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CHAPTER 1: Introduction  

The bystander effect 

Every individual is constantly exposed to radiation either from natural sources 

such as cosmic rays and radioactivity in the ground, or from radiation used in 

therapeutic and diagnostic purposes. Radiation induced damage is not limited to the 

cells directly exposed to radiation but also includes bystander cells. The bystander 

effect is a phenomenon by which unexposed cells show cellular responses similar to 

nearby, directly exposed, cells. For ionizing radiation, cells that are directly irradiated 

and the surrounding bystander cells that are not directly irradiated both show a 

response to radiation by activating existing signaling pathways (Maguire et al., 2005, 

Mothersill & Seymour, 2003). The bystander effect was recently shown to be caused by 

chemicals such as the DNA cross-linker agent mitomycin C and the radiomimetic 

compound phleomycin in addition to ionizing radiation (Asur et al., 2009b). Cells directly 

exposed to ionizing radiation or chemicals, and those exposed to media from treated 

cells, show involvement of MAPK pathways (Asur et al., 2009a, Dent et al., 2003). The 

other stress factors that lead to bystander responses include ultraviolet light (Banerjee 

et al., 2005) and photodynamic stress (Chakraborty et al., 2009).  

The bystander phenomenon has been of interest for many years. In 1954, 

children receiving radiation to the spleen for chronic granulocytic leukemia showed 

damage to the bone marrow in the sternum (Parsons et al., 1954). The plasma from 

patients subjected to therapeutic X-rays led to chromosomal damage in lymphocytes 

held in short term cultures (Hollowell & Littlefield, 1968). Non-pelvic irradiation 

administered to mothers up to 8 months before becoming pregnant resulted in unstable 
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chromosome aberrations in lymphocytes of human babies and baby rabbits (Goyanes-

Villaescusa, 1971). 

As a result of radiation exposure, soluble transmissible clastogenic factors are 

either secreted or excreted by cellular elements and these may affect nearby 

unirradiated cells (Faguet et al., 1984). A long-lived gap junction-mediated bystander 

effect is observed in human diploid fibroblasts and TP53 is found to be involved in 

signal transduction (Azzam et al., 1998, Azzam et al., 2000). Thus the bystander effect 

is mediated by both soluble transmissible factors that are secreted by irradiated cells 

and by gap junction-mediated intercellular communication. The clastogenic bystander 

factors may persist for several years (Pant & Kamada, 1977). At least some of these 

factors have a low molecular weight and their production involves lipid peroxidation and 

oxidative stress pathways (Emerit, 1994). The bystander factors are heat-labile but are 

stable when frozen and do not require cell-to-cell contact to induce their effects in 

recipient cells (Mothersill & Seymour, 1998).  

The bystander effect involves two distinct processes, namely the production of 

bystander signals and the response to those signals (Mothersill et al., 2000, Mothersill 

et al., 2001). The response to bystander signals is dependent on the phenotype of the 

unexposed cells and the magnitude of the bystander effect is dependent on the 

irradiated cells (Vines et al., 2008). The DNA repair phenotype of the cells responding to 

bystander signals plays an important role in the overall response (Kashino et al., 2004, 

Kashino et al., 2007). These findings suggest that the generation of bystander signals 

and the response to these signals are two individual processes and are cell line 

dependent (Mothersill et al., 2000). 
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Importance of the bystander effect 

The bystander effect may be of practical importance in two major fields of 

radiation science, namely risk assessment and radiotherapy (Mothersill & Seymour, 

2001). In vivo non-targeted effects are serious problems implicated in radiation-induced 

carcinogenesis (Sugahara & Watanabe, 1994). Organs or individuals exposed to low 

doses of radiation, either due to environmental exposure or to radiation from therapy or 

diagnostic tests, are at risk of bystander effects. The existence of radiation-induced 

bystander effects means that we do not fully understand the association between the 

number of cells exposed to radiation and the number of cells that are actually at risk and 

show the effects of damage, such as point mutations, chromosome aberrations or 

apoptosis. Bystander cells are at risk of delayed effects of damage such as genomic 

instability, a feature usually associated with cancer (Mothersill & Seymour, 2001). Thus, 

not only the directly irradiated cells but also the unexposed bystander cells are at risk 

for radiation damage. The assessment of the radiation-induced effects should, 

therefore, take into account both the direct and the bystander effects. Such a change in 

risk assessment would facilitate the integration of protection against environmental 

exposures with radiation treatment, and will help develop new strategies for protecting 

the public from exposure to cancer-causing agents (Mothersill & Seymour, 2004).  

Mitochondria and mitochondrial diseases 

Mitochondria produce ATP as the energy source for cells. ATP is produced by 

the oxidative phosphorylation that occurs in the mitochondrial inner membrane. 

Mitochondria are prokaryotic in origin (Andersson et al., 2003) and have their own 

genome with a modified genetic code. The similarities between bacterial respiration and 
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mitochondrial functions, together with phylogenetic studies based on mitochondrial 

proteins, suggest that mitochondria are derived from an ancestral endosymbiont 

(Andersson et al., 2003, Cavalier-Smith, 2006). The mammalian mitochondrial genome 

is a double stranded, covalently closed circular molecule that is composed almost 

entirely of coding regions. It has some overlapping genes that increase the potential of 

point mutations or deletions to have dramatic phenotypic effects (Bykhovskaya et al., 

2004, Rufa et al., 2005). The mitochondrial DNA (mtDNA) is located close to the inner 

mitochondrial membrane (Fiskum et al., 1999) and is therefore expected to be highly 

susceptible to reactive oxygen species that cause mutations. The lack of a histone coat 

on the mtDNA and the limited proofreading ability of the mitochondrial DNA polymerase 

make mtDNA more susceptible to damage compared to nuclear DNA (Alexeyev et al., 

2004).  

There are tens to hundreds of mitochondria in most mammalian cells, each 

containing approximately two to ten copies of the mitochondrial genome (Morel et al., 

1999). The human mitochondrial genome has two rRNA genes, twenty two tRNA genes, 

and thirteen protein-coding genes that form subunits of the enzyme complexes that are 

involved in the oxidative phosphorylation (OXPHOS) pathway. Both nuclear and 

mitochondrial gene products are involved in the OXPHOS pathway and thus mutations 

in either of them will affect the electron transport and ATP synthesis (DeHaan et al., 

2004) that might result in tissue dysfunctions and lead to diseases (Sun et al., 1998). 

Leber’s hereditary optic neuropathy, also known as Leber’s optic atrophy, and 

Leigh’s syndrome are two such mitochondrial diseases caused by mutations in the 

mitochondrial DNA. Leber’s optic atrophy leads to degeneration of retinal ganglion cells. 
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This predominantly affects young adult males and results in acute or subacute loss of 

central vision. These are caused by missense mutations in the genes for the subunits of 

the electron transport chain complexes I, III and IV (Brown et al., 1992). A guanine to 

adenine transition at bp 11778 of the NADH dehydrogenase 4 (ND4) subunit of 

mitochondrial complex I leads to a marked decrease in the rates of ATP production or 

respiration (Majander et al., 1996). 

Leigh’s disease is a rare inherited neurometabolic disorder that affects the 

central nervous system. This progressive condition first appears in infants between the 

ages of three months and two years. Rarely, it occurs in teenagers and adults. This 

disease can be caused by mutations in both nuclear and mitochondrial-encoded genes 

involved in energy metabolism or by deficiencies of the enzyme pyruvate 

dehydrogenase. Severe deficiency in mitochondrial ATP synthesis is found in people 

with this disorder (Dahl, 1998). The symptoms include loss of appetite, vomiting, 

irritability, seizures, generalized weakness, lack of muscle tone, and episodes of lactic 

acidosis, which can lead to impairment of respiratory and kidney function.  

Mitochondria and bystander effects 

Although the bystander effect has been of interest for many years, the molecular 

mechanisms underlying it are not clear. Intact mitochondrial DNA is required to produce 

a bystander signal, as cells lacking mitochondrial DNA did not produce bystander 

signals although they could respond to signals from normal cells with intact 

mitochondrial DNA (Tartier et al., 2007). Loss of cytochrome c impairs cells’ response to 

bystander signals (Yang et al., 2009). ATP is required for most energy-dependent 

processes, including repair, repopulation, and programmed cell death (Elmore, 2007, 
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Mothersill et al., 2000, Cahill et al., 2006). As the bystander effect is both energy 

dependent and involves the role of intact mitochondria, cell lines with mutations in 

mitochondrial genes responsible for ATP synthesis are hypothesized to show a 

decreased bystander effect when compared to normal cell lines. The current study aims 

at identifying the role of mitochondria in the radiation-induced bystander effect.  

Present study 

 The long term goal of this study is to determine the role of mitochondria in the 

radiation-induced bystander effect and thus, elucidate the molecular mechanism that 

underlies the bystander effect. The key questions that are addressed in this study are: 

1) Do cell lines harboring mutations in the mitochondrial genes responsible for ATP 

synthesis show a decreased bystander effect? 2) Do these mitochondrial mutant cell 

lines generate and respond to bystander signals? 3) Do normal cell lines behave similar 

to the mitochondrial mutant cell lines when their mitochondrial ATP synthesis is 

inhibited?  

To address the first question, we determined whether there is a decrease in the 

bystander effect in cell lines that have mutations in the mitochondrial genes involved in 

ATP synthesis using the cytokinesis-block micronucleus assay which detects 

chromosomal damage caused by genotoxic agents. Evaluation of micronuclei is one of 

the most reliable cytogenetic assays and has been used for many years to quantify 

DNA damage (Fenech & Morley, 1985). A quantitative analysis of the bystander effect 

was performed using this assay in both the normal and mitochondrial mutant cell lines. 

The cell lines used in this study do not have gap junctions and thus, any 

bystander effect that is seen must be due to the factors secreted into the media. The 
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normal cell lines exhibit the bystander effect and were used as controls. The 

mitochondrial mutant cell lines harbor mutations that lead to diseases including Leber’s 

optic atrophy and Leigh’s syndrome. People with these diseases show decreased rates 

of ATP synthesis. The quantitative analysis of the bystander effect indicates that cell 

lines harboring mutations in the mitochondrial genes responsible for ATP synthesis do 

not show a bystander effect when compared to normal cell lines. Thus, the ATP 

synthesized by mitochondria might play an important role in the bystander effect. 

The bystander effect is composed of two processes: generation of the bystander 

signals, and response to those signals (Vines et al., 2008, Mothersill et al., 2000). This 

led to the second question, which asks whether the absence of the bystander effect in 

mitochondrial mutant cells is due to the lack of generation of bystander signals or to the 

absence of response to these signals, or both. To investigate this issue, a matrix-style 

experiment was performed with the normal and mitochondrial mutant cell lines using the 

micronucleus assay. The rationale behind this experiment is that the normal cells 

generate and respond to bystander signals. Thus, a lack of a bystander effect in this 

experiment will help determine whether the mutant cells fail to generate and/or fail to 

respond to the bystander signals. The results indicate that the mitochondrial mutant 

cells neither generate nor respond to the bystander signals. Thus, the mitochondrial 

ATP synthesis might be important for both the generation and response to bystander 

signals. 

The third question addresses whether the normal cells show a decreased 

bystander effect when their mitochondrial ATP synthesis is inhibited. The radiation-

induced bystander effect was analyzed in cells treated with the mitochondrial inhibitors 
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rotenone and oligomycin. The results indicate that normal cells do not exhibit the 

bystander effect when their mitochondrial ATP synthesis is inhibited. Following this 

experiment, the time period during which the inhibition was effective was determined by 

adding and removing the inhibitors at selected time points. The bystander effect was 

found to be inhibited when rotenone or oligomycin were added 24 hours before 

radiation, then removed immediately after radiation. Similarly, inhibition was observed 

when rotenone or oligomycin were added immediately following radiation, or after 

exposing the cells to conditioned media from the same cell line following radiation. 

However, when rotenone or oligomycin were added just prior to radiation and were 

removed immediately after exposure, the bystander effect was not inhibited, perhaps 

because the length of inhibition was shorter than for the other time points.  
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CHAPTER 2: Materials and Methods 

Cell lines 

Normal human lymphoblastoid cell lines (GM15036, GM15510) and cell lines 

with mitochondrial mutations (GM10744, GM10742, GM13740, and GM13741) were 

obtained from the Coriell Cell Repository. Cell lines GM10742 and GM10744 have an 

11778 G>A mutation in the NADH dehydrogenase subunit 4 (MTND4) gene that leads 

to Leber’s optic atrophy. GM13740 and GM13741 cells have an 8993 T>G mutation in 

the ATPase 6 (MTATP6) gene that causes Leigh’s syndrome. The normal 

lymphoblastoid cell lines were used as positive controls because they are known to 

exhibit a bystander effect. 

Cell culture 

 Cell culture was performed according to the protocol suggested by Coriell. The 

cell lines were grown in T-25 culture flasks (Corning, NY and ISC BioExpress, Kaysville, 

UT) containing 10 ml of RPMI1640 medium (GIBCO, Grand Island, NY and Hyclone, 

Logan, Utah) supplemented with 15% Fetal Bovine Serum (FBS, Atlanta Biologicals, 

Lawrenceville, GA), 2 mM L-glutamine (GIBCO, Grand Island, NY), penicillin-

streptomycin (100 units/ml penicillin G Sodium, 100 µg/ml Streptomycin sulfate in 0.85% 

saline) (GIBCO, Grand Island, NY) and fungizone (amphotericin B, 2.5 µg/ml, 0.2 µm 

filtered) (Hyclone, Logan, Utah). Cultures were maintained at 37°C in a fully humidified 

5% CO2 incubator. The cells were passaged every 72 hours or when the cell density 

reached 10
6
 cells/ml. 
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Irradiation 

 The cell lines in T-25 culture flasks containing 10 ml of culture media were X-

irradiated with 0 Gy (control), 1 Gy and 2 Gy. The irradiations were performed at a dose 

rate of 88 cGy/min by using a Pantak X-ray generator operated at 320 kVp, at the 

Gershenson Radiation Oncology Center, Detroit, Michigan. The culture flasks were 

returned to the incubator immediately after irradiation.  

Direct exposure 

Four hours after irradiation, 6 µg/ml of Cytochalasin B (Sigma, St. Louis, MO) 

dissolved in DMSO (Fisher Scientific, Pittsburgh, PA) was added to the cell lines that 

were directly irradiated. The final concentration of DMSO in culture media was 1.1%. 

The cell cultures were incubated at 37°C for 28 hours. 

Media transfer 

Four hours after irradiation, the cell cultures from the unirradiated and irradiated 

flasks were transferred to 15 ml centrifuge tubes (Nalgene Nunc International, 

Rochester, NY), and centrifuged at 1400 rpm for 5 minutes. The media from the 

unirradiated cell lines was removed by aspiration. The media from the irradiated cell 

lines was pipeted without disturbing the cell pellet and was transferred to the cells from 

the unirradiated flasks. The media from the irradiated cell lines was considered to be 

“conditioned” as this contained the factors secreted by the irradiated cells. The 

unirradiated cells in the conditioned media were transferred to T-25 culture flasks and 6 

µg/ml of Cytochalasin B was added to inhibit cytokinesis. The cell cultures were then 

incubated at 37°C for 28 hours as described. 
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Micronucleus assay 

After 28 hours, the cells that had been directly exposed to radiation and cells 

exposed to conditioned media were transferred to 15 ml centrifuge tubes and 

centrifuged at 1400 rpm for 5 minutes. The cell pellets were resuspended in 1X 

phosphate buffered saline (PBS) (Fisher Scientific, Pittsburgh, PA) and were 

centrifuged onto clean microscope slides, using a cytocentrifuge (Statspin, Westwood, 

MA), for 4 minutes at 1300 rpm. The slides were air dried and then fixed in 100% 

methanol (Fisher Scientific, Pittsburgh, PA) for 15 minutes. The cells were stained with 

100 µl of acridine orange (0.5 mg/ml in 1X PBS) (Allied Chemical Corporation, 

Morristown, NJ). The dye was spread uniformly over the cells and the slides were left in 

a box covered with aluminum foil for 1 minute. The excess stain was removed by 

washing once in 1X PBS and twice in distilled water for 3 minutes each. The 

cytokinesis-blocked binucleated cells were scored for micronuclei using an 

epifluorescence microscope (Nikon Eclipse 80i). The slides were coded prior to scoring 

to prevent scorer bias. The micronuclei were identified based on established criteria. 

The numbers of micronuclei in binucleated cells with both the nuclei distinctly separate 

from each other were found. Micronuclei are oval or round in shape with smooth edges 

and are in the same color as the main nuclei but are smaller in size. The micronuclei 

should be located in the cytoplasm and be distinctly separate from the main nuclei. The 

number of micronuclei can range from 0 to >10. One thousand binucleated cells were 

scored for each treatment condition by a single trained observer. Images of binucleated 

cells with and without micronuclei are shown in Figure 1 . 
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Figure 1.  Images of binucleated cells with and without micronuclei stained with acridine 
orange and observed under 1000X total magnification using an epifluorescence 
microscope. Normal binucleated cell (A), binucleated cell with a single micronucleus (B) 
and binucleated cell with two micronuclei (C). MN: Micronucleus.  

 

Mitochondrial inhibitors 

The mitochondrial mutant cell lines used in this study harbor mutations in 

respiratory chain complexes I and V. The normal human lymphoblastoid cell lines 

(GM15036, GM15510) were treated with rotenone (Sigma, St. Louis, MO) that inhibits 

mitochondrial NADH dehydrogenase complex I, or with oligomycin (Calbiochem, San 

Diego, CA) that inhibits ATPase complex V. 

Rationale behind the selection of inhibitor concentrations 

The concentrations of rotenone and oligomycin that were used to inhibit the 

bystander effect in normal cell lines were selected based on experiments performed to 

determine the Nuclear Division Index (NDI) (Eastmond & Tucker, 1989) of treated cell 

lines. NDI is the average number of nuclei per cell. NDI is important for the 

micronucleus assay as the number of binucleated cells should be sufficient to 

enumerate micronuclei. Concentrations of rotenone ranging from 0.12 nM to 5 µM and 

of oligomycin ranging from 0.12 nM to 10 µM were added to the normal human 
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lymphoblastoid cell lines, 24 hours after splitting the cells. Twenty eight hours later, 

media transfer was performed and 6 µg/ml of Cytochalasin B was added to each 

culture. After 28 hours from the time of media transfer, the cells were centrifuged onto 

microscope slides as described earlier and were stained with acridine orange, also as 

described earlier. The NDI was determined by scoring 100 cells for each treatment 

condition. Based on the NDI determined (data not shown), we found that normal cell 

lines treated with 1.5, 3, 6 and 10 nM rotenone, and 0.75, 1.5, 3 and 6 nM oligomycin 

had enough binucleated cells to enumerate micronuclei.  

Radiation- induced bystander effect and mitochondrial inhibitors 

Cell lines GM15510 and GM15036 were treated with the above selected 

concentrations of rotenone and oligomycin, 24 hours after splitting the cells. The stock 

solutions of 10, 20 and 100 µM rotenone, and 5, 10 and 20 µM oligomycin were 

prepared in DMSO. The highest concentration of DMSO in cells treated with inhibitors 

was 0.03%. Thus, cells treated with 0.03% of DMSO alone were used as solvent 

controls. The cells were exposed to 0 Gy (control) and 2 Gy X-radiation, 24 hours after 

adding the inhibitors. Irradiation and media transfer were performed as described 

earlier. After 28 hours from the time of media transfer, the cells were centrifuged onto 

microscope slides as described earlier and were stained with acridine orange, also as 

described earlier. NDI was determined for all these treatment conditions.  

Inhibition of bystander effect at different times 

Inhibition of the bystander effect in the normal cell lines was analyzed by blocking 

the generation or response to bystander signals or both. This was performed by adding 

and removing the mitochondrial complex inhibitors at various times along the course of 
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the experiment. There were five different times, T-entire, T1, T2, T3 and T4, during 

which the inhibitors were added and removed from the cells. The experiments were 

performed as shown in Figure 2 . During the wash step following radiation at times T1 

and T2, the cultures with the inhibitors were transferred to 15 ml centrifuge tubes and 

centrifuged at 1400 rpm for 5 minutes. The media with the inhibitors was removed by 

aspiration and the cells were re-suspended in fresh media. At time T-entire, both the 

normal cell lines were treated with 1.5, 3, 6 and 10 nM rotenone. GM15510 cells were 

treated with 0.75, 1.5, 3 and 6 nM oligomycin while the highest testable concentration of 

oligomycin in GM15036 cells was 3 nM. In the other four inhibition times, GM15510 

cells were treated with 10 nM rotenone or with either 3 nM or 6 nM oligomycin, while 

GM15036 cells were treated with 10 nM rotenone or 3 nM oligomycin. 
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Figure 2 . Experimental design for the study on inhibition of the bystander effect at 
different times following exposure. T-entire:  Inhibitor was added 24 hours after splitting 
the cells and was present to the end of the experiment; T1: Inhibitor was added 24 
hours after splitting the cells and was washed off immediately after radiation; T2: 
Inhibitor was added just prior to radiation and was washed off immediately after 
radiation; T3: Inhibitor was added just after radiation and was present to the end of the 
experiment; T4: Inhibitor was added just before the media transfer at 4 hours after 
radiation and was present to the end of the experiment. 
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Statistical Analyses  

A t-test was performed to determine the difference in dose response exhibited by 

the normal and mutant cell lines, considering the change in micronucleus frequencies 

and dose as the response variable and the ordinal factor, respectively. The analyses 

were performed using R 2.6.2.  Analysis of variance (ANOVA) was also performed to 

evaluate the radiation-induced dose responses in the normal and mitochondrial mutant 

cells. The parameters evaluated were cell line (GM15510, GM15036, GM13740, 

GM13741, GM10742 and GM10744), radiation dose (0, 1, and 2 Gy) and the interaction 

between cell line and dose. The analyses were performed using PASW Statistics 

Version 18.0. Tukey HSD post hoc tests comparing the six different cell lines and the 

micronucleus frequencies obtained for all three radiation groups were then performed. 

The analyses were performed using PASW Statistics Version 18.0. 

The Welch two sample t-test was used to evaluate differences in the bystander 

effect between normal cells, between normal and mutant cells, and between mutant 

cells. The micronucleus frequencies at 1 Gy and 2 Gy, and the induced micronucleus 

frequencies (i.e. the irradiated value minus the unirradiated value) for 1 Gy and 2 Gy 

were compared. The analyses were performed using R 2.6.2. 

The Welch two sample t-test was also used to determine the concentration of 

rotenone and oligomycin that led to an inhibition of bystander effect in GM15510 and 

GM15036 cells. The analysis was performed on the induced micronucleus frequencies 

(i.e. 2 Gy minus 0 Gy) by growth in conditioned media. The analyses were performed 

using R 2.6.2. 
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Analysis of variance (ANOVA) was performed to determine the significance of 

inhibition caused due to rotenone and oligomycin at different treatment times. The 

parameters evaluated were cell line (GM15510, GM15036), treatment type (DMSO, 

rotenone and oligomycin), treatment time (T1, T2, T3 and T4), and all possible two-way 

and three-way interaction terms. The analyses were performed using PASW Statistics 

Version 18.0. Tukey HSD post hoc tests comparing the different treatment types and 

treatment times were then performed. The analyses were performed using PASW 

Statistics Version 18.0. 

The 95% confidence intervals were estimated as described (Lilienfeld et al., 

1967). 
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CHAPTER 3: Results 

Radiation induced dose responses in normal and mitochondrial mutant cells 

 The number of micronuclei per 1000 binucleated cells that were directly exposed 

to ionizing radiation showed dose-responsive increases in the normal cell lines 

GM15510 and GM15036 (Figure 3A ), and in the mitochondrial mutant cell lines 

GM13740, GM13741, GM10742, and GM10744 (Figure 3B ).  
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Figure 3. Micronucleus frequencies in normal and mitochondrial mutant cells directly 
exposed to X-irradiation. Normal cell lines (A) and mitochondrial mutant cell lines (B). 
Vertical bars represent the 95% confidence intervals. 
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 In these experiments, the most meaningful response value is the change in 

micronucleus frequencies with radiation dose. A t-test was performed considering the 

change in micronucleus frequencies as the response variable and dose as the ordinal 

factor. The results, shown in Table 1,  indicate that the normal cells differed significantly 

from the mitochondrial mutant cells based on the changes in micronucleus frequencies 

from 0 Gy to 1 Gy (p = 0.04), 0 Gy to 2 Gy (p = 0.025) and 1 Gy to 2 Gy (p = 0.022). 

Thus, the normal cells show a significantly greater response to radiation than the mutant 

cells. 

Table 1:  Comparisons of micronucleus dose responses in normal 
and mitochondrial mutant cell lines. 

Cell line 
Changes in micronucleus frequencies 

0 Gy to 1 Gy 1 Gy to 2 Gy 0 Gy to 2 Gy 
GM15510 (normal) 121 126 247 
GM15036 (normal) 136 122 258 
GM13740 (Leigh's) 40 15 55 
GM13741 (Leigh's) 98 100 198 
GM10742 (Leber's) 92 32 124 
GM10744 (Leber's) 93 44 137 
p - value   0.04 0.025 0.022 

 

 The micronucleus frequencies for each dose and cell line, as determined by 

scoring two sets of 500 binucleated cells, were also analyzed using ANOVA. The 

factors evaluated were cell line (GM15510, GM15036, GM13740, GM13741, GM10742, 

and GM10744), radiation dose (0, 1, and 2 Gy), and the interaction between cell line 

and dose. Both factors, and their interaction term, were found to be highly significant (p 

< 0.001 in each case). The adjusted r
2 value was 0.98.  

 Tukey HSD post hoc tests comparing the six different cell lines were then 

performed and the results are shown in Table 2.  The dose responses observed in the 
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normal and mutant cells differed significantly from each other. The dose responses for 

the two normal cell lines did not differ from each other. The dose responses by the 

Leigh’s cell lines (GM13740 and GM13741), which harbor the same mutation in the 

ATP6 gene of respiratory chain complex V, likewise did not differ from each other. 

However, the dose responses observed in the two Leber’s cell lines (GM10742 and 

GM10744) did differ significantly from each other, although they have the same 

mutation in the ND4 gene of respiratory chain complex I. 

Table 2: Tukey HSD post hoc comparisons of the six cell lines a. 
Cell line GM15510 GM15036 GM13740 GM13741 GM10742 GM10744 

GM15510 -      
(normal)       

GM15036 1.33 -     
(normal) p = 0.998      

GM13740 47.36 48.70 -    
(Leigh’s) p < 0.0001 p < 0.0001     
GM13741 15.00 16.33 32.36 -   
(Leigh’s)  p = 0.002 p = 0.001 p < 0.0001    

GM10742 29.37 30.70 17.99 14.37 -  
(Leber’s) p < 0.0001 p < 0.0001 p < 0.0001 p = 0.003   
GM10744 25.16 26.50 22.20 10.16 4.21 - 
(Leber’s)  p < 0.0001 p < 0.0001 p < 0.0001 p = 0.044 p = 0.760   

a The upper number in each pair is the absolute value of the mean difference in 
micronucleus frequencies between the indicated cell lines; the lower number is the 
probability value.  
 

 We then performed Tukey HSD post hoc tests comparing the micronucleus 

frequencies for all three dose groups among all six cell lines (Table 3 ). As expected, 

there were highly significant differences in the micronucleus frequencies among the 

dose groups. 
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Table 3: Tukey HSD post hoc comparisons of the 
micronucleus frequencies for all three radiation 
doses a. 

Radiation 
Dose 0 Gy 1 Gy 2 Gy 
0 Gy -      

        
1 Gy 48.7 -    

  p < 0.0001     
2 Gy 83.27 34.57 -  

  p < 0.0001 p < 0.0001   
a The upper number in each pair is the absolute 
value of the mean difference in micronucleus 
frequencies between the indicated cell lines; the 
lower number is the probability value.  

 

Radiation-induced bystander effects in normal and mitochondrial mutant cells 

 Bystander effects were evaluated after radiation exposure by transfer of 

conditioned media for each possible pair-wise combination of normal and mitochondrial 

mutant cell lines (Table 4 ). Normal cells that were grown in conditioned media obtained 

from the same cell line, or grown in conditioned media obtained from other normal cells, 

exhibited the bystander effect in every case. In contrast, mitochondrial mutant cells 

grown in conditioned media obtained from the same cell line or from other mitochondrial 

mutant cells, or grown in conditioned media obtained from normal cells, never exhibited 

a bystander effect. The bystander effect was also absent in normal cells grown in 

conditioned media obtained from mitochondrial mutant cells following radiation. In other 

words, the bystander effect was only observed when the “donor” and the “recipient” cell 

lines were both normal. If either or both of the “donor” and “recipient” cells were mutant, 

no bystander effect was seen.  
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Table 4:  Summary of results for the bystander effects evaluated in normal and 
mitochondrial mutant cell lines. 

 
Recipient cells 

Normal cells Mitochondrial mutant cells  
GM15510 GM15036 GM13740 GM13741 GM10742 GM10744 

D
on

or
 c

el
ls

 GM15510 Yes * Yes No No No No 
GM15036 Yes Yes No No No No 
GM13740 No # No No No No No 
GM13741 No No No No No No 
GM10742 No No No No No No 
GM10744 No No No No No No 

* Recipient cells exhibit a radiation-induced bystander effect.  
# Recipient cells do not exhibit a radiation-induced bystander effect.  
 

  Normal cells grown in conditioned media obtained from the same cell lines 

following radiation showed a dose-responsive increase in the number of micronuclei per 

1000 binucleated cells (Figure 4A ) indicative of the bystander effect. However, none of 

the four mitochondrial mutant cell lines grown in conditioned media obtained from the 

same cell lines following radiation showed dose-responsive increases in the number of 

micronuclei, thus these cells did not exhibit a bystander effect (Figure 4B ).  
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Figure 4. Micronucleus frequencies in normal and mitochondrial mutant cells grown in 
conditioned media obtained from the same cell line following irradiation. Normal cell 
lines (A) and mitochondrial mutant cell lines (B). Vertical bars represent the 95% 
confidence intervals. 
 

 The normal cell lines GM15510 and GM15036 were each grown in conditioned 

media obtained from the other normal cell line, i.e. GM15036 and GM15510 cells, 

respectively. A dose-responsive increase in the number of micronuclei was observed 

(Figure 5A ) in each case, indicating that these normal cells generate and respond to 

bystander signals and that these bystander signals are not cell line specific. The 

mitochondrial mutant cell lines were also grown in conditioned media from each of the 

other three mitochondrial mutant cell lines; a bystander effect was not observed under 
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any of these conditions (Figures 5B, C, D and E ). Among mitochondrial mutant cells 

exposed to conditioned media from normal cells, and vice versa, no dose-responsive 

increase in micronucleus frequencies was observed, and thus no radiation-induced 

bystander effect was evident (Figures 5F, G, H and I ). Taken together, these results 

indicate that the mitochondrial mutant cells neither generate nor respond to bystander 

signals.  
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Figure 5. Micronucleus frequencies in normal and mitochondrial mutant cells grown in 
conditioned media obtained from other normal or mitochondrial cell lines following 
irradiation. (A) Normal cells grown in conditioned media obtained from other normal 
cells following irradiation; (B), (C), (D) and (E) mitochondrial mutant cells grown in 
conditioned media obtained from other mitochondrial mutant cells following irradiation; 
(F), (G), (H) and (I) normal cells grown in conditioned media obtained from 
mitochondrial mutant cells following irradiation and vice versa. The bystander effect was 
analyzed following 0 Gy (control), 1 Gy and 2 Gy. Vertical bars represent the 95% 
confidence intervals. 
 

The bystander effects observed in the normal and mitochondrial mutant cell lines 

can readily be assigned to two distinct response groups (Figure 6 ). The bystander 

effect observed between two normal cell lines forms one group. The bystander effect 

observed between two mitochondrial mutant cell lines, and between normal and 

mitochondrial mutant cell lines, forms the second distinct group. The line is the least-

squares fit for the data in which one or both cell lines had mitochondrial mutations; the 
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experiments in which both donor and the recipient cells were normal are not included in 

this regression. The slope is significantly greater than 0, indicating that cultures with 

higher baseline (i.e. 0 dose) frequencies of micronuclei also had higher frequencies of 

micronuclei in the irradiated cultures.  
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Figure 6.  Bystander effects observed in normal and mitochondrial mutant cell lines. 
Micronucleus frequencies for normal and mitochondrial mutant cells grown in 
conditioned media from normal or mitochondrial mutant cells exposed to 1 Gy and 2 Gy 
are plotted against the micronucleus frequency at 0 Gy. * indicates two overlapping data 
points of the normal cell lines. BSE: bystander effect. The line is the best fit least 
squares regression of the data in which one or both of the cell lines had mitochondrial 

mutations. The equation of the line is y = 7.68 + 0.80x (r
2
 = 0.46). The standard errors 

of the intercept and slope are 3.85 and 0.11, respectively. 
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To determine whether the two groups of data shown in Figure 6  were 

significantly different, the Welch two sample t-test was used. The results indicate that 

the two data groups differ in their micronucleus frequencies for cells grown in 

conditioned media obtained after 1 Gy (p < 0.0001) and after 2 Gy (p = 0.0002). The 

baseline micronucleus frequencies determined at 0 Gy (control) did not differ 

significantly between the two groups of data (p = 0.43). The induced micronucleus 

frequencies (i.e. the irradiated value minus the unirradiated value) for 1 Gy and 2 Gy 

were compared between the two data groups and found to differ in their induced 

micronucleus frequencies after 1 Gy (p < 0.0001) and after 2 Gy (p = 0.0003). This 

analysis of the data shown in Figure 6  clearly indicates that the bystander effect exists 

only when both the donor and the recipient cells do not have mitochondrial mutations, 

and that the bystander effect is not observed between mitochondrial mutant cells or 

between normal and mitochondrial mutant cells.  

Determining the concentrations of mitochondrial inhibitors 

To determine the optimal concentrations of mitochondrial inhibitors that led to an 

inhibition of bystander effect, we treated normal cells with a wide concentration range of 

these inhibitors and then evaluated the Nuclear Division Index (NDI) to ensure there 

were enough binucleated cells to enumerate micronuclei. These results are shown in 

Table 5  and indicate that the highest concentration of rotenone that allowed measurable 

numbers of binucleated cells was 10 nM in both cell lines. The highest concentration of 

oligomycin that allowed measurable numbers of binucleated cells was 6 nM in 

GM15510 cells and 3 nM in GM15036 cells. Higher concentrations of both compounds 
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in both cell lines resulted in insufficient numbers of binucleated cells to enumerate 

micronuclei and analyze the inhibition of bystander effect.  

Table 5:  Concentration range-finding experiment for rotenone 
and oligomycin.  

Treatment 

Nuclear Division Index 
GM15036 GM15510 

0 Gy 2 Gy 0 Gy 2 Gy 

DMSO (solvent control) 1.31 1.28 1.41 1.42 
Rotenone (nM)  
    1.5 1.24 1.24 1.31 1.37 
    3 1.26 1.27 1.28 1.34 
    6 1.23 1.15 1.27 1.21 
    10 1.13 1.19 1.18 1.20 
Oligomycin (nM)  
    0.75 1.27 1.29 1.37 1.39 
    1.5 1.29 1.20 1.42 1.40 
    3 1.17 1.12 1.25 1.25 
    6 1.05 * 1.05 * 1.20 1.25 

* Insufficient numbers of binucleated cells for the analysis 
of micronuclei.  

 

Determining the time period during which the bystander effect is inhibited 

We then determined the window of time during which the bystander effect might 

be inhibited. These experiments were performed in mitochondrially normal cells, using 

either rotenone or oligomycin independently to evaluate inhibition of the bystander effect 

in cells grown in conditioned media. Inhibition of the bystander effect was analyzed by 

blocking the generation or the response to bystander signals, or both.  

The first of these experiments was designed to determine whether inhibition of 

the bystander effect occurred at all. When the inhibitors were present during the entire 

time (“T-entire” as described in Figure 2 ), the micronucleus frequencies in GM15510 

cells did not show a radiation dose-responsive increase when grown in conditioned 
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media from the same cell line when treated with 10 nM rotenone or with 3 nM or 6 nM 

oligomycin (Figure 7A ). Similar results were seen in GM15036 cells grown in 

conditioned media from the same cell line when treated with 10 nM rotenone or 3 nM 

oligomycin (Figure 7B ). In all other treatment conditions, including the solvent control 

(0.03% DMSO) and the blank (no treatment with inhibitors or DMSO), the bystander 

effect was still observed. This indicates that the bystander effect is inhibited when both 

the generation and response to bystander signals are blocked by these inhibitors. 
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Figure 7.  Micronucleus frequencies in normal cells treated with mitochondrial inhibitors 
during the entire culture period. Inhibition of the bystander effect in GM15510 (A) and 
GM15036 (B) cells treated with the indicated concentrations of rotenone or oligomycin. 
The bystander effect was analyzed following 0 Gy (control) and 2 Gy. Vertical bars 
represent the 95% confidence intervals. Blank: cells not treated with an inhibitor; solvent 
control: cells treated with 0.03% DMSO; R: rotenone; O: oligomycin. 

 

 The frequencies of micronuclei induced (i.e. 2 Gy minus 0 Gy) by growth in 

conditioned media, as determined by scoring two sets of 500 binucleated cells, were 

analyzed using the Welch two sample t-test. The results indicate that in GM15510 and 

GM15036 cells treated with 10 nM rotenone, the number of micronuclei induced by the 

conditioned media was less than in cells treated with lower concentrations of rotenone 
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(p = 0.0013). Similar results were observed in these same cells treated with 3 nM 

oligomycin compared to cells treated with lower concentrations of oligomycin (p < 

0.0001). These results indicate there is a concentration-responsive inhibition of the 

bystander effect in GM15510 and GM15036 cells treated with mitochondrial inhibitors 

that block both the generation and the response to bystander signals. 

Knowing that oligomycin and rotenone were both capable of inhibiting the 

bystander effect, we then sought to identify a more narrow time period during which this 

inhibition was effective. This was accomplished with the same inhibitors in both normal 

cell lines. At times T1, T3 and T4 (as described in Figure 2 ), micronucleus frequencies 

in GM15510 cells did not show a radiation dose-responsive increase when grown in 

conditioned media from the same cell line when treated with 10 nM rotenone or with 

either 3 nM or 6 nM oligomycin, thus indicating inhibition of the bystander effect at these 

three time periods (Figure 8A ). Similarly, GM15036 cells showed an inhibition of the 

bystander effect when treated with 10 nM rotenone or 3 nM oligomycin at times T1, T3 

and T4 (Figure 8B ). These results indicate that the bystander effect is inhibited when 

the generation or the response to bystander signals, or both, are blocked. However at 

time T2, the bystander effect was not inhibited for any treatment conditions in either cell 

line (Figures 8A and B ). The solvent control analyzed at all times exhibited the 

bystander effect. Taken together, these results indicate that GM15510 and GM15036 

cells when treated with mitochondrial inhibitors exhibit an inhibition of bystander effect 

at times T1, T3 and T4, but not at T2.  
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Figure 8.  Micronucleus frequencies in normal cells treated with mitochondrial inhibitors 
at times T1, T2, T3 and T4. Inhibition of the bystander effect in GM15510 (A) and 
GM15036 (B) cells treated with the indicated concentrations of rotenone or oligomycin. 
The bystander effect was analyzed following 0 Gy (control) and 2 Gy. Vertical bars 
represent the 95% confidence intervals. Solvent control: cells treated with 0.03% 
DMSO; R: rotenone; O: oligomycin. 

 

 The mean micronucleus frequency differences between 2 Gy and 0 Gy X-

irradiation data, determined by scoring two sets of 500 binucleated cells, were analyzed 

using ANOVA. The treatment type (DMSO, rotenone and oligomycin), treatment time 

(T1, T2, T3 and T4), and the interaction between treatment type and treatment time, 

were found to be highly significant (Table 6 ). The adjusted r
2
 value was 0.81.  
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Table 6: ANOVA results for inhibition of the bystander 
effect in normal cell lines at times T1, T2, T3 and T4. 

Source p - value 
Corrected Model < 0.0001 
Cell line 0.40 
Treatment type < 0.0001 
Time < 0.0001 
Cell line * Treatment type 0.18 
Cell line * Treatment time  0.09 
Treatment type * Time  0.01 
Cell line * Treatment type * Treatment time  0.37 

 

 Tukey HSD post hoc tests comparing the different treatment types were then 

performed and the results are shown in Table 7.  Treatment with the solvent control 

DMSO differed significantly from treatments with oligomycin and rotenone. Treatment 

with oligomycin did not differ significantly from treatment with rotenone. These results 

indicate that normal cells treated with rotenone and oligomycin exhibit an inhibition of 

the bystander effect when compared to cells treated with the solvent control DMSO.  

Table 7: Tukey HSD post hoc comparisons of the 
different treatment types at times T1, T2, T3, and T4. 

Treatment 
type DMSO 

Oligomycin  
(3 nM) 

Rotenone  
(10 nM) 

DMSO -   
Oligomycin 

(3 nM) 
p < 0.0001 -  

Rotenone 
(10 nM) 

p < 0.0001 p = 0.44 - 

 

 Post hoc tests comparing the different treatment times were performed and the 

results are shown in Table 8 . Time T2 differed significantly from times T1, T3, and T4. 

There was no significant difference among the other three times, indicating that the 

inhibition occurs at times T1, T3, and T4, but not at T2. 
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Table 8: Tukey HSD post hoc comparisons of the treatment 
times T1, T2, T3, and T4. 

Treatment 
time T1 T2 T3 T4 
T1 -    
T2 p < 0.0001 -   
T3 p = 0.92 p < 0.0001 -  
T4 p = 0.92 p < 0.0001 p= 0.58 -  
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CHAPTER 4: Discussion 

In this study we have shown that mitochondria play an important role in the 

radiation-induced bystander effect by analyzing cells harboring mutations in 

mitochondrial genes responsible for ATP synthesis. By evaluating the generation and 

response to bystander signals as two individual processes, we showed that 

mitochondrial mutant cells do not generate or respond to bystander signals, and we 

showed that normal cells behave similar to the mutant cells when their mitochondrial 

ATP synthesis is inhibited. 

Although the radiation-induced bystander effect has gained considerable interest 

in radiation biology, the underlying molecular mechanisms are not clear. As a 

consequence of cellular responses to bystander signals, the bystander effect may lead 

to the induction of a range of cellular processes including apoptosis, enhanced cell 

growth, mutations, micronuclei formation, genomic instability, and delayed cell death 

(Mothersill & Seymour, 1997, Lorimore et al., 1998, Wu et al., 1999, Seymour & 

Mothersill, 1997). Early genomic instability such as telomere shortening and bridge 

formation coupled with mitochondrial dysfunction is reported (Gorman et al., 2009). 

Calcium signaling, mitochondria and the hexose monophosphate shunt are involved in 

apoptosis, and exposing unirradiated cells to medium from irradiated cells resulted in a 

calcium signal within minutes (Lyng et al., 2000). While the bystander effect leads to a 

number of deleterious responses as described above, including chromosomal 

aberrations, sister chromatid exchanges and gene mutations (Hamada, 2009, 

Nagasawa et al., 2005, Schmid & Roos, 2009), it also leads to a protective adaptive 

response (Martin et al., 2009, Zhang et al., 2009). Cells exposed to bystander signals 
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become more resistant to subsequent irradiations than cells that are not exposed to 

bystander signals. This is because of the protective adaptive response induced by the 

bystander signals. Bystander cells show increased rates of cell proliferation (Iyer et al., 

2000) and release of growth inhibitory factors (Komarova et al., 1998). Thus, the 

bystander effect can be both deleterious and advantageous to the cells. Hence, it is 

important to understand the molecular mechanisms that underlie the bystander effect.  

Understanding the molecular mechanisms of the bystander effect is important as 

the various factors involved in the bystander pathway(s) and the targets for radiation 

therapy and risk assessment may be determined. Future radiation therapy strategies 

may be enhanced by improving our understanding of differential DNA damage 

responses in cells that are directly versus indirectly exposed (Prise & O'Sullivan, 2009). 

Strategies to maximize the bystander responses in tumor cells and minimize their 

effects in normal cells could be also formulated (Prise & O'Sullivan, 2009). This will help 

the development of better radio-protective agents and better radiation therapies while 

decreasing the risk to patients of undesired side effects of radiotherapy. 

ATP serves as an important energy source in a number of cellular processes 

including repair and apoptosis. In the past decade, several studies have shown that 

mitochondria play an important role in radiation-induced cellular responses including 

apoptosis, changes in membrane potential, and increased ROS production. In cells 

directly irradiated there is depolarization of mitochondrial membrane potential, release 

of cytochrome c and an increase in ROS production that induces mitochondrial damage 

(Leach et al., 2001). In cells that are subjected to medium from irradiated cells there are 

changes including loss of mitochondrial membrane potential, an increase in ROS and 
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an increase in apoptosis in receptor cells (Lyng et al., 2000). ROS plays a role in 

perpetuating the bystander effect (Lyng et al., 2002, Iyer et al., 2000). Mitochondria-

dependent intercellular signaling from irradiated cells up-regulates ROS that mediates 

genotoxicity of bystander effects (Chen et al., 2009). An increase in ROS has been 

associated with an increase in mitochondrial mass to compensate for the reduced 

mitochondrial function (Limoli et al., 2003, Lee et al., 2005, Nugent et al., 2007). 

Mitochondria-derived nitric oxide and oxygen free radicals play a role in the initiation 

and activation of the early process of radiation-induced bystander effect (Chen et al., 

2008). Cells lacking mitochondrial DNA are less efficient in generating bystander signals 

(Zhou et al., 2008, Tartier et al., 2007) and the bystander effect is known to be an 

energy dependent process (Mothersill et al., 2000). Based on these studies, we 

hypothesized that mitochondrial mutant cell lines deficient in ATP synthesis will exhibit a 

decreased bystander effect. 

The bystander effect can occur either via gap-junction mediated cell-to-cell 

contact or through soluble transmissible factors secreted into the media. In the present 

study, the normal and mitochondrial mutant cell lines used do not exhibit cell-to-cell 

contacts and thus, any bystander effect observed would be due only to soluble 

transmissible factors secreted into the media. The normal cell lines used are known to 

exhibit the bystander effect and were employed as controls. The mitochondrial mutant 

cell lines harbor point mutations in the ND4 gene of complex I or in the ATP6 gene of 

complex V that lead to Leber’s optic atrophy and Leigh’s syndrome, respectively. 

People with these mutations show severe deficiency in ATP synthesis (Majander et al., 

1996, Dahl, 1998). 
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Before analyzing the radiation-induced bystander effect in these cell lines, we 

first characterized these cells’ response to ionizing radiation. Both the normal and all 

four of the mitochondrial mutant cell lines showed dose-responsive increases in 

micronucleus frequencies when they were directly exposed to radiation. The normal 

cells showed a significantly greater dose response than the mutant cells. We then 

analyzed the radiation-induced bystander effect in all six cell lines. The results show 

that the cells harboring mutations in mitochondrial genes responsible for ATP synthesis 

do not exhibit the bystander effect while the normal cells do; implicating the bystander 

effect to be energy-dependent (Mothersill et al., 2000).  

 It is important to determine whether the absence of a bystander effect in 

mitochondrial mutant cells is due to impairment of the generation or of the response to 

bystander signals, or both. To study the generation and response to bystander signals 

as two individual processes, mitochondrial mutant cells were grown in conditioned 

media from normal cells following radiation exposure and vice versa. Because 

conditioned media is transferred to or from the normal cell lines, which can both 

generate and respond to bystander signals, the absence of a bystander effect 

determines whether the mitochondrial mutant cells are deficient in the generation or in 

the response to bystander signals, or both. If there is no bystander effect in mutant cells 

grown in conditioned media obtained from normal cells following radiation, it indicates 

that the mutant cells cannot respond to bystander signals, as it is known that the normal 

cells generate bystander signals. If there is no bystander effect in normal cells grown in 

conditioned media from mutant cells following radiation, it indicates that the mutant cells 
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cannot generate bystander signals, as it is known that the normal cells respond to 

bystander signals.  

In our experiments, there was no bystander effect in normal cells grown in 

conditioned media obtained from mutant cells following radiation and vice versa. This 

clearly indicates that the cells harboring mutations in mitochondrial genes responsible 

for ATP synthesis neither generate nor respond to bystander signals. The generation of 

bystander signals is energy-dependent (Mothersill et al., 2000). A recent study with cells 

lacking cytochrome c, which plays a crucial role in ATP synthesis, shows that these 

cells do not respond to bystander signals (Yang et al., 2009). Thus, mitochondrial ATP 

synthesis appears to play an essential role in both the generation and response to 

bystander signals.  

To further illustrate the importance of mitochondria in the radiation-induced 

bystander effect, we analyzed the bystander effect in normal cells after the inhibition of 

their mitochondrial complexes responsible for ATP synthesis. The mutant cells used in 

this study harbor mutations in complex I and complex V of the respiratory chain, both of 

which are involved in ATP synthesis. Thus, the normal cells were treated with the 

mitochondrial inhibitors, rotenone and oligomycin, that are known to inhibit complexes I 

and V, respectively.  

 To determine if treatment with these inhibitors led to an inhibition of bystander 

effect at all, we first analyzed the bystander effect in normal cells treated with different 

concentrations of rotenone and oligomycin at time T-entire. The cells were treated with 

the inhibitors during the entire culture period, blocking both the generation and response 

to bystander signals. The results indicate that GM15036 cells treated with 10 nM 
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rotenone and 3 nM oligomycin do not exhibit the bystander effect. Similar results were 

seen in GM15510 cells treated with 10 nM rotenone and, 3 and 6 nM oligomycin. Thus, 

the bystander effect is inhibited when both the generation and response to bystander 

signals are blocked.  

Having determined the concentrations of inhibitors that led to an inhibition of 

bystander effect, we were then interested in determining the time during which the 

inhibition was effective. The bystander effect was analyzed in normal cells treated with 

the inhibitors at different times before, during and after radiation. At time T1, when the 

inhibitors were added 24 hours before radiation and were removed immediately after 

radiation, the generation of bystander signals might be blocked. At time T3, the 

generation and response to bystander signals might be blocked, as the inhibitors were 

added immediately after radiation and were not removed until the end of the 

experiment. At time T4, when the inhibitors were added immediately after exposing the 

cells to the conditioned media from the same cell line following radiation, the response 

to bystander signals might be blocked. At all these three inhibition times, when the 

generation or the response to bystander signals, or both were blocked, we hypothesized 

to see an inhibition of bystander effect. The results indicate that there is no bystander 

effect at all these three inhibition times. This follows our hypothesis that the bystander 

effect is inhibited when the generation or the response to bystander signals, or both are 

blocked. At time T2, the inhibitors were added just prior to radiation and were removed 

immediately after radiation. This might block the initial generation of bystander signals. 

However, there is no inhibition of bystander effect at this time. This might be because at 

this time, the cells were treated with the inhibitors for only a short period of time unlike 
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the other times where the cells were treated with the inhibitors for at least 24 hours, and 

this short time of treatment might not be sufficient to cause the inhibition.  

In summary, this study clearly indicates that the cells harboring mutations in 

mitochondrial genes and, also the normal cells in which the mitochondrial ATP 

synthesis is inhibited do not exhibit the bystander effect. This concludes that the 

mitochondrial ATP synthesis in human lymphoblastoid cells plays an important role in 

the generation and response to bystander signals and thus, the bystander effect. 
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 CHAPTER 5: Future Directions 

 In this study we have shown that mitochondria play an important mechanistic role 

in both the generation and response to bystander signals. However, the molecular 

pathways involved in the bystander effect and the specific role of mitochondria in these 

pathways remain to be elucidated. We have analyzed the radiation-induced bystander 

effect in mitochondrial mutant cell lines that harbor mutations in the ND4 gene and in 

the ATP6 gene of mitochondrial electron transport chain complexes I and V, 

respectively. Additional cell lines that harbor a broader range of mitochondrial mutations 

should be analyzed to further elucidate the bystander mechanisms. Our results suggest 

that patients suffering from Leber’s optic atrophy or Leigh’s syndrome, in which the 

mitochondrial mutations lead to decreased ATP synthesis, are not at risk for radiation-

induced bystander effects. Nevertheless, it is quite possible that these patients do have 

altered radiobiological risks. While we have shown that mitochondria play an essential 

role in the radiation-induced bystander effect, the role of mitochondria in bystander 

effects caused by other genotoxic agents such as chemicals and photodynamic stress 

remains to be determined. 
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This work evaluated the radiation-induced bystander effect in mitochondrial 

mutant cells and in normal cells treated with mitochondrial inhibitors. Although much 

research has been performed on the bystander effect, the underlying molecular 

mechanisms remain largely unknown. Cells without intact mitochondrial DNA have been 

shown to lack the bystander effect, which is an energy-dependent process. Based on 

these findings, cells harboring mutations in the mitochondrial genes responsible for ATP 

synthesis, and normal cells treated with mitochondrial inhibitors, were hypothesized to 

show a decreased bystander effect when compared to normal cells that were not 

treated with the mitochondrial inhibitors. 

Radiation-induced bystander effects were analyzed in normal and mitochondrial 

mutant human lymphoblastoid cells using the cytokinesis block micronucleus assay. 

The results indicate that the mitochondrial mutant cells do not exhibit the bystander 

effect while the normal cells do. Both the normal and mitochondrial mutant cells were 

found to show a dose-responsive increase in DNA damage upon direct exposure to 

radiation. 
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The generation of and response to bystander signals in the normal and 

mitochondrial mutant cells were then analyzed by evaluating the radiation-induced 

bystander effects between each possible pair-wise combination of normal and mutant 

cell lines. Normal cells were found to generate and to respond to bystander signals, 

while the mitochondrial mutant cells neither generated nor responded to bystander 

signals. 

To determine whether normal cells behave similar to the mutant cells when their 

mitochondrial ATP synthesis is inhibited, the radiation-induced bystander effect in 

normal cells treated with mitochondrial inhibitors was evaluated. The results indicate 

that the normal cells treated with rotenone or oligomycin do not exhibit the bystander 

effect. To determine the time period during which the inhibition was effective, normal 

cells were treated with the inhibitors at different times before, during and after radiation. 

The results indicate that normal cells do not exhibit the bystander effect when the 

inhibitors were added 24 hours before radiation and were removed immediately after 

radiation. Similarly, normal cells treated with the inhibitors after radiation did not exhibit 

the bystander effect. However, when the inhibitors were added just prior to radiation and 

were removed immediately after radiation, normal cells did not show an inhibition of 

bystander effect, indicating that this short period of treatment might not be sufficient to 

cause the inhibition. 

These results indicate that mitochondrial ATP synthesis in human lymphoblastoid 

cells plays an important role in the generation and response to bystander signals and 

thus, the bystander effect.  
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