of repeat CT scans 

on high-dose radiation-induced tumorigenesis. 

 

Radiation-induced Cancer Late Effects 

High-dose radiation exposures can increase tumorigenesis in many organisms, including humans 

(2, 5, 52, 54, 96-99). Tumorigenesis is a multistep process that can be initiated or accelerated by 

genetic lesions caused by high-dose radiation (51, 100, 101). Lately, there have been growing 

concerns of increased cancer risk from low-dose diagnostic CT scans, especially development of 

secondary malignancies among cancer patients from follow-up scans (16, 17). In the current 

study, an in vivo 4 Gy exposure was given at 7-8 weeks old to initiate and/or accelerate the 

tumorigenic effects in cancer-prone Trp53+/- mice. A waiting period of four weeks was allowed 

for the initiation of neoplastic transformation to occur before the repeated ‘follow-up’ CT scans. 

We aimed to determine if repeated low-dose CT scans increase cancer risk, and hypothesized 

that repeated low-dose CT exposures could, in fact, delay the onset of cancer by interrupting the 

progression stage of tumorigenesis.  

The accumulation and persistent elevation of radiation-induced DNA damage due to mis-repair 

or aberrant apoptotic pathways can lead to mutagenesis and consequently transformation (60, 

78, 102, 103).  Low-dose exposures have been shown to protect cells against neoplastic 

transformation following a subsequent large acute challenge dose (67, 104). Acute and chronic 

low-dose exposures have also been reported to increase cancer latency and overall lifespan in 

cancer-prone (22), radiation-challenged (103, 105, 106), and immune-compromised mice (20, 
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25, 107). Moreover, low-dose radiation exposures (<150 mGy per fraction) have been used on a 

clinical trial-basis to treat cancers in humans (108). In the current study, treatment of repeated 

CT scans significantly extended the overall lifespan of mice post-4 Gy exposure (Figure 3). The CT 

scanning regimen did not increase the total frequency of malignancies or the frequencies of the 

various cancer subtypes common to this mouse strain (Table 2). This observation supports the 

postulation that fractionated low-dose CT exposures do not influence the initiation step of 

radiation-induced tumorigenesis, but rather the progression stage. In agreement with this 

interpretation, Mitchel et al. reported that the frequencies of the cancer subtypes were not 

changed by various adapting low-dose radiation treatments in Trp53+/- mice, even though 

cancer latency was extended significantly (24). Mitchel hypothesized that low-dose exposures 

can modify mechanisms associated with genomic instability and consequently alter the 

progression rate of initiated cells becoming fully malignant. The present study provides acute 

biological evidence to support this contention via the observed adaptive response in γH2AX 

formation, 8-OHdG oxidative stress, and apoptosis in mice treated with CT scans.  

It is plausible that weekly low-dose CT X-rays can induce protective mechanisms that are 

associated with efficient DNA repair. When lymphocyte-rich bone marrow cells were challenged 

in vitro with 1 and 2 Gy, reduced γH2AX levels were observed exclusively in CT scanned mice. 

This result is presumably due to less DNA damage-induced genomic instability (Figure 2B). We 

further postulate that repeat CT scans can up-regulate protective antioxidant pathways, and 

thereby lower DNA oxidative stress damage. The reduction in spontaneous levels of 8-OHdG in 

bone marrow cells of CT scanned mice supports this argument (Figure 2C). Persistently high 

levels of oxidative stress can initiate tumorigenesis and accelerate cancer progression (1, 37, 60). 
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Since there was significant reduction in 8-OHdG levels, we propose that low-dose CT scans can 

delay tumorigenesis by limiting excessive oxidative stress damage, and ultimately apoptosis, as 

there would be less damaged cells to eliminate.  Extrapolating these protective CT-induced 

biological responses to the whole animal, it is reasonable to assume that treatments of repeated 

CT scans can confer resistance against late cancer effects of high-dose radiation at the whole-

animal level. 

The overall lifespan in CT scanned mice were significantly extended by nearly two weeks 

following a 4 Gy exposure; however, the main effect was driven by a delay in cancer latency of 

mice with lymphoma (Figure 4A). The median cancer latency of CT scanned mice that were 

diagnosed with lymphoma (233 days) was 30 days greater than non-CT scanned mice with 

lymphoma (203 days) (p<0.05). The increase in cancer latency was only seen for lymphoma, not 

sarcoma or carcinoma malignancies (Figure 4B & 4C). This observation is possibly due to an 

upper-dose threshold for protective effects that is dependent on tissue type. Mitchel et al. found 

that 100 mGy alone was able to significantly extend lymphoma latency but not the latency of 

osteosarcoma, whereas 10 mGy alone was able to extend both cancer subtype latencies (12, 22). 

Thus, it is arguable that the total dose of repeated CT scans (100 mGy) is beyond the protective 

upper dose threshold for sarcoma and carcinoma malignancies. Additionally, the intrinsic late 

development of sarcoma and carcinoma relative to lymphoma may limit the potential of low-

dose radiation to increase their latencies (Figure 4) (24). We hypothesize that mice with early-

onset cancers (e.g. radiation-induced lymphoma) have greater potential to benefit from any 

protective biological modifications induced by repeated CT scans than mice with late-onset 

cancers (e.g. sarcoma and carcinoma). The premise for this hypothesis is that increasing the 
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latency of late-developing cancers is biologically more challenging, as it contends with the 

limitations of the natural lifespan.  

 

CONCLUSION 

We conclude that repeated low-dose CT scans (total dose of 100 mGy) given four weeks after a 

high-dose 4 Gy exposure do not increase risk of secondary malignancy and can reduce cancer 

risk in radiation-challenged cancer-prone Trp53+/- mice. This protective effect is likely associated 

with anti-oncogenic mechanisms associated with DNA repair, antioxidant up-regulation, and 

apoptosis. Assessment of key biological endpoints revealed that mice treated with repeated CT 

scans demonstrated: 1) no observable measures of genomic instability, 2) resistance to 

radiation-induced chromosomal aberrations, 3) persistently low levels of DNA oxidative stress 

damage, and 4) decreased cytotoxicity. Although the CT scans were unable to counteract the 

initiation processes of radiation-induced tumorigenesis, the fractionated low-dose exposures did 

delay the progression of cancer type-specific malignancies. From this study, it is evident that 

fractionated low-dose exposures via CT scans can be an effective post-exposure measure for up-

regulating biological responses that are protective against radiation-induced tumorigenesis.  
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TABLE 1 – Treatment Groups 

���	��

��
�
!�����

����
��	�

�	��4 

Group
a
  Treatment * 

&
�	
� (n=5) No radiation exposure 

��	�&�� (n=5) Weekly CT scans for 10 weeks (starting @ 11/12 w.o.) 

,�54   (n=5) 4 Gy acute exposure (7/8 w.o.) 

,�54�6���	�&�� (n=10) 4 Gy acute exposure (7/8 w.o.) + 10 weekly CT scans (starting @ 11/12 w.o.) 

7���	����

&�����

�	��4�

,�54   (n=203) 4 Gy acute exposure (7/8 w.o.) 

,�54�6���	�&�� (n=198) 4 Gy acute exposure (7/8 w.o.) + 10 weekly CT scans (starting @ 11/12 w.o.) 

* Except for the lifetime study groups, all groups were age-matched at time of respective treatments and at the time  

of tissue collection (22-23 w.o.). Tissue collection (and in vitro irradiations) occurred five days after the last CT scan time 

point. 
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TABLE 2 – Frequency of Malignant Cancers in Trp53+/� Mice Exposed 

Group 
��������������

��������
�
 

Lymphoma Sarcoma Carcinoma 
Others 

Total 

Cancers 

��������������

�

��	�
�  ����!�
� "�#
� �	$��� ����
� �%���
���

&����

������

&����

���
�%���
���

&����
'����
���(

��
�

4 Gy 

'��)�/13(�
/,2�2�*� +.�/2� 32� 21 26 11 .� -� 0� 0� *,�

256 

'*�/2(�

4 Gy + 

Rpt CTs 

'��)�*+-(�

/0-�0�/�

'�)1�1/3(
#
�

-,�/0� ,*� 33 27 9 -� ,� -� *1� *-�
268 

'*�30(�

 

a
 For all-causes of death, no correction required for competing risks. 

b
 Statistically significant relative to the ‘4 Gy’ group. 

c No significant differences in cancer frequencies and proportions were detected between the ‘4 Gy’ and  

the ‘4 Gy + Rpt CTs’ groups (p > 0.05). 
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FIG. 1. Experimental designs for A) acute biological endpoint investigation B) lifetime cancer risk 

investigation. Mice were 7-8 weeks old when exposed to 4 Gy. Mice were 22-23 weeks old when 

blood and bone marrow were collected for biological endpoint analyses. 
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FIG. 2. Acute biological endpoints assessed five days after the last CT scan time point. Control: n=5; Rpt 

CTs: n=5, 4 Gy: n=5; 4 Gy + Rpt CTs: n=10. Results are sample mean values ± SE (sample analysed in 

duplicate); * denotes p<0.05. A) Spontaneous MN-RET frequencies in peripheral blood. B) Mean cellular 

fluorescence of labelled γH2AX in lymphocyte-rich populations of bone marrow cells after in vitro γ-

radiation challenge doses of 0, 1 and 2 Gy. C) Mean cellular fluorescence of labelled 8-OHdG in 

lymphocyte-rich populations of bone marrow cells after in vitro γ-radiation challenge doses of 0, 1 and 2 

Gy. D) Apoptosis (Annexin V+, 7AAD+) levels in CD45+ peripheral blood lymphocytes after in vitro γ-

radiation challenge doses of 0, 1 and 2 Gy. 
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FIG. 3. Comparison of overall survival (all-cause mortality) of mice exposed to either 4 Gy alone 

(n=203) or 4 Gy followed four weeks later by ten weekly 10 mGy CT scans (n=198). 

  

Log rank p = 0.023 
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FIG. 4. Comparisons of cancer type-specific latency in Trp53+/- mice of mice exposed to either 4 

Gy alone (n=203) or 4 Gy followed four weeks later by ten weekly 10 mGy CT scans (n=198). 

Survival probabilities were corrected for competing causes of death. A) Latency of mice 

developing lymphoma. B) Latency of mice developing sarcoma. C) Latency of mice developing 

carcinoma. 
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Log rank p = 0.040 

Log rank p = 0.194 Log rank p = 0.475 
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Chapter	6	

Conclusion 

 

Despite the differences in cell population and mouse models examined, there appears to be a 

common pattern in the data. Acute low-dose exposure elicits transient increases in DNA 

damage, unstable chromosomal aberrations, and apoptosis, while fractionated exposure shows 

evidence of protection against endogenous and radiation-induced damages.  

Low-dose radiation exposure causes oxidative stress via production of reactive oxygen species 

(ROS) from hydrolysis. The elevation in ROS leads to observed increases in DNA damage and 

unstable chromosomal aberrations. Some of the damage is repaired via homologous 

recombination and non-homologous end-joining, while others trigger apoptosis. The enhanced 

apoptosis induced by low-dose CT scans is hypothesized to be a protective mechanism by which 

damaged cells are eliminated from the population. In fact, it is postulated that damaged or pre-

cancerous cells that normally would not undergo apoptosis would be removed, leaving behind a 

robust cell population. With repeated exposure to low-dose radiation, the initial increase in ROS 

is speculated to trigger an up-regulation in antioxidants, thereby protecting cells from both 

endogenous and exogenous oxidative stress damage (i.e. a challenge radiation exposure). This 

resistance to oxidative stress would lead to lower cell damage and lower apoptosis. 

In Trp53+/+ mice, repeated 10 mGy CT scans did not cause genomic instability (MN-RET). The 

repeated exposure significantly reduced spontaneous DNA oxidative stress damage (8-OHdG 

levels) and induced an adaptive response, with respect to DNA DSBs (γH2AX levels). This 
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decrease in genotoxicity was consistent with reduced apoptosis. Similar results were also 

observed in C57BL/6 mice. In cancer-prone Trp53+/- mice, the treatment of repeat CT scans 

following an acute high-dose challenge reduced spontaneous DNA oxidative stress damage (8-

OHdG) that correlated with lower apoptosis. These protective biological outcomes complement 

observed increases in longevity and delayed cancer latency. Interestingly, the lifespan extension 

and delay in cancer latency were also seen following exposure to a single 10 mGy CT scan. This 

implies that the effects of a single low-dose CT scan can induce systemic changes that are long-

lasting. 

The protective effects induced by single and repeated CT scans are not exclusive to ionizing 

radiation exposure. Collaborative work with researchers in kinesiology has shown that exercise 

can induce similar adaptive responses, with respect to genotoxicity and cytotoxicity (Appendix). 

It is hypothesized that both CT scans and exercise employ a common pathway (i.e. oxidative 

stress) in producing the observed effects. 

In conclusion: 

1)� Single CT scans cause transient genotoxicity and cytotoxicity that play a role in 

conferring protective effects seen with repeated CT scans; 

2)� A single CT scan can reduce cancer risk by delaying cancer type-specific latency, which 

translates to an increased lifespan. 

3)� Repeated CT scans can modify the acute biological responses of a prior high-dose 

radiation exposure, and reduce cancer risk by delaying the progression of specific types 

of radiation-induced cancers. 



Ph.D. Thesis - N. Phan; McMaster University – Medical Physics (Radiation Biology) 

 

163 

 

The findings of this research are not congruent with the hypothesis that dose and risk of 

harmful effects increase linearly, at all dose levels. The biological effects and carcinogenic 

investigation of diagnostic CT scans do not substantiate the presumption that low-dose 

radiation exposure from CT scans increase risk. 

 

Further Investigations 

The data generated from the lifetime component of this research is vast. An investigation 

can be conducted to examine the predictive value in correlating signs/symptoms monitored 

throughout life with pathology. This research can help animal care technicians and 

veterinarians better understand the clinical manifestations of disease within mice. For 

research labs conducting animal studies that do not have the resources to conduct 

histopathology work, some of the signs/symptoms can be used as a proxy to diagnose 

disease. The appropriateness of using such a method will need to be evaluated in detail (e.g. 

sensitivity, specificity, positive-predictive value, negative-predictive value, etc). 

The work in this thesis did not examine the cancer risk of repeated CT scans alone (i.e. 

without the prior high-dose exposure). Another study could be conducted to investigate the 

latter or variations of it, such as: 

1)� Give pregnant mice single and repeated CT scans 

a.� measure fecundity in the mothers,  

b.� assess mutations, cancer incidence and latency in the offspring 

c.� challenge offspring with high-dose radiation (adaptive response assessment) 

i.� assess DNA damage and repair responses 

ii.� assess immune functions (T-cell, B-cell, NK cell count/functions) 

iii.� assess cancer risk measures (incidence, latency) 
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2)� Give pregnant mice moderate to high dose radiation (simulate accidental exposures) 

a.� same assessment measures as in 1a) and 1 b) 

b.� give offspring repeated CT scans starting at adolescence 

i.� same assessment measures as in 1c) 

3)� Give male and female mice single and repeated CT scans before breeding 

a.� assess fecundity, and cancer risk in offspring 

b.� same assessment measures as 1c) 

4)� Give old mice repeated CT scans (simulate diagnostic screening at old age) 

a.� same assessment measures as in 1c)  

5)� Use a cancer animal model (or inject cancer stem cells into the mice), and starting giving 

repeated CT scans when the cancer has been diagnosed 

a.� assess cancer latency, progression, and development of secondary malignancies  

 

Study Design 1-2 will allow for the assessment of biological outcomes and cancer risk associated 

with pregnancy and CT exposure. Trans-generational carcinogenetic effects can also be 

examined. 

Study Design 3 will allow for the assessment of diagnostic radiation risk to fecundity and sex cells 

/organs. 

Study Design 4 will allow for the cancer risk assessment of repeated CT exposure for the elderly 

populations (e.g. should there be concern of cancer from repeated CT scans for people over 50?) 

Study Design 5 will determine if repeated CT scans will slow or accelerate cancer development in 

mice already diagnosed with cancer. Also, the risk of secondary malignancies from repeated CT 

scans can be assessed. This study design is different from the “4 Gy + Rpt CT” study in this thesis 

because the status of the cancer is known at the time of CT exposure. In the “4 Gy + Rpt CT” 

study, mice did not show evidence of cancer at the time of the repeated CT scan treatments.   
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Exercise-induced protection of bone marrow cells

following exposure to radiation

Michael De Lisio, Nghi Phan, Douglas R. Boreham, and Gianni Parise

Abstract: The hormetic effects of exercise training have previously been shown to enhance cellular protection against oxi-

dative stress. Therefore, adaptations to exercise training may attenuate the harmful effects of radiation induced by oxida-

tive stress. Flow cytometric analysis of genotoxicity (gH2AX foci and micronucleated reticulocytes (MN-RET)) and

cytotoxicity (apoptosis and percentage of reticulocytes) were conducted on bone marrow cells isolated from acutely exer-

cised (Acute EX), exercise-trained (EX), and sedentary (SED) mice following 1 and 2 Gy radiation challenges in vitro.

Acute EX increased the percentage of cells with activated caspase-3 and -7 (32%, p < 0.001) and gH2AX foci formation

in response to 2 Gy radiation challenge (10%, p < 0.05). Exercise training significantly attenuated gH2AX foci formation

and MN-RET production in response to 1 Gy radiation challenge (18%, p < 0.05 and 22%, p < 0.05, respectively). Exer-

cise training also significantly reduced basal percentages of cells with activated caspase-3 and -7 and in response to radia-

tion in bone marrow cells (11%, p < 0.05). These results suggest that oxidative stress caused by acute exercise induces an

adaptive response responsible for the radioprotective effects of exercise training.

Key words: exercise, high-dose radiation, radiation protection, DNA damage, apoptosis, micronucleated reticulocyte,

oxidative stress.

Résumé : D’après des études antérieures, les actions hormétiques de l’entraı̂nement physique améliorent la protection cel-

lulaire contre le stress oxydatif. Par conséquent, les adaptations à l’entraı̂nement physique devraient atténuer les effets né-

fastes des radiations suscitées par le stress oxydatif. On analyse la génotoxicité (foci gH2AX et réticulocytes micronucléés

(MN-RET)) et la cytotoxicité (apoptose et pourcentage des réticulocytes) des cellules de la moelle osseuse isolées chez

des souris après une séance d’exercice (Acute EX), après un programme d’entraı̂nement physique (EX) et chez des séden-

taires (SED) soumis à des radiations de 1 Gy et 2 Gy in vitro. En réponse à une radiation de 2 Gy, les souris Acute EX

présentent un plus fort pourcentage de cellules avec caspase-3 et -7 activée (32 %, p < 0,001) et incluant la formation de

foci gH2AX (10 %, p < 0,05). L’entraı̂nement physique atténue significativement la formation de foci gH2AX et la pro-

duction de MN-RET en réponse à une radiation de 1 Gy (18 %, p < 0,05 et 22 %, p < 0,05, respectivement). En réponse à

la radiation des cellules de la moelle osseuse et à l’entraı̂nement physique, on observe aussi une diminution significative

du niveau de base des cellules avec caspase-3 et -7 activée (11 %, p < 0,05). D’après ces observations, le stress oxydatif

causé par une séance d’exercice enclenche une réponse adaptative suscitant ainsi les effets radioprotecteurs de l’entraı̂-

nement physique.

Mots-clés : exercice, radiation à fortes doses, radioprotection, lésion de l’ADN, apoptose, réticulocyte micronucléé,

stress oxydatif.

[Traduit par la Rédaction]

Introduction

Exposure of living organisms to ionizing radiation from

cosmic and terrestrial sources is a natural occurrence; how-
ever, exposure from manmade sources is becoming increas-
ingly common. The use of medical diagnostic imaging
procedures in the past 25 years has increased dramatically
(Mettler et al. 2008) and is expected to increase in the future
with advances in new and combined modalities (Brenner

2010). There is growing interest to better understand the
biological effects of these medical exposures and to develop
strategies to mitigate any resulting harmful effects produced
in patients (Brenner 2010). Therefore, it would be extremely
valuable to develop radioprotective strategies that can de-
crease the potentially harmful consequences of high-dose
overexposure in normal tissues following radiation therapy
(early and late effects) and also reduce potential damage
caused by too many diagnostic exposures.
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The damaging effects of low linear energy transfer radia-
tion are primarily the result of oxidative stress caused by the
production of reactive oxygen species from the radiolysis of
water molecules (Prasad 1995). Enhanced production of re-
active oxygen species, resulting in cellular oxidative stress,
is associated with damage to proteins, lipids, and DNA. The
accumulation of cellular damage can lead to dysfunction and
has been linked to a myriad of diseases such as diabetes,
cardiovascular disease and neurological disorders (Valko et
al. 2007), as well as ageing (Harman 1956), and cancer
(Marnett 2000). Therefore, identifying and developing radio-
protectants could help in the management and protection of
organisms from a host of diseases.

Many studies have focused on pharmacological agents
(Devipriya et al. 2008) or nutritional supplements (Lemon
et al. 2008a) as radioprotective interventions that enhance
the cell’s natural defense mechanisms with exogenous sour-
ces of free radical scavengers. A related area of research
capitalizes on the hormetic properties of low doses of radia-
tion to stimulate endogenous protective mechanisms (Wolff
1996; Feinendegen et al. 2007). The theory of hormesis has
also been applied to exercise training (Calabrese and Nie-
man 1996; Radak et al. 2005, 2008; Ji et al. 2006). Like
low doses of radiation, acute exercise causes cellular oxida-
tive stress (Davies et al. 1982) and has been shown to cause
apoptosis in lymphocytes (Hoffman-Goetz and Quadrilatero
2003; Mooren et al. 2004; Quadrilatero and Hoffman-Goetz
2004, 2005) and DNA damage (Hartmann et al. 1998; Tsai
et al. 2001). In response to the oxidative stress induced by
individual exercise bouts in a training program, cellular
adaptations such as increased antioxidant activity (Venditti
and Di Meo 1996; Avula and Fernandes 1999; Radak et al.
2005), DNA repair capacity (Radak et al. 2002, 2005), and
decreased oxidative damage (Venditti and Di Meo 1996; Ra-
dak et al. 2002) have been observed. Traditionally, these
adaptations have been associated with protection from oxi-
dative stress in skeletal muscle (Alessio and Goldfarb 1988;
Laughlin et al. 1990; Oh-ishi et al. 1997; Smolka et al.
2000); however, the beneficial effects of exercise have also
been reported in tissues other than muscle, such as liver
(Somani and Husain 1996; Venditti and Di Meo 1996; Na-
kamoto et al. 2007), brain (Somani and Husain 1996; Devi
and Kiran 2004), lung (Somani and Husain 1996), and blood
(Calabrese and Nieman 1996; Connolly et al. 2004; Büttner
et al. 2007). In particular, trained individuals are resistant to
DNA damage (Umegaki et al. 1998) and apoptosis (Avula et
al. 2001; Peters et al. 2006) in peripheral lymphocytes when
exposed to an oxidative challenge. Although the effects of
exercise in mature, circulating blood cells have been exam-
ined, a paucity of data exist regarding immature blood pro-
genitors residing in the bone marrow.

Given the wide-ranging tissue types that adapt to exercise,
and the ability of exercise to enhance protection against oxi-
dative stress, we hypothesized that exercise training would
be protective against an oxidative challenge caused by a
high-dose radiation challenge exposure. We focused on
bone marrow cells, since they are highly sensitive to radia-
tion such that failure of the hematopoietic system following
high-dose radiation exposure is a primary cause of radiation
lethality (Dainiak et al. 2003). Furthermore, direct study of
cells from the bone marrow compartment has never been

performed in the context of exercise training and modulation
of radiation response.

Materials and methods

Animals

Adult male C57Bl/6 mice (Jackson Laboratory, Bar
Harbor, Maine), aged 16 weeks (at the beginning of train-
ing), were used for the exercise training experiments,
while 25-week-old male C57Bl/6 mice were used for the
acute exercise experiments. No more than 5 mice were
housed per cage (27 cm � 12 cm � 15.5 cm) and were
provided food and water ad libitum. Mice were maintained
on a 12 h light / 12 h dark cycle at 22 ± 2 8C. Ethics ap-
proval was granted by the McMaster University (Ham-
ilton, Ont.) Animal Research Ethics Board, and
experiments conformed to the guidelines of the Canadian
Council on Animal Care.

Exercise training protocol

Mice were exercised trained (EX, n = 10) on a motorized
treadmill (Exer 6M Treadmill, Columbus Instruments Inc.,
Columbus, Ohio) 3 days per week (Monday, Wednesday,
Friday) for 10 weeks. The mice were allowed to acclimatize
to the treadmill for the first 3 weeks with the following
training protocol: warm-up at 8 m�min–1 for 10 min; training
at 10 m�min–1 for 25 min (week 1), 35 min (week 2), and
45 min (week 3); cool-down at 8 m�min–1 for 5 min. For
the remaining 7 weeks, mice were subjected to a progressive
exercise protocol with the training portion of the protocol
beginning at 12 m�min–1 for 45 min (week 4) and increasing
to 20 m�min–1 for 45 min. The training portion of the proto-
col was always preceded by a 10 min warm-up at 10 m�min–1

and followed by a 5 min cool-down at 10 m�min–1. We have
previously shown that this exercise training protocol suc-
cessfully increases antioxidant enzyme activities in mouse
skeletal muscle (De Lisio et al., in press), and a similar
training protocol has been shown to increase both antioxi-
dant enzyme (Avula and Fernandes 1999) and base excision
repair enzyme activities (Radak et al. 2007). Mice were en-
couraged to run using mild electric shock or hind limb stim-
ulation with the bristles of a paint brush. Sedentary mice
(SED) were handled in the same manner as exercise-trained
mice but were not exposed to treadmill running. Mice from
the SED group in the present study were also included in the
control group for a study by Phan et al. (in review).

Acute exercise protocol

Prior to exercise, all mice were placed on the treadmill
for 5 min at a speed of 8 m�min–1 to acclimatize them to
treadmill stress. Four mice were randomly removed from
the treadmill and served as unexercised controls (CON),
while 4 mice remained on the treadmill and completed the
acute exercise protocol (Acute Ex). Mice began running at
8 m�min–1, and treadmill speed was increased by 2 m�min–1

every 10 min until the mice reached a speed of 16 m�min–1.
Mice then exercised at 16 m�min–1 for 30 min, then
18 m�min–1 for 20 min; therefore, the total time of the acute
exercise protocol was 90 min. The nonexercised control
mice (CON) were also used by Phan et al. (in review).
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Radiation challenge

In vivo challenge

The in vivo radiation challenge took place 3 days follow-
ing the final exercise bout in the 10-week training protocol
and has been described previously (Lemon et al. 2008a; De
Lisio et al., in press). Briefly, a subset of mice from each
group (SED and EX) were irradiated with a Cs-137 g ray
source and received a whole-body dose of 1.116 Gy (ap-
proximately 1 Gy) at a dose rate of 0.279 Gy�min–1. During
irradiation, mice were placed in a polycarbonate tube and re-
turned to their cage once the irradiation was completed. The
remaining mice in each group were placed in the polycar-
bonate tubes for an equal amount of time to simulate the
stress of the radiation challenge.

In vitro challenge

Five days following the final exercise bout of the 10-week
training protocol, bone marrow was harvested from mice in
each group that did not receive the in vivo high-dose radia-
tion challenge and divided into 3 separate samples. Separate
bone marrow aliquots from each mouse were exposed to
0 Gy (unchallenged), 0.969 Gy (~1 Gy) at a dose rate of
0.171 Gy�min–1, and 1.938 Gy (~2 Gy) at a dose rate of
0.171 Gy�min–1 irradiations. Irradiations were administered
with a Cs-137 g ray source. Bone marrow from acutely ex-
ercised mice and their controls was harvested, divided, and
irradiated in the same fashion 6 h following the acute exer-
cise bout.

Sample collection and cell preparation

Mice were briefly anaesthetized with isoflurane, and
blood was collected by cardiac puncture. Mice were then eu-
thanized via cervical dislocation. Both femurs were dis-
sected of muscle and fat, excised, and flushed with 1 mL of
heparinized RPMI 1640 to remove the bone marrow. The
cell suspension was disaggregated with a 23-gauge needle
and placed on a water–ice slurry until the cells were
counted. Cells were counted using the Z2 Coulter particle
count and size analyzer (Beckman Coulter, Miami, Fla.),
and the concentration was adjusted to 1 � 106 cells�mL–1

with ice-cold supplemented RPMI 1640 (10% fetal bovine
serum (VWR International, Mississauga, Ont.), 2.5%
HEPES, 1% penicillin–streptomycin, 1% L-glutamine). Cell
suspensions were placed in a 37 8C water bath for the dura-
tion of the incubation.

gH2AX

The protocol for determination of gH2AX foci by flow
cytometry has been previously described in detail (Lemon
et al. 2008a). Briefly, following incubation for 30 min at
37 8C, a 500 mL aliquot of each bone marrow cell suspen-
sion was fixed in 70% ethanol for 60 min, then stored
at –20 8C for future use. Cells were fixed 30 min following
radiation exposure, as this time has previously been shown
to correspond to the peak of gH2AX levels postradiation
(Lemon et al. 2008a). Cells were washed in Tris-buffered
saline (TBS; Trizma base plus NaCl, pH 7.4; Sigma–
Aldrich, Mississauga, Ont.) then permeabilized with ice-

cold Tris-buffered saline–Triton (TBST; 4% fetal bovine se-
rum, 0.1% Triton X-100 (Sigma–Aldrich)) for 10 min. Cells
were stained with anti-phospho-gH2AX (ser139) primary
antibody (1:400, Upstate Cell Signaling, Charlottesville,
Va.) for 2 h at room temperature. After washing, cells were
incubated with AlexFluor 488 goat anti-rabbit IgG F(ab’)2
(1:500, Invitrogen Canada, Burlington, Ont.) secondary anti-
body for 1 h at room temperature in the dark. After washing,
cells were resuspended in propidium iodide (PI; 1:60,
Sigma–Aldrich) and run immediately on the Epics XL flow
cytometer (Beckman Coulter, Mississauga, Ont.). Analysis
was based on 5 � 103 cells from the low forward and side-
scatter population, which is enriched for lymphocytes at all
stages of development (Salzman et al. 1975; Hoffman et al.
1980; Terstappen et al. 1988, 1989). Each sample was ana-
lyzed in duplicate.

Apoptosis

The carboxyfluorescein FLICA caspase-3- and -7 apopto-
sis detection kit assay (Immunochemistry Technologies,
Bloomington, Ind.) was used according to the manufac-
turer’s instructions. Briefly, 10 mL of 30� FLICA solution
was added to 300 mL aliquots of bone marrow suspension
at a concentration of 1 � 106 cells�mL–1 and incubated for
6 h in a 37 8C, 5% CO2 incubator. Aliquots were gently re-
suspended every 60 min. Cells were washed twice with 1�
wash buffer (supplied) and resuspended in 400 mL of a sol-
ution of 0.5% 7AAD (Beckman Coulter) in wash buffer for
the training study or 400 mL wash buffer for the acute study.
Cells were put on ice and immediately run on the Epics XL
flow cytometer. Percentages were determined from analysis
of 2.5 � 104 cells. The gating strategy employed for the
training study is shown in supplemental Fig. S22. Briefly,
the first gate (Fig. S2A2) was set to exclude all doublets
with high forward and side scatter. Next, the percentage of
cells expressing activated caspase-3 and -7 and either posi-
tive or negative for 7AAD was determined (Fig. S2B2). To-
tal caspase-3 and -7 positive cells represent the combination
of caspase-3 and -7 plus 7AAD+ and caspase-3 and -7 plus
7AAD–. The same gating strategy was performed in the
acute experiments, except that 7AAD was not used. Levels
of apoptosis were determined 8 h following radiation expo-
sure. This length of incubation may contribute to the rela-
tively high spontaneous (nonradiation-induced) levels of
apoptosis reported in the present study and previously by
our group (Lemon et al. 2008b); however, this period of in-
cubation has previously been shown to correspond to peak
levels of apoptosis postradiation (Lemon et al. 2008b).

Micronucleated and percentage of reticulocytes

The percentage of reticulocytes and the percentage of
micronucleated reticulocytes (MN-RET) were determined
using the method of Dertinger et al. (2007) using the Micro-
Flow PLUS kit (Litron Laboratories, Rochester, N.Y.). Der-
tinger et al. have previously shown MN-RET levels to be at
their highest 43 h following 1–2 Gy radiation (Dertinger et
al. 2007). Therefore, this assay was not performed in acutely
exercised mice. Once collected, blood was immediately
mixed with 350 mL of solution B (anticoagulant supplied

2 Supplementary data for this article are available on the journal Web site (http://apnm.nrc.ca).
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with kit), fixed in methanol (supplied), and stored at –80 8C
for a minimum of 24 h. Samples were washed in ice-cold
buffer (supplied) and incubated in 80 mL of an antibody
cocktail containing RNase, FITC-conjugated CD71, and
PE-conjugated CD61 on ice for 30 min, followed by 30 min
at room temperature. Samples were treated with 1 mL of PI
staining solution (supplied) just prior to running samples on
the Epics XL flow cytometer. Cells that were double posi-
tive for CD71 and PI represented MN-RET, and cells that
were CD71 positive only represent reticulocytes and were
expressed as a percentage of total cells analyzed. CD61 was
used as a platelet marker to differentiate between reticulo-
cytes and platelets, as per manufacturer’s instructions
(Fig. S3)2. The percentage of reticulocytes was determined
from analysis of 2 � 105 red blood cells, and the percentage
of MN-RET was determined from analysis of 2 � 104 retic-
ulocytes. All samples were analyzed at least in duplicate
43 h following radiation exposure. Certain samples were ex-
cluded from analysis because of technical problems with
sample fixation causing scatter patterns in which the popula-
tion of interest could not be reliably determined.

Statistics

Data were analyzed using the commercially available
SigmaStat 3.1 software. Data are presented as means ± SE,
with p £ 0.05 considered significant. gH2AX and apoptosis
data were analyzed using a 2-factor ANOVA with Tukey’s
post hoc test. Student’s t tests were used to determine be-
tween-group differences in the absolute change in gH2AX,
reticulocyte data, and acute H2AX data.

Results

gH2AX Foci

Cells expressing phosphorylated gH2AX foci, a surrogate
marker of DNA damage, were detected by flow cytometry
(Lemon et al. 2008a) (Fig. S12). Acute exhaustive exercise
did not increase basal levels of gH2AX in the lymphocyte-
enriched population of bone marrow. In vitro radiation of 1
and 2 Gy increased gH2AX foci formation in both acutely
exercised and nonexercised control mice (p < 0.001 for
both doses). Acutely exercised mice had significantly higher
gH2AX foci formation in response to 2 Gy in vitro radiation
compared with nonexercised controls (10%, p < 0.05,
Fig. 1A). Exercise training did not increase basal levels of
gH2AX foci, and gH2AX foci were significantly increased
in both exercise-trained and sedentary mice exposed to 1
and 2 Gy radiation in vitro (p < 0.001, Fig. 1B). Exercise
training attenuated the increase from basal levels in mice ex-
posed to 1 Gy radiation in vitro (18%, p < 0.05, Fig. 1C),
but the protective effect was abolished by the 2 Gy dose.

Apoptosis

Cells containing activated caspase-3 and -7, with or with-
out 7AAD positivity, were identified by flow cytometry
(Fig. S22). The percentage of total caspase-3 and -7 bone
marrow cells was significantly greater in acutely exercised
mice compared withthat in nonexercised controls (32%, p <
0.001, Fig. 2A). The percentage of total caspase-3 and -7
tended to increase with radiation dose (p = 0.052, Fig. 2A).
The percentage of total caspase-3 and -7 bone marrow cells

was significantly decreased in exercised-trained compared
with that in sedentary mice (11%, p < 0.05, Fig. 2B). The
percentage of total caspase-3 and -7 cells was significantly
elevated from basal levels by each radiation dose in both
sedentary and exercise-trained mice (1 Gy: 18%, p < 0.05;
2 Gy: 27%, p < 0.001, Fig. 2B). The percentage of cells

Fig. 1. gH2AX foci in a lymphocyte-enriched population of bone

marrow cells from acutely exercised (Acute EX: 0 and 1 Gy, n = 4;

2 Gy, n = 3) and nonexercised controls (CON, n = 4) whose mar-

row was exposed to 0, 1, or 2 Gy radiation in vitro (A). gH2AX

foci in a lymphocyte-enriched population of bone marrow cells

from sedentary (SED, n = 5) vs. exercise-trained (EX, n = 5) mice

whose marrow was exposed to 0, 1, or 2 Gy radiation in vitro (B).

Increase in gH2AX foci in a lymphocyte-enriched population of

bone marrow cells from exercise-trained (EX, n = 5) and sedentary

(SED, n = 5) mice (C). Basal (0 Gy) values were subtracted to de-

termine the absolute change in mean fluorescent intensity (MFI)

caused by radiation. Values represent means ± SE expressed as

MFI. *, p < 0.001 vs. 0 Gy; {, p < 0.001 vs. 1 Gy; {, p < 0.05 vs.

CON and SED.
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expressing activated caspase-3 and -7 and negative for the
DNA dye 7AAD were significantly elevated in sedentary
mice compared with that in exercise-trained mice (24%, p <
0.05, Fig. 2C). The percentage of cells expressing activated
caspase-3 and -7 and 7AAD were not different between sed-
entary and exercise-trained mice; however, the percentage of
cells positive for both markers was elevated with 2 Gy of
radiation relative to that of nonirradiated samples (0 Gy;
48%, p < 0.001, Fig. 2D).

Micronucleated reticulocytes

Reticulocytes were identified with an anti-CD71 antibody
and analyzed using flow cytometry (Fig. S32) (Dertinger et
al. 2007). The percentage of reticulocytes did not differ
between the exercise-trained mice and sedentary animals ba-
sally or in response to 1 Gy radiation (Fig. 3A). The basal
percentage of MN-RET did not differ between exercise-
trained and sedentary mice; however, in response to 1 Gy
radiation, exercise-trained mice had significantly fewer
MN-RET than sedentary mice (22%, p < 0.05, Fig. 3B).

Discussion

To our knowledge, the present report represents the first
investigation into the effects of acute exercise and exercise
training in the bone marrow compartment. Results from the
present investigation suggest that exercise induces acute ox-
idative stress in bone marrow cells, resulting in adaptations
that confer protection against future oxidative challenges.
Acute exercise sensitizes bone marrow cells to oxidative
stress, resulting in increased DNA damage in response to a
radiation challenge and elevation in the percentage of cells
expressing activated caspase-3 and -7. These perturbations
in redox homeostasis from acute exercise result in an adap-
tive response to training either through increased apoptosis
of susceptible cells or an up-regulation of protective mecha-
nisms. These adaptations following training were manifested
as an attenuation of DNA damage, MN-RET formation, and
reduced apoptosis in response to high challenge doses of ra-
diation.

Each acute exercise bout in a progressive exercise training

Fig. 2. The percentage of bone marrow cells with activated caspase-3 and -7 from acutely exercised (Acute EX, n = 4) and nonexercised

controls (CON, n = 4) whose marrow was exposed to 0, 1, or 2 Gy radiation in vitro (A). The percentage of bone marrow cells with acti-

vated caspase-3 and -7 from exercise-trained (EX, n = 5) and sedentary (SED, n = 5) mice whose marrow was exposed to 0, 1, or 2 Gy

radiation in vitro (B). The percentage of bone marrow cells with activated caspase-3 and -7 that did not stain positively for 7AAD from

exercise-trained (EX, n = 5) and sedentary (SED, n = 5) mice whose marrow was exposed to 0, 1, or 2 Gy radiation in vitro (C). The

percentage of bone marrow cells with activated caspase-3 and -7 that stained positively for 7AAD from exercise-trained (EX, n = 5) and

sedentary (SED, n = 5) mice whose marrow was exposed to 0, 1, or 2 Gy radiation in vitro (D). Values are expressed as percentage of total

cells analyzed and presented as means ± SE. *, p < 0.05 vs. 0 Gy; {, p < 0.05 vs. CON and SED.
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program induces oxidative stress (Venditti and Di Meo
1996) that may result in DNA damage. DNA double-strand
breaks are considered the most detrimental form of DNA
damage, because the potential loss of genetic information
and lack of repair or disrepair can lead to cell death or ge-
netic damage. In the present investigation, basal levels of
DNA double-strand breaks, as determined by gH2AX phos-
phorylation, were not different between acutely exercised
and nonexercised control mice 6 h following exercise. We
can conclude, however, that acute exercise sensitizes the
bone marrow compartment to radiation, as levels of gH2AX
foci were significantly elevated in acutely exercised mice in
response to 2 Gy of radiation. These data are in agreement
with the data of Umegaki and colleagues, who demonstrated
increased DNA damage in peripheral lymphocytes chal-
lenged with 1.5 Gy of X-rays following an acute exercise
bout (Umegaki et al. 1998). Together, these data suggest
that acute, exhaustive exercise sensitizes lymphocytes and
lymphocyte progenitors to oxidative stress. This sensitiza-
tion, however, does not cause DNA damage to accumulate
over the training period, as basal levels of DNA damage
were unchanged between trained and sedentary mice. This
agrees with previous studies indicating that the oxidative

stress caused by each exercise bout in a training program
does not result in increased oxidative damage to DNA with
training (Radak et al. 2002, 2007). Rather, the stress induced
by exercise training resulted in protective adaptations such
that, following exposure to 1 Gy radiation, the increase in
DNA damage from baseline levels was attenuated in exer-
cise-trained mice as compared with sedentary mice. These
data are in accordance with previous studies demonstrating
unchanged levels of DNA damage in peripheral lympho-
cytes from trained subjects following an acute oxidative
stress in the form of 1.5 Gy of X-rays (Umegaki et al.
1998) or an acute exercise bout (Peters et al. 2006). Taken
together, our data suggest that acute exercise sensitizes the
bone marrow compartment to oxidative challenges, such as
a high dose of radiation. With training, these repeated acute
exercise bouts cause an adaptive response that confers pro-
tection against future oxidative challenges.

Apoptosis is the primary means of death in hematopoietic
cells exposed to high-dose radiation exposure (Lemon et al.
2008b). In the present investigation, acute exercise signifi-
cantly increased the percentage of cells with activated
caspase-3 and -7 in bone marrow cells, an indication that
the cellular apoptotic process had been initiated. Conversely,
exercise training significantly decreased the percentage of
bone marrow cells with activated caspase-3 and -7. The
training effects were due primarily to the decrease in cells
undergoing the early stages of apoptosis defined as cells
positive for active caspase-3 and -7 but not positive for
7AAD. Caspase-3 and -7 activation indicates that the apop-
totic machinery within the cell has been activated; however,
membrane permeabilization has not occurred, as 7AAD has
not yet entered the cells. These results are in agreement with
previous data suggesting that peak levels of apoptosis are
first seen 8 h following an acute dose of radiation (Lemon
et al. 2008b). Previous studies have also shown increased
apoptosis in lymphocytes derived from the intestines
(Hoffman-Goetz and Quadrilatero 2003) and peripheral
blood (Mooren et al. 2004) from untrained or poorly trained
mice and humans, respectively. In further agreement with
the present findings, however, peripheral lymphocytes from
well-trained individuals are protected from an apoptotic re-
sponse following acute oxidative stress (Mooren et al. 2004;
Peters et al. 2006). These data mirror our DNA damage re-
sults, in that acute exercise induced oxidative stress to bone
marrow lymphocytes, and support our hypothesis that oxida-
tive stress induced by acute exercise is responsible for an
adaptive response that increases protection against future ox-
idative stress. Indeed, previous studies have reported in-
creased gene expression of the anti-apoptotic genes BCL2A,
Casp8, and FADD-like apoptosis regulator (CFLAR) follow-
ing exercise in mature white blood cells (Büttner et al.
2007). Results from the present study suggest that similar
adaptations may be occurring in more primitive cells of the
hematopoietic hierarchy. Furthermore, these data suggest
that a possible mechanism for the protective effects of exer-
cise training may be the enhanced removal of highly suscep-
tible cells and retention of cells with more robust defenses.

Quantification of reticulocytes and micronucleated reticu-
locytes (MN-RET) following a high-dose radiation exposure
are established measures of cytotoxicity and genotoxicity,
respectively (Dertinger et al. 2007). The percentage of

Fig. 3. The percentage of reticulocytes from sedentary (SED) and

exercise-trained (EX) mice basally (0 Gy, SED n = 5, EX n = 3)

and in response to 1 Gy, whole-body, in vivo radiation (1 Gy, SED

n = 3, EX n = 3) (A). The percentage of micronucleated reticulo-

cytes (MN-RET) from sedentary (SED) and exercise-trained (EX)

mice basally (0 Gy, SED n = 5, EX n = 3) and in response to 1 Gy,

whole-body, in vivo radiation (1 Gy, SED n = 3, EX n = 3) (B).

Values are expressed as the percentage of total cells analyzed and

are presented as means ± SE. *, p < 0.05 vs. SED.
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reticulocytes remains unchanged in athletes (Banfi and Del
Fabbro 2007), a finding that is in agreement with data from
the present study showing no effects of exercise training on
reticulocyte number. Additionally, basal levels of MN-RET
were not different between sedentary and exercise-trained
mice. These data, along with results from our gH2AX ex-
periments, support the notion that training does not cause
DNA damage in cells from the bone marrow compartment.
Conversely, exercise training conferred protection to reticu-
locytes, as was demonstrated by a significant reduction
(22% relative to SED) in the percentage of MN-RET follow-
ing 1 Gy of in vivo radiation. These data agree with the re-
sults of Umegaki and colleagues (1998), who demonstrated
an increase in MN-RET formation in peripheral lympho-
cytes from untrained subjects exposed to 1.5 Gy of X-rays,
while peripheral lymphocytes from trained subjects showed
no such increase. Although the 22% reduction in MN-RET
relative to that in sedentary mice represents a difference of
<1% in absolute terms, we believe that the biological rele-
vance of this difference is signficant. DNA damage and pro-
liferation and differentiation of cells containing DNA
damage are critical steps in cancer initiation and progres-
sion. This type of transformation in a single cell could lead
to cancer development. Therefore, an absolute difference
<1%, which represents thousands of cells, is very significant
biologically, as it would translate into a large decrease in the
risk of cancer development. Together, these data suggest
that exercise training, either through enhanced apoptosis of
damaged cells or enhanced protection against oxidative
damage, induce protective adaptations against the cytotoxic
and genotoxic effects of high-dose radiation exposure.

Overall, the ability of cells to adapt and become resistant
to high-dose radiation through exercise training could be a
potentially useful strategy to protect people from the detri-
mental effects of radiation. This could have applications in
radiation therapy for protecting normal tissues, including
bone marrow, during therapy, and also reducing the risks
from diagnostic overexposure or overuse.
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