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 Abstract: Most people are aware that radiation can have negative health 

consequences for human beings exposed to the phenomena. These negative outcomes are 

dependent upon dose, dose rate, the individual’s genetic makeup and other factors. Many 

people do not know, however, that radiation is present constantly in the background of 

space, posing significant risks for astronauts traveling beyond the low Earth orbit. 

Protons, one form of charged particle energy, account for the greatest composition of 

space radiation. Scientists must better understand the aforementioned risks in order to 

properly counsel astronauts and health care providers about the possibilities of diseases 

such as cancer following radiation exposure in space flight. Low dose radiation exposure 

to gamma rays and protons is a much more common exposure in daily life and for 

astronauts in flight as opposed to high doses like those used in radiation therapy for 

cancer treatment. The three strategies proposed here utilize an in vivo model, specifically 



vi 

 

mice, to better extrapolate awareness of the biological consequences of low dose 

radiation exposure to the space flight setting and determine at the genetic level how low 

dose exposures differ in the radiosensitive gastrointestinal tract from high dose 

exposures. The gastrointestinal tract is important to study with regard to space flight for 

many reasons including the sensitivity of the small intestine to ionizing radiation, the 

high frequency of colon cancer development in the Western world, and the fact that the 

brave men and women who don a space suit are typically middle aged and may harbor 

pre-cancerous lesions even prior to irradiation. Radiation could exacerbate a cancerous 

event in a cell. Determining exactly which genes are being up- or down-regulated in 

responses after varying radiation doses and qualities can establish connections between 

pathways previously unknown and hopefully elucidate molecular insight into the early 

disease processes associated with irradiation. The significance of this study is provided in 

that the knowledge obtained here can be used to better select low dose radiation exposure 

limits, discover effective counter-measures against the harmful effects of radiation, and 

potentially even discern novel and favorable uses of radiation for humans.
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Chapter 1: Introduction and Relevant Background Information 

1.1 BACKGROUND AND SIGNIFICANCE 

Most people are aware that ionizing radiation (IR) can cause negative health 

consequences for the human species. Chronic exposure to IR has been proven to cause 

cataracts in astronauts and could even result in carcinogenesis (Langell et al., 2008a; 

Chylack et al., 2009; Blakely et al., 2010). Acute exposures to IR for the unique 

population of men and women that brave space flight have the potential for erythema, 

nausea, vomiting and other physiological insults which may hinder a mission’s success 

due to underperformance (Townsend, 2005; Wilson et al., 2011). Understanding dose and 

damage effects of radiation is important not only for the health of astronauts, who are 

continually exposed to radiation while in flight, but also to members of the public who 

may experience exposure to radiation either occupationally or accidentally (Langell et al., 

2008a). Proton radiation is especially concerning with regard to space flight as protons 

are the most abundant particles in space and are present in highly unpredictable solar 

particle events (SPE’s) (Langell et al., 2008a). Additionally, astronauts as a group are, on 

the average, middle-aged and consequently at risk to exacerbate a pre-malignant lesion in 

their colon, for example, upon exposure to the space radiation environment (Roig et al., 

2009). It is also well known that the small intestine displays “extreme sensitivity” to IR 

providing further evidence to make the gastrointestinal system of particular interest when 

studying radiation and especially the space flight population (Potten, 1977; Potten, 2002). 

 

The linear no threshold model (LNT) states that radiation, even at extremely low 

doses, is a health risk for individuals undergoing exposure (Higson, 2005). It is becoming 
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clear that responses such as hormesis and the phenomenon of radio-adaptation pose a 

challenge to the LNT theory due to their potential benefits to those exposed to any or 

high doses of radiation, respectively (Brenner et al., 2003; Brenner and Sachs, 2006). To 

be clear, the phenomenon of radio-adaptation follows a theory in which effects of low 

dose exposures provide pre-conditioning to provide radio-resistance upon later, high dose 

exposures (Calabrese et al., 2008; Calabrese, 2009). Hormesis is a response characterized 

by an exposure reducing natural, background levels of damage and consequently is 

displayed as a J-shaped curve (Brenner et al., 2003). These are somewhat different than 

the LNT model which follows a strictly linear dose-response curve (Calabrese, 2009). In 

order to evaluate the true risks and possible advantages of low dose irradiation the 

molecular mechanisms underlying such exposures need to be studied further (Brenner et 

al., 2003). 

 

IR, particularly gamma and X-rays, has been shown to modify the genes being 

expressed in fibroblast cells and seems to display asymmetry between low and high doses 

of exposure (Ding et al., 2005; Zhou et al., 2006). DNA damage, signal transduction, 

apoptosis, and cell-cell signaling pathways were all altered in expression in response to 

IR-irradiation (Ding et al., 2005). Work completed by Dr. Honglu Wu’s laboratory at the 

NASA Johnson Space Center using RNAi technology identified a group of genes within 

the DNA damage signaling pathway that undergoes changed expression following low-

dose IR-irradiation (Zhang et al., 2008). In the study these genes were similar to those 

found to be up-regulated after a high dose exposure lending importance to learning more 

about low dose irradiation and its effects (Zhang et al., 2008). 
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Little work has been published in the literature at the time of this writing 

regarding proton exposures and gene expression in the gastrointestinal system. As a 

reference, however, it has been shown after an exposure of X- or gamma ray-induced 

apoptosis that p53 is upregulated in a matter of hours after the dose occurs (Merritt et al., 

1994; Merritt et al., 1997; Komarova et al., 2000; Inagaki-Ohara et al., 2001). One study 

did reveal via immunohistochemistry, too, that p53 was highly expressed in the mouse 

small intestine when exposed to a high dose of 6.4 Gy of protons or a lower dose of 1 Gy 

of protons (Finnberg et al., 2008). Other work addressing proton exposures to the brain 

and subsequent gene expression observations have identified antioxidant enzymes, DNA 

damage response genes and oxidative stress pathways as key players post-irradiation 

(Baluchamy et al., 2010b, c). One goal of this dissertation is to identify a greater number 

of genes affected by low and high dose irradiation of both gamma rays and charged 

particles with regard to the small intestine. It is hoped that a pathway is elucidated which 

mechanistically explains some of the damage which is observed after radiation exposures. 

 

Some of the current primary literature states that the mechanisms in place to 

respond to DNA damage which occurs following even low doses of IR may not be able to 

repair DNA following complex double strand breaks (DSB) making it an important 

endpoint to factor into a study like this (Jeggo, 2009). It has been well established that 

cells towards the bottom of the crypts of the small intestine are a stem cell population 

which turn over every 24 hours (Potten, 1977; Potten, 2002; Harfouche and Martin, 

2010). As cells are followed up the crypts approaching the villi, the cells are crypt 
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progenitors or have already differentiated and are somewhat less sensitive to IR; after all 

it is typically actively proliferating cells which are more sensitive to IR (Harfouche and 

Martin, 2010). This is simply due to the physics of energy deposition being more likely to 

damage DNA when it is in a condensed form and packed tightly together. Highly 

proliferating cells also have less time to repair DNA that is damaged as they move 

quickly through the cell cycle (Hall and Giaccia, 2006). The colon, however, is more 

resistant to apoptosis caused by IR and yet cancer is common in this organ; as some 

authors have very eloquently pointed out, cellular resistance to IR may actually be linked 

to an unstable genome and apoptosis may be protective rather than harmful in the long 

run (Harfouche and Martin, 2010). Colon cancer is a common form of carcinogenesis and 

charged particle exposures have been shown to cause persistent unrepaired DNA damage 

marked by foci 24 hours post-irradiation which could lead to genomic instability (Roig et 

al., 2009). We wish to fill gaps in the literature which do not discuss differences in DNA 

repair between the small intestine and colon after low AND high doses of radiation 

exposure. What we are particularly interested in with regard to DNA repair is the 

potential for the presence of different pathways (non-homologous end joining (NHEJ) vs. 

homologous recombination (HR)) to be at work in different compartments of each organ. 

For example, in the highly proliferative crypt a hypothesis is that HR is used in the stem 

cell compartment while NHEJ is used as the predominant repair mechanism in those cells 

which are higher and transient. Conversely, in the quiescent stromal parts of the colon 

you may see less active DNA repair and it may be of the NHEJ type. Epigenetics is also 

thought to play a strong role in the carcinogenic process. To our knowledge, there has not 

been a study yet using an in vivo model to observe epigenetic endogenous alterations in 
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the colon, only colon cancer cell lines, following proton exposures making such an 

experiment of interest in this work (Goetz et al., 2011). 

 

Although many, many studies have been published with results of apoptosis, 

mitotic changes and morphometric analysis following X- or gamma rays, there has been a 

sparse amount of research performed for these endpoints following charged particle 

exposures like that of protons. Treatment of cancer is beginning to utilize proton 

exposures more and more and this therapy and its results have been characterized in the 

primary literature (Brada et al., 2009; Merchant, 2009; Schulz-Ertner, 2009; Terasawa et 

al., 2009; Weber and Kraft, 2009). An advantage of proton therapy is that it can be 

localized to the tumor or interest; unfortunately, those tissues which are healthy may still 

receive a substantial dose if they are along the particles’ path of trajectory. The Bragg 

Peak-induction of particle radiation does prevent those tissues past the tumor from 

receiving any dose and that is beneficial in comparison to gamma rays. There is little 

published work on total body irradiation with regard to charged particle exposures, 

however. This is another void in science which this research should work to address in 

part. 

 

Astronauts traveling on long duration missions will be at risk of exposure to 

SPE’s containing high doses of protons and, consequently, increased risk for negative 

health effects. Researching high and low dose proton-mediated effects on the 

radiosensitive GI tract and their underlying molecular mechanisms can potentially reduce 

the biological threats of these unpredictable exposures by aiding in risk assessment and 
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providing insight into the complexity of responses to low-dose exposures. Determining 

which genes are being up- or down-regulated in such responses can be used to 

demonstrate intricate interactions occurring between pathways. In completing analysis of 

all of the sacrificial time points it is hoped a set of genes was identified across parts of the 

GI tract that seem to experience altered expression, especially in the low-dose response. 

The long-term hope is that, after many future studies by others in this field in addition to 

this one, eventually the work will impact public health with this knowledge by 

establishing more appropriate risk assessments, developing countermeasures against the 

harmful effects of radiation, and even discern ways in which low-dose irradiation may be 

beneficial. 

It is widely accepted that apoptosis is an important mode of death for cells whose 

integrity has been damaged beyond repair. One such damaging mechanism is that of IR 

exposure. Radiation-induced apoptosis has been heavily studied and can be defined as 

death of a cell occurring before the first mitosis post-irradiation and following classical 

signs of damage like nuclear condensation (pyknosis) and fragmentation (karyorrhexis) 

(Hendry and West, 1997; Meyn et al., 2009). In highly proliferative organs that are 

considered to be radio-sensitive, such as the blood forming organs and small intestine, 

this radiation-induced apoptosis can be dangerous for an organism as the cell population 

of these organs become largely depleted following acute whole-body radiation exposure. 

Astronauts on long-term missions beyond the low Earth orbit are at risk from chronic 

exposure to heavy ions present in galactic cosmic radiation as well as acute exposure to 

protons from solar particle events (Langell et al., 2008b). Acute whole-body exposure to 

a high dose of radiation usually results in acute radiation syndrome (ARS) characterized 
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by symptoms such as nausea, vomiting, and fatigue (Donnelly et al., 2010). If the 

absorbed radiation dose is high enough the organism can also experience the 

gastrointestinal (GI) syndrome in which a majority of the mucosal surface area is 

damaged (Dörr and Meineke, 2011). This condition can be very fatal (Dörr and Meineke, 

2011). These physical ailments would no doubt cause potential complications on a 

mission. Better risk assessment for the health of astronauts generates a need for an 

understanding of the consequences associated with the space radiation environment 

which is abundant in high energy protons. 

 It is important to consider surviving cells in the crypts, the highly proliferative, 

organizational units of the small intestine, as well as it has been established that only one 

cell is needed to regenerate the crypt (Schuller et al., 2006). Withers and Elkind 

established the microcolony survival assay to assess surviving crypts following insults to 

the intestine in 1970 and it has become a gold standard for intestinal damage studies 

involving radiation exposures (Withers and Elkind, 1970). The assay provides an 

assessment which does not account for dose to surrounding tissues making it highly 

favorable (Schuller et al., 2006). There has been little work assessing microcolony 

survival following proton exposures, except to determine the RBE of therapeutic proton 

beams. In such studies mouse models have been used and revealed a range of RBE’s 

from 1.07-1.18 (Mason et al., 2007). A similar result for RBE of protons was found to be 

approximately 1.1 according to multiple studies looking at endpoints not assessing 

therapeutic beams (Gerweck and Kozin, 1999; Sorokina et al., 2013). The literature 

shows that most all of the stem cells of the crypts of Lieberkuhn will be killed after doses 

of approximately 15 Gy of gamma irradiation and the population can be scarce after 
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doses lower than this (Hornsey, 1973; Potten, 2004). Death of an organism from the GI 

syndrome is likely ultimately due to a loss of proper functioning of the intestine (Schuller 

et al., 2006). The aforementioned death of the stem cells causes a subsequent reduction of 

the differentiated cells and eventually the villi, which play an important role in nutrient 

uptake, and this cell loss results in the dysfunction of the intestine (Schuller et al., 2006). 

Changes in the mucosal surface area are also a measure that should be taken into account 

when observing intestinal morphology. The small intestine is responsible for 95% of 

nutrient uptake in the body and a larger, or smaller, surface area of this organ likely 

results in more, or less, efficient function (Vereecke et al., 2011). 

 Many different mouse models have been used for radiation studies. BALB/c mice 

are considered to be radio-sensitive and were chosen as a counter to C57BL/6, which are 

considered radio-resistant, for this reason (Roderick, 1963; Fabre et al., 2011). Our focus 

was on the duodenum of the small intestine due to the well-documented radiosensitivity 

of and apoptosis occurring in the organ after whole-body gamma-irradiation (Potten, 

1977). While very few studies of proton-induced apoptosis have been reported, apoptosis 

induced by X- or gamma rays in the intestines of animals has been investigated in the 

past 30 years. In an early study of apoptosis in the small intestinal crypt cells of mice 

following whole-body exposure to X- and gamma rays, Potten reported that the apoptotic 

lesions peaked between 3-6 hours post-irradiation and the yield of apoptosis was higher 

than would have been predicted based on a linear dose response relationship (Potten, 

1977).  Delayed apoptosis that peaked after 24 hours of exposure has also been observed 

(Merritt et al., 1997; Miyoshi-Imamura et al., 2010). While the delayed apoptosis was 

suggested to be P53-independent (Merritt et al., 1997), this document is focused on 
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apoptosis detected at both 4 hours post-irradiation and longer time points. Finnberg et al., 

using that same 4 hour time point and 1 Gy or 6.4 Gy proton exposure, showed a dose-

dependent increase in apoptotic cells in the small intestines of ICR mice when observing 

whole fields of vision under the light microscope (Finnberg et al., 2008). 

Cell proliferation following whole-body gamma irradiation to restore crypt cell 

number has also been studied previously. This is significant as newer cells, even in 

unirradiated tissues, have to be created to replace the transient cells which move up the 

villous structures and eventually slough off into the intestinal lumen (Potten, 1991). 

Replacement of damaged cells following irradiation is likely determined by a relationship 

between apoptosis, cell proliferation and time and is important to study with regard to 

crypt and villous function. It was shown following a relatively high dose of 8 Gy of 

gamma rays that in the mouse small intestine the labeling index (LI), or percentage of 

cells labeled as being in the S phase of the cell cycle, decreased quite quickly until 15 

hours post-exposure (Potten, 1991). Return to control levels of the LI took approximately 

3 days after the dose of 8 Gy (Morris, 1996). Cell proliferation in the intestinal crypts did 

not reach an initial peak until 10-12 hours after irradiation, but did begin as early as 3 

hours following the insult (Potten, 1991). Furthermore, an increase in LI beyond control 

levels multiple days after doses of both 3 and 8 Gy of gamma irradiation has been 

observed (Morris, 1996). These studies are important to understand with regard to the 

replacement of apoptotic cells in the small intestine. 

 In this dissertation, the results of the expression of genes involved in the apoptotic 

pathways in the small intestine post-irradiation are also reported. P53 is known to play an 

important role in apoptosis induced by X- or gamma rays that occurs within several hours 
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post-irradiation (Merritt et al., 1994; Merritt et al., 1997; Komarova et al., 2000; Inagaki-

Ohara et al., 2001). Up-regulation of p53 using immunohistochemical analysis has also 

been observed in the small intestine of mice post proton-irradiation of the small intestine 

following 1 Gy or 6.4 Gy of proton exposures (Finnberg et al., 2008) 

 

1.2 STUDY OBJECTIVES 

1.2.1 Rationale for Study 

 This research investigated the gastrointestinal (GI) tract after varying 

acute doses and types of ionizing radiation (IR) exposure following several time points. 

Work done using animal models in this area of research is particularly sparse. 

 

1.2.2 Overview of Study 

The research was conducted using C57BL/6 and BALB/c male mouse models 

experiencing whole body irradiation (WBI) of varying doses sacrificed at differing time 

points. The bulk of this work was focused on the small intestine and, more specifically, 

the duodenum. Endpoints to determine the presence and extent of damage included 

apoptotic lesions, with further breakdown by regions of crypts, villous morphometry, and 

stereological assessment. Gene expression alterations of oxidative stress and apoptotic 

pathways were researched to learn more about the mechanistic process of GI responses 

following low and high doses of exposure to different qualities of ionizing radiation, 

gamma rays and protons. Additionally, DNA repair proteins in both the HR and NHEJ 
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pathways were studied. Finally, a small-scale analysis was performed to observe 

endogenous histone deacetlyase (HDAC) levels in the colon after proton exposure. 

 

1.2.3 Hypotheses and Associated Aims of Study 

In this study, C57BL/6 male mice were exposed to IR, specifically 137Cs gamma 

rays, and sacrificed 4 hours post-exposure in order to examine the presence or absence of 

acute morphological effects and changes in gene expression profiles in the 

gastrointestinal tract as they differ between low and high doses. Controls were mice 

experiencing sham radiation only. 

 

Hypothesis 1. Animals receiving the high dose would display significantly 

greater acute morphological effects and differences in gene expression profiles than those 

receiving the low dose. 

 

Aim 1.1. Acute morphological effects in the crypts and villi of the small intestines 

of mice receiving low or high doses of IR exposure were confirmed by observing and 

characterizing apoptotic lesions and morphometric changes. 

 

Aim 1.2. Genes important in the response to IR were identified by studying gene 

expression profiles of oxidative stress pathways in the small intestines of mice exposed to 

low or high doses of gamma rays. 
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In order to differentiate between responses in the GI tract of animals following 

gamma ray exposure based upon time post-irradiation, groups of mice were next 

sacrificed 24 hours, 3 days, 7 days or 21 days after receiving the same high or low 

exposure doses as in experiment 1. Mice were also weighed daily for the longer time 

points to scrutinize any changes in body weight after irradiation. GI tissues were 

immediately collected after sacrifice using appropriate methods. 

 

Hypothesis 2. The degree of damaging, acute morphological effects would 

decrease with increased time intervals between exposure and sacrifice. It was also 

hypothesized that the tissue environments would be different at each time point for 

potential gene expression changes. Lastly, mice exposed to higher doses of radiation 

would weigh less at the time of sacrifice as compared to their low dose counterparts. 

 

Aim 2.1. The presence or absence of acute morphological effects in the crypts and 

villi of the small intestines of mice receiving low or high doses of ionizing radiation 

exposure were characterized by observing apoptotic lesions and morphometric changes. 

Groups were then compared across time points to determine if a greater amount of 

recovery took place at longer sacrificial time points as compared to the earlier sacrificial 

time points. 

 

Aim 2.2. Genes important in the response to IR were identified by studying gene 

expression profiles of oxidative stress pathways in the small intestines of mice exposed to 
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low or high doses of gamma rays. Groups were compared across time points to determine 

if there were any differences present in the gene expression profiles present in tissue. 

 

Aim 2.3. Mice were weighed daily after IR dosage for the 7 day and 21 day 

sacrificial time points to discern any alterations in body weight. 

 

The final experiment was modeled after experiments 1 and 2. However, proton 

irradiation was substituted in place of 137Cs gamma rays in order to characterize the 

response of both BALB/c and C57BL/6 gastrointestinal tracts to charged particle 

exposures. Time points of 4 hours and 24 hours were used for C57BL/6 mice and 4 hours 

was used for BALB/c mice. 

 

Hypothesis 3. The degree of damaging, acute morphological effects would differ 

between strains of mice. It was also hypothesized that the tissue environments would be 

different between doses and strains for DNA repair proteins, potential gene expression 

changes and epigenetic alterations. Finally, it is hypothesized that damage and molecular 

profiles will differ between strains of mice and radiation qualities compared between 

C57BL/6 mice. 

 

Aim 3.1. The presence or absence of acute morphological effects in the crypts and 

villi of the small intestines of mice receiving low or high doses of proton exposure were 

characterized by observing apoptotic lesions and morphometric changes. Dosage groups 
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were compared across strains to determine if differing amounts of damage occurred 

between strains. 

 

Aim 3.2. Any differences in the types and/or amounts of DNA repair proteins 

expressed in the crypts and villi of the small intestines and colons of mice receiving low 

or high doses of proton exposure were characterized by detection of proteins of both the 

non-homologous end joining (NHEJ) and homologous recombination (HR) repair 

pathways. Groups were compared across strains and doses to determine if there are any 

differences present in the types and/or amounts of DNA repair proteins present in tissue. 

 

Aim 3.3. Genes important in the response to IR were identified by studying gene 

expression profiles of oxidative stress and apoptotic pathways in the small intestines of 

mice exposed to low or high doses of protons. Groups were compared across strains and 

radiation qualities to determine if there were any differences present in the gene 

expression profiles present in tissue. 

 

Aim 3.4. The colons of C57BL/6 mice exposed to low or high doses of proton 

exposure were investigated with regard to epigenetic changes, specifically changes in 

histone deacetylase enzyme activity. Groups were compared across time points and doses 

to observe if there were any differences present in the epigenetic status of the tissue. 

 

In summary, it was hypothesized that low dose exposure groups will show a 

reduction in negative outcomes as compared to their high dose counterparts and that each 
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will show a different gene profile from the other, especially with differing sacrificial time 

points. Additionally, it was also hypothesized that low and high dose charged particle 

exposures and varying mouse strains will mediate diverging responses in the GI tract. 
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Chapter 2: Materials and Methods 

2.1 FACILITIES 

 The experiments conducted for this work were completed at the National 

Aeronautics and Space Administration (NASA) Johnson Space Center (JSC) in Houston, 

Texas unless stated otherwise elsewhere in this document. The Core Laboratories and 

Facilities as well as the Radiation Biophysics Laboratories at NASA-JSC provided bench 

space, materials, instrumentation, chemicals, storage and consultation upon request for 

the execution of experimental studies. The Animal Care Facility (ACF) at NASA-JSC 

was used to receive, house and sacrifice mice and harvest tissue during each study unless 

stated otherwise. The ACF at JSC is fully accredited by the Association for Assessment 

and Accreditation of Laboratory Animal Care (AAALAC) and provides a full-time 

employee serving as a facility manager. The facility manager functioned to maintain the 

animals’ quarters, to preserve the animals’ health through daily observation and 

intervention if necessary and to advocate for the animals’ well-being through assurance 

that scientists adhered to the utmost standards of care when conducting experimentation. 

The ACF also has a consulting veterinarian who assisted with questions on the animals’ 

behavior and health when necessary. An irradiator on-site at NASA-JSC was used to 

expose animals to radiation for each major study unless stated otherwise. For security 

purposes, exact specifications and other details of the irradiator will not be provided. 

 



17 

 

2.2 ANIMAL MODELS 

2.2.1 Selection and Ethical Standards 

  The results presented in this document are all from in vivo work. Not every 

experiment described in this chapter was done on every group of mice obtained. 

Depending on funding, time and adaptability of the project based upon results, assays 

were prioritized by dose and time point. Mouse strain, time points and doses are pointed 

out in specific mentions of work. All animal work was approved by the NASA-JSC 

Institutional Animal Care and Use Committee (IACUC) before the animals were ordered 

(IACUC #09-01). In addition, for animal studies involving proton exposures (2.2.3.2), 

studies were approved by the Loma Linda University (LLU) IACUC in Loma Linda, 

California (IACUC #8110044). Each person who handled the animals received proper 

training and certification to do so before studies began. My own certificates were 

obtained from The University of Texas Medical Branch (UTMB) and The University of 

Texas Health Science Center at Houston (UT Health). The animal models used in these 

studies were of the order Rodentia (rodents), the family Muridae and the subfamily 

Murinae. More specifically we chose to use Mus musculus, the common mouse. (rodents 

common, mouse common in rad) It is more appropriate to refer to the specific strains of 

laboratory mouse models chosen as they are typically thought to have originally been 

bred from two different subspecies, Mus musculus musculus and Mus musculus 

domesticus. Two strains of mice were utilized in our studies: BALB/c and C57BL/6. The 

two strains differ genetically as well as phenotypically. BALB/c mice resemble the 

common idea of a research mouse model to the lay person as they are albino, giving them 

white fur and red eyes (Figure 1a). This is a slight misconception, however, as the 
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Figure 1: Example photographs of the two strains of mice used in this study. Notice 

the phenotypic differences between a) BALB/c and b) C57BL/6. Photographs were 

provided by the creative director at Charles River Laboratories, Inc. where mice were 

purchased and are used with permission. 

 

C57BL/6 strain, which has very dark brown or black fur and dark eyes, is actually the 

most commonly cited species and strain of laboratory animal when performing literature 

searches on most scientific databases (Figure 1b). The photographs shown in Figure 1 
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were provided by the creative director at Charles River Laboratories, Inc. and are used 

with permission. Again, BALB/c mice have been shown to be radio-sensitive when 

compared to C57BL/6, generally deemed radio-resistant, when observing many different 

biological endpoints (Ponnaiya et al., 1997; Rodgers et al., 2001; Hamasaki et al., 2007). 

It was determined that this is due to two single nucleotide polymorphisms (SNPs) in 

BALB/c mice which encode a gene responsible for DNA-dependent protein kinase 

catalytic subunits (DNA-PKcs) involved in DNA repair processes (Fabre et al., 2011). 

This makes the BALB/c strain naturally deficient in NHEJ (Fabre et al., 2011). Due to the 

use of male mice in the studies published in the literature concerning proton exposure and 

time points we wished to model, male mice were also employed in this work (Ito et al., 

2007; Finnberg et al., 2008; Finnberg et al., 2013). The efforts published here were 

primarily done in the interest of assessing risk for those persons traveling to space beyond 

the low Earth orbit. Astronauts are mostly middle-aged and considered healthy on the 

average and so it was appropriate that we chose adult, 6-8 weeks old, mice of normal 

body weight (approximately 20-25 g) for our work. 

 

2.2.1.1 Power Analysis 

 In order to determine the proper sample size for our animal studies, a power 

analysis was conducted based on short-term end points (< 1 month) resulting from a 

small pilot study we conducted using only 12 mice in total. In observing percent viability 

of bone marrow cells in C57BL/6 mice irradiated and sacrificed 3 days later, the standard 

deviation within groups was 4.0%. It was determined that with statistical assumptions 

being satisfied, a power of 97% could be achieved with n=6 per group. This would allow 
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for the rejection of the null hypothesis that no difference between means exists when 

using a student’s t-test when there is a real difference of 10%. For this dissertation, n=6 in 

experimental results unless stated otherwise in this document. 

  

2.2.2 Animal Care 

 Mice were ordered, purchased and shipped from Charles River Laboratories 

International, Incorporated (Inc.) (Wilmington, MA) to the NASA-JSC ACF (Houston, 

TX). For the studies involving proton exposures, animals were ordered from Harlan 

Laboratories (Placentia, CA) and shipped to and housed in the fully AAALAC accredited 

LLU vivarium (Loma Linda, CA). Similar to the above mentioned staff for NASA-JSC, 

animals were properly cared for by full-time employees at the LLU vivarium. At both 

animal facilities, mice were housed 6 to a cage and given standard laboratory chow and 

water ad libitum. The vivariums were kept on 12 hour light and dark cycles. Mice were 

given at least one full week in their new setting to acclimate before any handling or 

experimentation occurred. Animals were observed daily for signs of distress, discomfort 

and pain using a chart provided by the NASA-JSC ACF (Figure 2). For post-irradiation 

time points (see 2.2.4) studied that exceeded three days, mice were weighed individually 

every day using an electronic scale. The veterinarian recommended placing a single, 

moistened food pellet on the floor of the cage in a small petri dish to counteract fatigue 

and weight loss that is common in mice post-irradiation. In following best practices, we 

did as the veterinarian ordered and did this for all the animals whose sacrificial time point 

post-irradiation exceeded 24 hours. For the sacrificial time points post-irradiation which 
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exceeded 3 days, animals were housed 1 to a cage following irradiation at the 

veterinarian’s request so that they might receive better rest to recover. 

 

 

 

Figure 2: Chart used to monitor animals daily for signs of distress, discomfort and 

pain. Upon observation of the completed chart, the veterinarian would provide 

instructions to prevent further complications and death and to mitigate symptoms. 



22 

 

 

2.2.3 Radiation Exposures 

2.2.3.1 Gamma Irradiation 

Before radiation exposures, mice were assigned in a random fashion to an 

experimental or control group. Mice were placed in plastic mouse restrainers and 

positioned inside the irradiator. The on-site irradiator at NASA JSC provides 137Cs 

gamma radiation. For low dose exposures of 0.05 gray (Gy), or 5 centigray (cGy), 

animals were exposed vertically from both the front (top of the mouse) and back (the 

bottom of the mouse) sides. The dose rate was 0.072 Gy/minute (min) without shielding 

at the center of the holder. The exposure time was 25 seconds (s) to the front and 25 s to 

the back and the dose was 0.06 Gy without shielding. The center of the mouse was 

expected to receive 0.05 Gy. 

  

For high dose exposures of 6 Gy, the same style of plastic restrainers and the 

same irradiator were used. The dose rate at the center of the holder without shielding was 

0.444 Gy/min. The exposure was 425 s on one side and 425 s on the opposite side with a 

total exposure duration of 850 s. The total dose at the center of the holder without 

shielding was 6.3 Gy. Taking into account the attenuation in the mouse body, the dose at 

the center of the mouse was expected to be 6 Gy. Dosimetry was provided by the 

manufacturer of the irradiator. All irradiated groups regardless of dose received whole 

body irradiation (WBI).  
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This work was originally planned to explore the radio-adaptive response, but 

eventually became more focused on discerning differences between low and high doses 

of irradiation between mouse strains and qualities. This is important to mention for the 

experimental set-up of the radiation exposures using gamma rays. Exposure groups 

received either the low dose of 5 cGy, the high dose of 6 Gy or a combination dose 

consisting of a 5cGy priming dose with a 6 Gy challenge dose 24 hours later. One 

sacrificial time point was set up differently and that was the 21 day time point. For this 

time point, there was no 5 cGy group. Instead there was a 6 Gy group and two 

combination dose groups. The combination dose groups differed in the time between 

priming dose and challenge dose. One had the previously used time between doses of 24 

hours and the other was 7 days. All sacrifice time points are applicable after the challenge 

dose in the combination groups. 

 

The group of mice assigned as the control group for every time point studied 

underwent sham radiation in which the animals were placed in the plastic restrainer the 

same length of time that irradiated mice were in order to mimic the stress generated from 

being confined. Therefore, their dose received was 0 Gy. The control groups are referred 

to in this document as control(s), sham or 0 Gy. 

 

2.2.3.2 Charged Particle Exposures 

 The work described in this dissertation involves the application of two different 

types of ionizing radiation, gamma rays and protons. Protons are also sometimes referred 

to as charged particles. Radiation is not present in doses relevant to the background of 
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space or radiotherapy in the typical surrounding environments we live in on Earth. 

Therefore, man-made devices are used to generate radiation fields or beams that replicate 

in part the space radiation environment or are used in radiotherapy. There are few 

facilities on Earth which will generate mixed-field radiation of more than one particle 

type. Although more common than mixed-field beams, proton accelerators are still rare as 

compared to their gamma radiation source counterparts. In order to achieve the proton 

exposures necessary to complete this work, a collaboration with LLU scientists was 

capitalized upon in order to utilize the proton accelerator on-site at that institution since 

JSC is not home to one. Animals were placed in plastic mouse restrainers and exposed to 

250 MeV protons at plateau phase in the late hours of the night and the early hours of the 

morning when the accelerator was not being used for patient therapy. 250 MeV protons 

have a residual range of approximately 31 cm in water. Dosimetry was provided by the 

radiation physicist on-site. Mice received doses of 0 Gy (sham radiation), 0.05 Gy, 0.1 

Gy, 2 Gy or 6 Gy at dose rates ranging from 0.46-0.64 Gy/min, with an average dose rate 

of 0.56 Gy/min. The exposure times varied from 0.25-9.68 min with an average exposure 

time of 3.52 min. All irradiated groups regardless of dose received whole body irradiation 

(WBI). 

 

 

2.2.4 Sacrifice and Tissue Harvesting 

Animals were sacrificed at varying time points following irradiation: 4 hours, 24 

hours, 3 days, 7 days or 21 days. A plastic chamber was used to expose the animals to 

carbon dioxide (CO2) until they were adequately sedated. Afterwards, the mice were 
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decapitated using a guillotine. Animals experiencing severe weight loss, illness or other 

conditions recommended for euthanasia by the veterinarian were sacrificed using CO2 

sedation followed by cervical dislocation. The duodenum of the small intestine was 

excised from the animal. The piece of intestine was flushed with phosphate buffered 

saline (PBS) to clean and rid the inside of feces. It was then cut into four equal pieces. 

Two pieces were immediately placed in a cryotube and snap frozen in liquid nitrogen and 

eventual storage in -80° Celsius (C). Next, the two remaining pieces of tissue were cut 

open and laid flat so that the interior of the small intestine was facing upward. One piece 

was placed in a cassette, secure between two small squares of blue foam, which went into 

a 10% neutral buffered formalin (NBF) solution kept at room temperature (RT). The last 

piece was placed in optimal cutting temperature (OCT) gel (Sakura Finetek USA, Inc., 

Torrance, CA) in a small cryomold, frozen on dry ice and stored at -80°C. For the proton-

based work, mice were sacrificed and their tissues harvested in a laboratory on-site at 

LLU. Colon samples were also collected as part of those studies. The colon was fixed in a 

manner similar to the fixation of the intestinal samples mentioned previously. Tissue 

samples were packed or stored on dry ice and shipped to NASA-JSC within one to two 

days of harvesting and subsequently stored at appropriate temperatures (-80°C or RT) 

until further processing. 

 

2.2.4.1 Tissue Processing 

 Samples which were snap-frozen in cryotubes and stored in -80°C remained there 

until experimentation was conducted with them. Tissue which was placed in cassettes in 

the 10% NBF was subsequently handled and processed 48 hours later by the 
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Histotechnology Core Laboratories at either UTMB or The University of Texas M.D. 

Anderson Cancer Center (MDA) (Houston, TX). Briefly, the samples were dehydrated 

using an automated process which places the tissues in consecutive and ordered ethanol 

washes and then they were perfused with paraffin wax. The samples were then embedded 

into metal blocks filled with paraffin and placed permanently back into their original 

cassette. In order to achieve paraffin sectioning on glass slides, the paraffin blocks were 

mounted on a microtome chuck and then cut at a setting of 5 microns (μM). Sectioning 

was put onto glass slides and stored permanently at RT. 

 

 The Histotechnology Core Laboratories also stained many of the paraffin sections 

with hematoxylin and eosin (H&E) for purposes of viewing nuclear matter apart from 

other cellular and tissue components. Slides were deparaffinzed using a series of xylene 

washes and then hydrated using multiple grades of ethanol. After rinsing in water, 

sections were stained with hematoxylin for several minutes and then rinsed again 

thoroughly in tap water. Differentiation, or removal of excess hematoxylin, was then 

completed using an extremely short rinse of acid alcohol followed by water once again. 

The so-called bluing procedure, or conversion of hematoxylin from a red to a blue color, 

was done using lithium carbonate and a final rinse in water. The eosin counterstain was 

applied next and the slides were dehydrated afterwards using increasing concentrations of 

ethanol. Finally, the slides were cleared with xylene in order to keep light diffraction to a 

minimum and sealed with a coverslip. 
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 Intestinal samples which were placed in OCT gel in cryomolds were mounted on 

a cryotome chuck on-site at NASA JSC and then cut with the cryotome in 5 μM sections. 

The optimal temperature for both the cryotome box and the chuck was approximately       

-23°C. Sections were kept flat using a roll out bar inside the cryotome. The sections were 

picked up with and placed on glass slides coated in gelatin, which helps keep the sections 

attached, using a roll-of-the-hand and wrist technique. Slides were then stored at -20°C 

until further processing. 

 

2.3 MICROSCOPY 

2.3.1 Bright Field Microscopy 

 Bright field microscopy, a form of light microscopy, was used to view and 

photograph tissue samples stained with H&E. Simple two-dimensional (2D), still images 

were captured using a video camera attached to the microscope and the Linksys 32 

software system (Linkam Scientific Instruments, Surrey, United Kingdom). Images were 

captured with a range of magnifications depending on the assay being used (see 2.4.1-

2.4.3). The magnification provided in this document is the objective magnification 

multiplied by the eyepiece magnification (10 times (X)). 

 

2.3.2 Fluorescence Microscopy 

 There are many fluorescence microscopy systems available at NASA JSC. In an 

attempt to view and analyze paraffin and frozen sections of GI tissues that were 

immunohistochemically stained using fluorescently tagged antibodies (see 2.5), a Zeiss 

Axioplan (Zeiss, Oberkochen, Germany) fluorescent microscope was employed which 
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had electronic image capture capability. A Sensys charge-coupled device (CCD) camera 

(Photometrics, Ltd., Tucson, AZ) was part of the microscope system and that together 

with the CytoVision® software (Leica Biosystems, Buffalo Grove, IL) provided the 

ability to capture 2D images of our immunofluorescence work. The filters on the 

microscope system allowed viewing and image capture of the wavelengths of emission of 

our fluorescent antibody tags. Images were captured with a range of magnifications 

depending on the region of interest in the tissue. 

 

2.4 HISTOPATHOLOGIC ANALYSES 

2.4.1 Apoptotic Lesions 

 After standard H&E staining, tissue was evaluated for any obvious morphologic 

changes using bright field microscopy. A numeric system was used by a colleague in 

advance of slide observation in order to provide a blinded analysis. Standard definitions 

were used to determine which cells were apoptotic: those presenting pyknosis or 

karyorrhexis (Kerr et al., 1972; Ijiri, 1989; Wyllie, 1997). Pyknosis can be explained as 

the genetic material of the nucleus appearing to be condensed. Karyorrhexis usually 

follows making fragments of the nuclear material appear to be broken away from the rest. 

Condensed and fragmented nuclei were obvious in the lesions identified in this work. 

These quintessential indications of damage needed to be easily recognized among healthy 

cells to be included in quantification. Cells which appeared unhealthy but did not clearly 

display pyknosis or karryorhexis were not included in our analyses. More than 40 crypts 

selected at random on varying regions of tissue sections were quantified for apoptotic 

lesions. The details of this assay are published in the literature (Ijiri and Potten, 1983). In 
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brief, the tissue was observed for both the stem cell region of the crypts (cell positions 1-

6) and the upper region of the crypts (defined in this work as cell positions 7-20) in order 

to quantify dying cells. Intact Paneth cells had to be present at the base of a crypt to be 

considered for quantification. Finally, crypts had to have a minimum of 20 cells between 

their base and villous junction to be analyzed for apoptosis. Magnifications of both 500X 

and 1000X were used to complete this work. 

 

 Pathologists at MDA confirmed the presence of apoptotic lesions before 

quantification and sometimes provided short reports grading the severity and extent of 

apoptosis based upon a small subset of the samples. These confirmations and reports 

provided scientific assurance that I was appropriately screening and quantifying the tissue 

sections for apoptotic lesions although I had not been formally trained as a pathologist. 

Dr. Stanley Hamilton provided confirmation of apoptosis on the samples exposed to 

protons. Veterinary pathologists in the MDA Histotechnology Core Laboratories 

provided the above mentioned reports for samples exposed to both gamma rays and 

protons. 

 

2.4.2 Villous Morphometry 

 The villi of the small intestine were analyzed for any morphometric changes 

following irradiation. Specifically, the area of villi were measured and compared. Villi 

were photographed under the microscope as described above (see 2.3.1) at a 

magnification of 200X. Later, the images were opened using the freely downloadable 

software, ImageJ, from the National Institutes of Health (NIH) (Bethesda, MD). A 
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photograph taken under the microscope of a μM scale at 200X magnification was used in 

ImageJ to calibrate pixels to μM and set scale bars onto images. Using the polygonal 

drawing tool in the ImageJ program, lines were superimposed onto the photographs as if 

the villi were being traced. ImageJ then used each completed polygon to generate an area 

calculation of an individually traced villous in units of μM². An example of a 

superimposed image is provided in Figure 3. 

 

 

Figure 3: Example of a photograph opened and analyzed using the NIH’s ImageJ 

software. The polygonal drawing tool in the program was used to assess the area of 

intestinal villi after radiation exposures. The tissue pictured is from a mouse duodenum 

and viewed at 200X magnification. 
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2.4.3 Stereological Assessment 

 An assay to look at and quantify mucosal surface was completed only for the 

BALB/c mice exposed to protons. This work was done at the request of an editor 

following the submission of a manuscript. It is included in this dissertation to point out 

another endpoint of significant damage in the small intestine following radiation 

exposure in mice. 

 

Using H&E-stained slides containing both transverse (5X magnification) and 

longitudinally (10X magnification) cut sections of small intestine, images were captured 

of tissue and opened using ImageJ. Briefly, the first step is to estimate the volume of each 

intestinal segment. The methodology begins with a uniform grid of points overlaid onto 

an image of a transversely cut intestine displaying the entire circumference (Figure 4a). 

Each point on the grid is representative of the center of a fixed, square area. That area’s 

value is provided to the user by the software. The points “touching” the intestinal tissue 

were quantified and the total area was determined by multiplying that number of points 

by the area around one point. The volume was calculated for each animal by summing the 

areas of each section collected (n=2 per animal) and then multiplying that sum by the 

distance between collected sections (approximately 3 mm). 
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 The next step involves surface area estimation and utilizes longitudinally cut 

sections of the intestine. The long sections of intestinal tissue were photographed and a 

cycloidal grid of arcs was overlaid onto the images (Figure 4b). The places at which the 

grid intersects with the surface, and the surface only, were quantified (Figure 4b, black 

dots). Then, the points where the grid intersects with any other parts of the tissue were 

also quantified (Figure 4b, grey dots). A ratio of surface interactions to tissue interactions 

was calculated and this value represented the surface density. Finally, the surface density 

was multiplied by the previously calculated intestinal volume to obtain the surface area 

estimation (Casteleyn et al., 2007; Casteleyn et al., 2010). 

 

2.5 IMMUNOHISTOCHEMICAL STUDIES 

2.5.1 ApopTag® Red In Situ Apoptosis Detection Kit 

 The ApopTag® Red In Situ Apoptosis Detection Kit (Chemicon/Millipore 

International, Billerica, MA) was used to immunohistochemically stain paraffin sections 

of select intestinal samples in order to confirm findings observed in histopathologic 

quantification of apoptosis. Slides were first deparaffinized using xylene, ethanol and 

PBS washes in coplin jars and were then treated with proteinase K. The rest of the 

procedure was completed according to the manufacturer’s instructions. Slides were stored 

long-term in the dark to avoid photobleaching at -20°C. 

The terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end 

labeling (TUNEL) method is the scientific basis of this kit. Free 3’-hydroxyl (OH) 

termini in DNA are labeled with the kit indicating the presence of both single-strand 

breaks (SSBs) and double strand breaks (DSBs) in DNA. An anti-digoxigenin-rhodamine 

http://en.wikipedia.org/wiki/Terminal_deoxynucleotidyl_transferase
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Figure 4:  Mucosal surface area assay. Example images of a) area grid and b) 

grid cycloid arc overlays provided by ImageJ in order to condcut stereological analysis 

on transverse and longitudinal intestinal sections, respectively. The tissue pictured here is 

from BALB/c mouse duodenum and viewed at a) 50X and b) 100X magnification. 
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antibody (sheep, polyclonal) allows for detection (excitation wavelength of 540 

nanometers (nm), emission wavelength of 550 nm) of the labeled ends using fluorescence 

microscopy (see 2.3.2). A 4',6-diamidino-2-phenylindole (DAPI) nuclear counterstain 

with antifade was used alongside this assay (excitation wavelength of 365 nm, emission 

wavelength of 480 nm). The apoptotic cells fluoresce bright red against the blue nuclear 

counterstain. 

 

2.5.1.1 Quantification of Fluorescence for Apoptosis 

 Slides were next observed in a blinded fashion using fluorescent microscopy (see 

2.3.2). 40 or more whole crypts selected at random on varying regions of tissue sections 

were quantified visually for apoptotic lesions as indicated by concentrated red 

fluorescence at 1000X magnification. 

 

 A second method was used to quantify the fluorescence indicating apoptotic cells 

in the intestinal tissue. ImageJ was applied once again to images in this analysis. The use 

of a software program such as ImageJ eliminates human bias in the quantification 

process. It also provided the advantage continuous data of fluorescence rather than 

discrete numbers of apoptotic lesions. Nonetheless, due to the expensive nature of the 

ApopTag® kit, analysis and quantification of fluoresce were primarily employed to 

verify the accuracy of the methodology of visual findings of apoptotic lesions in H&E-

stained slides. Red-green-blue (RGB) images of fluorescently stained tissues were 

opened with ImageJ and immediately split by color channel into three single images 

separately showing red, green and blue channels by gray intensity. Measurements of area, 
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mean gray value (MGV) and integrated density (ID) were taken first of three regions of 

background near and around bright gray areas. Next the same measurements were taken 

for the entire visual field of the image. An example of this process is provided 

photographically in Figure 5. Corrected total field fluorescence (CTFF) was calculated by 

subtracting the product of the field area and average background MGV from the field ID. 

A minimum of six images were used for every dose point. 

 

 

 

Figure 5:  Fluorescence quantification in ImageJ. Screen shot from a computer 

showing the process of fluorescent quantification using ImageJ. A single, color RGB 

image has been split by the software into gray-based images displaying red and blue 

channels individually. Background can be subtracted based on area from other measures 

generated like integrated density to ensure accurate quantification. 
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2.5.2 Ki67 as a Cell Proliferation Marker 

 This assay is relevant only to the group of BALB/c animals exposed to protons. It 

was completed at the request of editors following the submission of a manuscript. It has 

been included in this dissertation as the data raises interesting questions. 

All anitbodies were purchased from Chemicon/Millipore International (Billerica, 

MA). Slides were deparaffinized by warming them for an hour at 65°C and then using 

xylene, ethanol and PBS washes in coplin jars as mentioned above. Antigen retrieval was 

achieved with the use of a sodium citrate buffer made in house and a water bath set to 

98°C. Slides were blocked in 10% normal goat serum with 1% bovine serum albumin 

(BSA) in PBS to prevent non-specific binding of antibodies. The primary antibody, a 

rabbit-raised anti-Ki67, was applied to tissues in PBS with 1% BSA at a dilution of 

1/1000 and the sections were incubated overnight in a humidified chamber at 4°C. The 

next morning, slides were rinsed in PBS with Tween-20 (PBST) and incubated with the 

fluorophore-conjugated secondary antibody, a goat anti-rabbit immunoglobulin G (IgG) 

conjugated with a biotin spacer (biotin-SP), at a dilution of 1/500 in PBS with 1% BSA 

for 1 hour. To achieve fluorescence and increase the sensitivity of the assay, a 

streptavidin-fluorescein conjugate (diluted 1:100) from Chemicon/Milliopore (Billerica, 

MA) as well as an endogenous Avidin+Biotin blocking system from Abcam (Cambridge, 

MA) were used. Slides were then rinsed in PBS, counterstained with DAPI with antifade 

and stored at -20°C in the dark with a sealed coverslip until further use. Fluorescein has 

excitation and emission wavelengths of 494 nm and 521 nm and appears green. 
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2.5.2.1 Quantification of Ki67 Fluorescence 

 Proliferating cells in the intestinal tissues were quantified visually in a blinded 

fashion using fluorescent microscopy (see 2.3.2) at 1000X magnification for each animal 

in 20 crypts selected randomly as depicted by bright green, concentrated fluorescence 

against the blue nuclear DAPI stain. 

 A second method of quantification was used as well and followed the process 

described in 2.5.1.1 with the exception that the green channel was analyzed and not the 

red. 

 

2.5.3 DNA Repair Proteins 

 Another immunohistochemical experiment performed was the staining of 

intestinal tissues with antibodies specific to DNA repair proteins. Paraffin sections were 

stained as described above in 2.5.2 with the exception that two primary and two 

secondary antibodies were used to complete a double stain. Frozen sections were also 

double stained. Frozen sections had to be warmed to room temperature for approximately 

30 minutes and then fixed in ice cold acetone for 5 minutes. Sections were allowed to air 

dry for 30 minutes and then washed in PBS. From there, blocking of non-specific binding 

was performed and the protocol followed the subsequent steps described in 2.5.2. Due to 

the double staining, both a 10% normal donkey serum and 10% normal goat serum block 

were performed in PBS with 1% BSA. All antibodies were ordered and purchased from 

Abcam (Cambridge, MA). The primaries were ab3669 and ab97351, antibodies specific 

to Rad51 and X-ray repair cross-complementing protein 4 (XRCC4), respectively, and 

were used with dilutions of 1/100 and 1/200. The XRCC4 antibody was rabbit polyclonal 



38 

 

while the Rad51 antibody was goat polyclonal. The secondary antibody for XRCC4, 

ab96885, was a goat polyclonal to rabbit IgG-H&L (DyLight 594) and a dilution of 1/150 

was found to be best for this work. A donkey polyclonal secondary antibody to goat IgG-

heavy and light chains (H&L) (DyLight 488), ab96931, was used to tag the primary 

antibody to Rad51 at a dilution of 1/250. DyLight 594 has excitation and emission 

wavelengths of 593 nm and 618 nm and appears orange to red-orange. DyLight 488 has 

excitation and emission wavelengths of 493 nm and 518 nm and appears green. 

 

2.5.3.1 Quantification of Fluorescence for DNA Repair 

 Images of DNA repair proteins present in intestinal tissue and the colon were 

captured using fluorescent microscopy (see 2.3.2). Fluorescence was quantified using 

ImageJ as described above in 2.5.1.1 and 2.5.2.1. Crypts in the small intestine were 

divided into lower and upper regions and the two were quantified separately. 

 

2.6 MOLECULAR ASSAYS 

2.6.1 RNA Isolation 

 Total ribonucleic acid (RNA) was isolated from small intestinal tissue using the 

Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s 

protocol. Snap-frozen intestinal tissue was homogenized completely before isolation 

using an electric homogenizer and approximately 50 strokes. The optional DNase 

treatment mentioned in the instructions from the manufacturer was performed in order to 

eliminate genomic DNA contamination. Samples and reagents were kept on ice 

throughout the process and RNA was stored in -80°C until further use. 
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2.6.1.1 RNA Concentration Quantification 

 In order to determine the concentration of RNA achieved after isolation, a 

Spectramax® Plus 384 instrument and SoftMax® Pro Software (both from Molecular 

Devices, Inc., Sunnyvale, CA) with cuvette were used to attain absorption amount in a 

mixture of the RNA with water at wavelengths of 260 and 280 nm. These wavelengths 

are indicative of RNA and DNA presence, respectively. The resulting absorptions were 

used to ensure there was an acceptable ratio of RNA to DNA and to calculate RNA 

concentration. The absorption at 260 nm was multiplied by 50 to represent the 1/50 

dilution in water for measurement. That product was then multiplied by 40 to normalize 

to the expected concentration for a 1 cm pathlength. The resulting product provided the 

RNA concentration in nanograms (ng)/microliter (μL). Concentrations as low as 25 

ng/μL were acceptable in order to perform subsequent experiments, but ideal 

concentrations were upwards of 200 ng/μL. 

 

2.6.1.2 RNA Quality Analysis 

 An Agilent 2100 Bioanalyzer and Agilent RNA 6000 Nano Kit (Agilent 

Technologies, Inc., Santa Clara, CA) were used to test the quality of the isolated RNA 

according to instructions provided by the manufacturer. As little as 5 ng of RNA was 

used per sample in some cases.  Agilent’s patented RNA Integrity Number (RIN) value 

was the endpoint used to determine RNA quality (1-10). RIN values of 8-10 were 

considered extremely high quality, but any value of 5 or greater was consider acceptable 

according to the manufacturer to move forward with subsequent experimentation. 
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2.6.2 First-Strand cDNA Synthesis 

 Qiagen’s RT² First Strand Kit (Qiagen, Valencia, CA) was the methodology of 

choice to synthesize complementary DNA (cDNA) from isolated RNA. The kit uses a 

cocktail of reverse transcriptase, primers, genomic DNA elimination reagents and RNA 

to create a first strand of cDNA after being placed in a thermocycler and heated to 42°C 

and then 95°C. The cDNA was held at -20°C until further use. 

 

2.6.3 Quantitative Real-Time PCR 

 Quantitative real-time polymerase chain reaction (PCR) was used substantially 

throughout the process of completing the work described in this dissertation. RT² Profiler 

PCR Arrays were used in combination with RT² SYBR Green quantitative PCR (qPCR) 

mastermixes (both from Qiagen, Valencia, CA) and cDNA to study gene expression after 

irradiation. The arrays are 96 well plates which come equipped with primer assays 

specific to a set of genes related to similar signaling pathways. We employed both the 

Mouse Oxidative Stress and Mouse Apoptosis arrays. The plates also have built-in 

housekeeping genes, genomic DNA contamination detection and positive controls for the 

PCR process itself. qPCR was completed using the CFX96 Real-Time PCR Detection 

System from Bio-Rad (Hercules, CA). 

 

2.6.3.1 Analysis of Gene Expression and Pathways 

An Excel-based document was provided by Qiagen that was used to analyze the 

results of qPCR. It is based upon cycle number for both control and test samples and 
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normalization to housekeeping genes. In order to further confirm qPCR results, a more 

stringent statistical analysis method was applied to the data in which the cycle numbers 

were normalized to each other within the data set even after normalization with 

housekeeping genes. This double normalization allowed for more confidence in the qPCR 

results. Genes were only considered significantly different in expression from control 

samples if both normalization procedures had been performed and they had an up or 

down fold change exceeding 2 and a p-value of less than 0.05 after a student’s t-test. 

 

To provide potential mechanisms using qPCR data, Ingenuity® Pathway Analysis 

(IPA) (Ingenuity® Systems, Inc., Qiagen, Redwood City, CA) was used to generate 

pathways. The program uses data from the literature and inputs from the user in order to 

provide real network relationships between molecules. Only genes with significant fold 

changes as described above were used an inputs in the program. The confidence level 

chosen to build the networks was “experimentally proven” only (the highest level of 

confidence query) (Ingenuity Systems, 2013). The illustrations in the document were 

created by the author personally using the IPA program. 

 

Finally, to further understand differences between the large gene expression data 

sets, so-called heat maps were generated using an online program known as CIMminer 

(Genomics and Bioinformatics Group, Laboratory of Molecular Pharmacology (LMP), 

Center for Cancer Research (CCR), National Cancer Institute (NCI), Bethesda, MD) 

(Group, 1997-present). This tool is freely accessible to the public. Gross differences in 

the colors on the heat maps between time points, strains or radiation qualities were 
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observed and the individual genes at those points were teased out. Next, those genes were 

compared for significance and inputted into the IPA system mentioned above to observe 

possible molecular networks responsible for changes in the samples. 

 

2.6.4 Histone Deacetylase Assessment 

 Histone deacetylase (HDAC) activity and inhibition were assessed in colon 

samples in C57BL/6 mice exposed to protons. The Epigenase™ HDAC 

Activity/Inhibition Direct Assay Kit (Colorimetric) (Epigentek, Farmingdale, NY) was 

used and executed according to the manufacturer’s protocol. The kit measures the total 

inhibition and/or activity of HDAC enzymes using proteins extracted from nuclei. The kit 

also provides internal controls in the form of a histone standard which is deacetylated. 

Proteins were extracted from the nuclei of snap-frozen colon tissues using the EpiQuik™ 

Nuclear Extraction Kit I (Epigentek, Farmingdale, NY). The instructions provided by 

Epigentek were used to complete that work. Next, a serious of reactions were performed 

in a 48 well plate according to Epigentek’s protocol. HDAC activity was measured 

colorimetrically using a Tecan Safire Absorbance and Luminescence reader and 

Magellan software (Tecan Group Ltd., Mannedorf, Switzerland). Absorbance was 

measured at 450 nm with a reference wavelength absorbtion of 655 nm. Final activity or 

inhibition of HDAC was calculated by subtracting the average absorbance readings of 

blank wells from average readings of sample wells and then dividing that difference by 

the product of nuclear extracts inputted and incubation time with HDAC substrate. A 

standard curve of the deacetylated histone standards was also used in calculations. 
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2.7 STATISTICAL ANALYSES 

 Statistical analysis was completed using Excel or SPSS which was freely 

downloadable from UTMB. Statistical consulting was provided when necessary by the 

JSC Statistical Consulting group. Student’s t-test was used to assess statistical differences 

in experiments which had only two groups or when two groups needed to be assessed for 

differences. Analysis of variance (ANOVA) was used to observe statistical differences in 

experiments which had three or more groups. Tukey’s test was used for post-hoc analysis 

of ANOVA when necessary in order to determine differences between specific groups. 

Groups were assessed for equality of variance. Data sets which did not exhibit a normal 

distribution were assessed using a parametric t-test or ANOVA after transformation. An 

alpha level of 0.05 was set as the significance standard for all statistical testing. 

Therefore, a p-value of less than 0.05 was considered significant for these studies and 

when encountered merited rejecting the null hypothesis that no difference existed 

between groups. P-values of less than 0.05 are portrayed throughout this dissertation in 

various forms: asterisks (*), pound signs (#) and percent signs (%) depending on the level 

of significance. Please refer to the individual figure captions for explanations. When 

possible dependent upon visual aesthetics, it was attempted to easily depict significant 

differences between groups with adjoining line segments. Most results of this 

experimental work were displayed graphically as means with error bars representative of 

either the standard deviation (SD) or the standard error of the mean (SEM). 
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Chapter 3: Assessment of Histopathologic Alterations in the 

Gastrointestinal Tract after Radiation Exposures of Varying Doses and 

Qualities 

3.1 ADDITIONAL EXPERIMENTAL RATIONALE 

 All of the work presented in this dissertation was performed in vivo. Originally a 

study was funded with plans to assess the radio-adaptive response in animal models with 

gamma rays (and not protons). Experiments were therefore performed involving an 

additional group receiving a priming and challenge dose of irradiation rather than a single 

dose alone. In order to provide a study more meaningful for the space flight environment 

and due to an interest in characterization of intestinal affects after charged particle 

exposures, another set of experiments were performed using simple, single-dose proton 

exposures. For purposes of this dissertation, differences between low and high dose 

exposures are addressed across varying strains of mice using both proton and gamma ray 

data. Any protection afforded to animals due to the combination priming and challenge 

dose, or so-called radio-adaptive response, will be reported though as to provide a more 

comprehensive numerical and informational report. 

 

Weight loss in mice following radiation exposures has been well characterized in 

the primary literature and is mostly thought to be an effect of acute enteritis or the more 

serious radiation induced gastrointestinal syndrome (RIGS) in the case of high dose 

irradiations (Bhanja et al., 2009). It can occur following both exposures limited to the 

abdominal area or when using WBI (Jia et al., 2010). It was decided that weight loss 

would be an excellent first endpoint to measure for this work for multiple reasons. 
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Tracking the mice’s weight would provide early indicators that the irradiation procedure 

had taken place as planned and that animals were exhibiting a typical physiologic 

response. It was also used as an assessment to ensure that the animals were not too ill 

after the radiation exposures to allow for the best care that could be given. Weight loss 

was written into the IACUC protocol as a required measurement and imposed limits upon 

how much weight was acceptable for an individual mouse to lose without intervention 

from a veterinarian and possibly subsequent euthanasia. It was also felt that by measuring 

weight daily, the ability to pinpoint on which days after irradiation weight loss was 

occurring may offer insight into future experimental data, objectives or chosen time 

points. 

 

 Apoptosis is quite prevalent in the intestine after radiation exposures, both high- 

and low-LET, of high end even low doses (Potten et al., 1994; Hendry et al., 1995). The 

time course and quantification of gamma ray-induced apoptosis in the intestine has been 

known for some time, but much work remains to be done to characterize the effects of 

protons and other radiation qualities. As apoptosis is a major pathway of cellular death 

and the small intestine turns over daily in humans, it was chosen for this work because 

cellular death and eventual replacement proliferation is an important component in acute 

enteritis and/or ARS following irradiation (Ramachandran et al., 2000). In other words, 

apoptosis is an important regulator of maintaining intestinal function both normally and 

following an insult such as radiation, partly because of the rapid turnover rate of the 

organ (Ramachandran et al., 2000). In this manner, apoptosis can be thought of as both a 

protective measure and a damage marker, a double-edged sword. Therefore, although it 
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does not persist for extremely long periods of time, apoptosis is an extremely important 

homeostatic process (Potten et al., 1994). 

 

Astronauts who may receive a large radiation dose (such as from a solar particle 

event (SPE)) in space flight and experience acute enteritis can experience symptoms such 

as vomiting, diarrhea and weight loss which can hinder their performance and potentially 

be detrimental to the mission (Shadad et al., 2013). Learning more about this topic to 

prevent such a state in space flight is critical. Additionally, it is known that cell death in 

the intestine when apoptosis is blocked, thought to be due to a lack of p53, is marked by 

persistent DNA damage, unchecked cell proliferation and other hallmarks of 

carcinogenesis (Leibowitz et al., 2011). Therefore, delineating relationships between 

apoptosis, its mechanism and cell survival or other endpoints after varying radiation 

qualities can also potentially provide some important information relevant to cancer and 

the possibilities of persistent DNA damage (Leibowitz et al., 2011). This work attempts 

to do just that. Apoptosis was quantified and mechanistic possibilities are addressed in 

gene expression studies (see Chapter 4). Although small intestinal cancer is rare in human 

beings with regard to cancer incidence, colon cancer is not. The age-adjusted incidence 

rate of colon cancer in 2009 was 42.5 per 100,000 men and women (Group., 2013). 

Learning if and how apoptosis is related to persistent DNA damage or the lack thereof in 

either the small intestine or the colon may be helpful for those studying the colon and 

carcinogenesis, which is a concern for our middle-aged astronauts. This work observed a 

four hour time point to study the presence of DNA repair proteins in the intestine and 

colon after proton radiation to help with that discovery. Four hours may not fit some 
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definitions of persistent DNA damage. It was considered an appropriate time point for 

this work because apoptosis peaks in the small intestine at four hours after gamma ray 

exposure and due to the complex relationship that apoptosis likely has with the presence 

and absence of DNA damage, it was thought that observation of both apoptosis and DNA 

repair at the same and pertinent time point could be very relevant (Potten, 1977). 

 

 The ApopTag® kit (see 2.5.1) was used a chemical means of quantifying our 

findings of visual apoptotic analysis in order to verify the accuracy of the visual analysis. 

The kit provides a fluorescent stain which can easily provide continuous data, void of 

human bias. 

 

 Villous morphometric analysis represents an assay with easily quantifiable data 

making it an obvious advantage (see 2.4.3). Its biological relevance lies in the function of 

intestinal villi and the effects on their structure and function following radiation 

exposure. Villous structures project like fingers into the lumen of the intestine and 

function to maintain intestinal homeostasis with specialized, differentiated cells as their 

make-up (Sarna and Otterson, 1989). Their primary role is in nutrient absorption 

following food digestion (Sarna and Otterson, 1989). Enteritis from causes other than 

raditation is characterized by flattening and atrophy of the intestinal villi (shrinking), 

which disrupts nutrient absorption and is one of the main causal agents of enteritis 

symptoms (Cummins et al., 2011; Kim et al., 2012). ARS syndrome shares many 

symptoms with acute and even chronic enteritis, yet only some of the literature makes the 

connection that villous atrophy is a likely underlying factor in ARS, or focuses on the fact 



48 

 

that villous atrophy may be caused by other processes in the gut like the neuromuscular 

system and not necessarily radiation (Somosy et al., 2002; MacVittie et al., 2012). Upon 

reviewing the literature, it was determined this disease process should be studied further 

as it does not matter exactly what causes a symptom if the negative outcome happens 

following radiation for purposes of space flight success. This assay once again correlates 

nicely with quantification of apoptosis because maintenance of villi structure and 

prevention of flattening is dependent upon crypt survival and regeneration (Kim et al., 

2012). As crypt stem cells proliferate the tissue with new cells, they move up the villi in a 

highly strategized fashion and replace cells at the tip of villi which slough off into the 

intestine (Potten, 1991; Kim et al., 2012). 

 

Finally, mucosal surface area analysis, though not a commonly used technique, 

provides an idea of morphology changes in the intestine very much related to the villi, 

which again are dependent on crypt survival (see 2.4.4). This assay is related to the villi 

because it functions to determine changes in surface area and villi have evolved in order 

to increase the surface area of the intestine, in turn increasing absorption of nutrients 

(Sarna and Otterson, 1989). This assay is indeed pertinent to radiation insult since it is 

directly related to the villi which are commonly affected in radiological exposures; 

however it was not a priority over the villous morphometric analysis due to its extensive 

time required for completion and the fact that it is not as well published in the literature 

compared to villous morhpometry with regard to radiation (Kim et al., 2012). This assay 

was suggested to us by an editor after submission of a manuscript and we have included it 
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because it provides significant data. This assay was only used on BALB/c mice exposed 

to protons and sacrificed four hours after irradiation. 

 

3.2 RESULTS 

3.2.1 Animal Body Weights 

 Mice were weighed beginning the day of radiation exposure and everyday 

afterwards until the animals were sacrificed. Only groups assigned to sacrificial time 

points exceeding three days were weighed as weight loss over a shorter time span is 

unlikely. For our work this comprised of a 7 day time post-IR time point and a 21 day 

post-IR time point. Significant differences were observed across multiple groups and this 

is comparable to what has been reported in the literature (Bhanja et al., 2009; Oh et al., 

2010; Kim et al., 2012). 

 Over a one week time period after irradiation, all three experimental groups (5 

cGy, 6 Gy and 5cGy+6Gy) exhibited a body weight significantly different than that of the 

control group (0 Gy) (p-value < 0.001) (Figure 6). The high dose and combination dose 

groups also significantly differed from the low dose group (p-value < 0.005) (Figure 6).  

 

This is suggestive of a true dose response in body weight after irradiation. No 

difference of significance was observed between the 6 Gy and 5 cGy+6Gy group, 

however, which do have a difference, though small, in dose. The priming dose did not 

provide any radio-adaptive response for the 7 day time point concerning body weight. 

Furthermore, the visual appearance of the graph reveals that the high and combination 

dose groups lost more weight the day after irradiation while the low and control dose  
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Figure 6: Mean body weights in C57BL/6 mice after exposure to gamma rays. Mice 

were sacrificed 7 days after IR. Significant differences between groups are noted with: * 

p-value < 0.001 as compared to 0 Gy and # p-value < 0.005 as compared to 5cGy. 

 

groups seem to have gained weight over the week long period. Indeed both these 

observations were confirmed when assessed mathematically. A student’s t-test showed 

for each individual group compared to their day 0 original weight, the control and low 

groups were significantly different (p-value < 0.05) on the last day while the high and 

combination groups were significantly different (p-value < 0.05) on day 1 (data not 

shown). This caused us to reject the hypotheses that animals would lose weight 

throughout the experimental time point. 

 21 days after IR exposure all animals had started gaining weight again and both 

combination dose groups, 5 cGy+6Gy, 24h and 5 cGy+6Gy, 7d, were found to be 

significantly different (p-value < 0.005) from the high dose of 6 Gy for the overall 3 
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week period (Figure 7). For the endpoint of body weight then, the priming dose provided 

a protective effect against weight loss whether it was administered one week or 24 hours 

before the challenge dose. When compared to the 7 day weight data, which only had the 5 

cGy+6 Gy, 24h group and not the 5 cGy+6 Gy, 7d group, one can infer that perhaps with 

regard to mechanisms affecting body weight a radio-adaptive response takes longer than 

one week to occur. Longer time points between priming and challenge exposures that 

induce radio-adaptive responses have been observed before (Horie et al., 2002). 

 

3.2.2 Intestinal Apoptotic Lesions 

 Apoptotic lesions including time course and other measures have been 

documented in the literature for gamma ray exposure in the intestine. However, several 

doses in different mouse strains have yet to be reported such as those in this document. 

Starting with a paper in 1977 that turned into a seminal work for this field, C. Potten has 

become the authority on radiation and intestinal damage (Potten, 1977). Potten has shown 

that apoptosis peaks in the small intestine at approximately 4 hours after gamma ray 

exposure (Potten, 1977). Conversely, very little work has been published regarding 

proton exposures, particularly with regard to in vivo work and the intestine. Radio- 

adaptation is also quite limited in current knowledge when speaking specifically of 

intestinal apoptosis. 

 

Photographic images of affected intestine after irradiation are provided in Figure 

8. The photographs have been labeled to identify apoptotic lesions and depict the types of 

lesions that were quantified in this work. This particular set of photographs are from 
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Figure 7: Mouse weights 21 days following radiation exposures. Both C57BL/6 priming dose groups were significantly different 

from the 6 Gy group over the three week period (* p-value < 0.005). 

 

 

BALB/c mice following varying doses of proton irradiation and sacrificed four hours post-exposure. The images beautifully display  

 

what appears to the trained eye to be a likely linear dose-response of apoptotic lesions in the intestinal crypts. 
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3.2.2.1 Gamma Ray Time Course 

Time points of 4 hours, 3 days and 21 days were studied. The first time point for 

our observations of apoptotic lesions was 4 hours post-irradiation. C57BL/6 mice 

exhibited significantly increased means of lesions for every dose when compared to their 

control counterparts (*p-value < 0.05). The high and combination dose groups were also 

altered from the low dose mice in mean number of lesions by a factor of more than 10 

(Figure 9). High dose and combination groups were not significantly different. It is 

possible based on means that the combination dose group did provide an adaptive 

response indicating protection from apoptosis, but this was not proven statistically. 

In order to display the greater sensitivity often shown at low doses due to IR in the small 

intestine, the mean number of apoptotic lesions was also plotted on a logarithmic scale 

(Figure 10). It is important to notice the extreme difference in rise on the logarithmic 

scale between the 5 cGy group and the control group as compared to the rise between 5 

cGy and the higher doses or even 0 Gy to the higher doses. This rapid rise in the mean 

number of lesions is indicative of a damage response that is higher than the expected 

amount of lesions would be proportionate to the higher radiation doses in linear dose 

response. However, this is consistent with what has previously been published in other 

mouse strains, doses, dose rates and radiation qualities (Potten, 1977; Potten et al., 1994). 

Also displayed on this figure is quantification of apoptotic lesions in just the basal region 

of the intestinal crypts. The literature consistently shows that the lower half of intestinal 

crypts are far more sensitive to IR as measured by cell death than the upper regions (Ijiri 

and Potten, 1983; Potten, 1991). This is primarily because the lower region of the crypts 

contain the stem cells which are continuously repopulating the upper half of the crypt and 
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Figure 8: H&E-stained tissue sections displaying apoptosis. The duodenum shows lesions (identified by yellow arrows) after 

proton exposure of varying doses in BALB/c mice. A yellow circle overlaid on the control image familiarizes the viewer with one 

crypt in the tissue.
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Figure 9: C57BL/6 mice 4 hours after IR exposure exhibit significant apoptotic lesions. * 

p-value < 0.05 as compared to 0 Gy. # p-value < 0.001 as compared to 5 cGy. 

 

 

 

Figure 10: Sensitivity of low dose and basal crypt responses 4 hours after IR in 

C57BL/6 mice. The base of the crypt is responsible for almost all of the mean cell death. 

The low dose of 5 cGy appears to generate an apoptotic response greater than that of a 

linear dose response. 
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villi above it. Why are stem cells more sensitive to radiation? The physics of radiation 

commands that it deposits energy in a given space and time. When cells’ genetic material 

is tightly packed and organized for replication, and doubled in amount, too, it is more 

likely to undergo multiple ionizations as they occur together closely in time and space 

(Hall and Giaccia, 2006). Therefore, cell cycle is an important factor to consider in 

assessing damage caused by radiation (Hall and Giaccia, 2006). Secondly, a faster rate of 

cell cycle automatically means that there is less time for DNA repair to occur which can 

lead to mutation or apoptosis (Hall and Giaccia, 2006). Finally, Figure 11 has been 

presented on a linear scale so that the curvature between high dose and combination dose 

groups can be observed (Figure 11). There was not a significant statistical difference 

between the two groups, indicating that the priming dose of the combination group did 

not provide a protective effect or undergo an adaptive response. 

Similar figures are provided next for the measurement and display of apoptotic 

lesions in C57BL/6 mice after gamma ray exposure for sacrificial time points of 3 days 

and 21 days. 

 

The same strain and doses as in the 4 hour sample just discussed were used for the 

3 day time point shown next. For this group of mice, each irradiated group still had a 

significant amount (p-value < 0.05) of apoptotic lesions as compared to their control 

counterparts 3 days after exposure (Figure 12). However, there were no differences at this 

time between irradiated groups of significance. At four hours, that was not the case- the 

higher dosage groups had a significantly greater number of apoptoses than the low dose 

set of mice. This indicates that by three days after radiation exposure, the environment  
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Figure 11: Lack of protection by priming dose as measured by cell death. C57BL/6 

mice exposed to gamma rays and sacrificed four hours later appear to have no difference 

in apoptotic cells in the combination dose when compared to the high dose indicating that 

no radioadaptive response took place. 

  

and cells of the crypts function similarly no matter if they were exposed to a high or low 

dose prior. Furthermore, at shorter time points like 4 hours and at low dose irradiations 

there may be a mechanistic response which maintains lower levels of apoptosis when 

proportionately compared to the higher doses. The mean number of lesions present for 

each dose at 3 days is far lower than the means at 4 hours which supports the idea that 

apoptosis in the intestinal crypts peaks before 3 days post-IR treatment. Again, this is 

supported in the literature as it is published to be 4 hours following IR insult in other 

strains of mice (Potten, 2002). It also begs the question how much do the separate doses 

continue to produce lesions over time in proportion to their original lesion numbers at 4 

hours? For example, the 3 day 5 cGy average of lesions was not statistically significant 

from the 4 hour 5 cGy average (5 to 6.33). The high and combination doses, however, 

dropped approximately 87% and 84%, respectively between time points (66 to 9 and  
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Figure 12: Mean apoptotic lesions 3 days post-IR insult in C57BL/6 mice. All three 

experimental groups are sigificantly different than 0 Gy (*p-value < 0.05). 

 

70.33 to 11). With such a substantial difference in how many less lesions are formed over 

time between the groups proportional to one another, it is likely that there are mechanistic 

and molecular signaling differences occurring with regard to apoptotic induction over 

time between the low and high doses. A simpler explanation may be that the higher doses 

killed much of the crypt cell population leaving fewer cells to still undergo apoptosis 

between 4 hours and 3 days. Figures 13 and 14 are similar to Figures 10 and 11. Figure 

13 represents the supra-linear dose response seen with the 5 cGy points. Figure 14 is 

provided to show that, again while not statistically significant from one another, the mean 

number of apoptotic lesions between the high and combination dose groups does appear 

to trend to a protective effect by the combination group’s priming dose. The “top crypt” 

portion of these graphs have been removed as there were 0 lesions present in the top half 

of the crypts quantified. Therefore, the basal region of the crypt was responsible for all  
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Figure 13: Logarithmic dose-response of apoptotic lesions in C57BL/6 mice 3 days 

after IR treatment. The dose-response curve displays a supralinear behavior at the lowest 

dose of 5 cGy. 

 

the apoptotic lesions quantified for the 3 day time point. 

 

21 days after gamma ray exposure, another group of animals was sacrificed. This 

group demonstrated no significant differences between any of the dosage groups in 

apoptotic lesions (Figure 15), indicating that by three weeks’ time post-irradiation, 

initiation of apoptoses following exposure had probably stopped (Figure 15). Mean 

apoptotic damage was also plotted as a line graph in order for the viewer to discern 

differences more clearly between the two combination dose groups (Figure 16). Once 

again, although not statistically significant, there was a trend towards a protective effect 

for the combination dose group with 7 days between priming and challenge doses. There 

did not appear to be a protective trend at 21 days for the combination group of 24 hours 
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Figure 14: Apoptotic lesions identified by region of crypt. This group is C57BL/6 

mice sacrificed 3 days post-IR exposure. Notice that there are less lesions in the 

combination dose group of 6.05 Gy than the high dose group of 6 Gy. 

 

 

 

Figure 15: Mean apoptotic lesions in C57BL/6 mice 21 days after IR-treatment. 

There were no significant differences between any of the groups. 
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Figure 16: Mean apoptotic lesions after 21 days in crypt regions. Notice the potential 

protective effect provided between the 7 day combination group and the high dose group 

of 6 Gy. 

 

between doses. At 3 days, the 24 hour combination did appear to trend towards 

protection. If a potential for protection with 24 hours between doses disappears between 3 

days and 21days, but a longer time between priming and challenge dose may provide 

potential protection at 21 days, perhaps longer periods of protection require longer time 

between priming and challenge exposures. The literature does not discount or support this 

theory. Most of the studies available on radio-adaptation employ the use of shorter 

(usually 4 or 24 hours) time points between priming and challenge doses (Wolff, 1998). 

Indeed they rule out longer time periods between the two doses, but none of the endpoints 

measured involved the small intestine. The top region of the crypt was not provided in 

Figure 16 as there were no lesions present there. A logarithmic plot was not provided as 
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the hypersensitivity at low dose cannot be viewed for this group as there was no 5 cGy 

dose point. 

 

 A time course of apoptotic lesions for C57BL/6 mice at the doses of 5 cGy, 6 Gy 

and the combination groups was established after completion of this work (Figure 17). 

When making comparisons between similar doses across time points, both the 6 Gy 

group and the 5 cGy+6Gy, 24h group at 3 days were significantly smaller in number of 

lesions than their 4 hour counterparts (p-value < 0.001). This same finding was true for 

the 21 day time point in these two higher dosage groups, too (p-value < 0.001). No 

significant differences were found between the 3 day and 21 day group. In observing 

Figure 17, one immediately notices the marked difference in lesions present at 4 hours 

compared to the other time points. The extremely significant drop in lesions across 

irradiated groups between 4 hours and 3 days indicates that there is a significant decrease 

  

Figure 17: Time course of apoptotic lesions in C57BL/6 mice. Animals were exposed 

to gamma rays. Significant differences displayed are between similar doses of the labeled 

group and its 4 hour counterpart (**p-value < 0.001). 
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in apoptotic induction in these mice between 4 hours and 3 days post-IR insult. 

 

3.2.2.2 Inter-Strain Comparison Following Proton Exposure 

We also observed BALB/c mice exposed to protons. As part of a pilot study, we 

received samples of intestine from these mice exposed to 0 Gy, 0.1 Gy, 1 Gy and 2 Gy 

protons and sacrificed 4 hours after irradiation. BALB/c mice are considered to be a 

radio-sensitive strain in comparison to C57BL/6 mice for multiple endpoints including 

LD50, mammary tumors and micronuclei (Ponnaiya et al., 1997; Rodgers et al., 2001; 

Hamasaki et al., 2007). 

 

The average apoptotic lesions for each dose of proton exposure at the 4 hour time 

point for BALB/c is given in Figure 18. Only the two higher doses of 1 and 2 Gy differed 

significantly from the control group (p-value < 0.05) and there was no inter-group 

significance between the low and higher doses between one another. However, the data 

did display a dose-response in apoptotic lesions. A logarithmic plot of lesions based upon 

crypt region reveals once again a hypersensitivity to radiation exposure at the low dose of 

0.1 Gy (Figure 19).  Similar to the gamma ray data in C57BL/6, the top region of the 

crypt makes little contribution toward the lesion total and instead the basal region is the 

location of most of the damage as measured by apoptotic cells. In an effort to reaffirm 

this important concept, the average number of lesions per crypt quantified versus location 

(cell position) within the crypt are plotted below (Figure 20). For reference, cell 

positions1-6 are considered to be the stem cell region of the crypt in which a high amount  
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Figure 18: BALB/c mice demonstrate significant apoptotic lesions after proton 

exposure. Mice were sacrificed four hours after exposure. 1 Gy and 2 Gy groups were 

statistically distinct from controls (*p-value < 0.05). 

 

of cell proliferation occurs. 

 

The number of apoptotic lesions was compared between both experimental strains 

of mouse, C57BL/6 and BALB/c, after whole-body irradiation with protons (Figure 21). 

Although no differences were observed between strains, a greater number of lesions was 

observed in BALB/c mice, the typically radiosensitive strain, at every dose point when 

comparing to C57BL/6. A comparison between C57BL/6 gamma and proton exposures 

revealed a RBE of approximately 1 which is consistent with the literature when observing 

apoptoses and numerous other endpoints. 
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Figure 19: Apoptotic dose-response by crypt region in BALB/c mice. A greater than 

expected number of lesions for the low dose of 0.1 Gy are observed. Notice also the small 

contribution of the top region to total lesions as compared to the basal region. 

 

 

Figure 20: Cell position in intesinal crypts of apoptotic lesions. This is four hours 

post-exposure in BALB/c mice. Most apoptoses occur in cell positions 1-6, the stem cell 

region of the crypt. 
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In order to provide an indirect comparison for the reader between different doses 

in BALB/c mice which underwent proton exposure and C57BL/6 that experienced 

gamma rays (both a 4 hour time point), calculations of the percentage of crypts 

 

Figure 21: Inter-strain comparison of apoptoses after proton exposure. 

 

expressing different frequencies of lesions (0, 1-2, 3-5 or 6+ lesions in a single crypt) 

were made (Figure 22). Each strain of mouse follows a stair step dose-response in this 

figure showing that at higher doses it is not only the total or mean apoptotic lesions which 

increase; it is also the mean lesions per crypt. It is important to note that there are not 

simply a few crypts with many lesions that skew the data. Instead this figure displays that 

as the dose increases the uniformity of multiple lesions is real in the intestine after WBI 

and this can have implications for the health of the organ as a whole and not simply one 

or two damaged areas. This data is difficult to directly draw conclusions from as the 

doses are different in each group. Speculations can be made on the potential mechanisms 
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underlying the different extents of damage based upon the unique properties of each 

experiment, however, to further review the literature (see Discussion). 

 

3.2.2.3 Immunohistochemical Confirmation of Apoptotic Findings 

 The ApopTag® kit was used as described previously to immunohistochemically 

confirm our quantification of apoptotic lesions in BALB/c mice mentioned above. The 

TUNEL-based kit reveals cells likely undergoing apoptosis as bright red against a blue 

DAPI nuclear stain (Figure 23). Representative images of this work at each dose point are 

shown and staining was quantified using the ImageJ software. 

 

 The quantification of fluorescence confirmed our findings in Figure 18 of 

significant differences in apoptotic lesions between the 1 Gy and 2 Gy groups from 

controls when quantified visually using H&E-stained sections. Those same groups were 

significantly different (p-value < 0.05) from 0 Gy in terms of CTFF and there was in fact 

a stronger statistical difference between the 2 Gy group and the controls when measured 

this way (p-value < 0.001) (Figure 24). Furthermore, 2 Gy was also found to be 

significantly different from both the 0.1 and 1 Gy groups (p-value < 0.05). One can infer 

from this data when compared to Figure 18 that our visual estimates of apoptosis are 

conservatively accurate. Because the blinded visual quantification method was accurate 

and did not overestimate damages to the intestine (it actually underestimated them), the 

methodology was continued to be used for other strains and time points of samples. 
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Figure 22: Apoptotic lesions compared in C57BL/6 and BALB/c after varying radiation qualities. Lesions are shown as a 

frequency of increasing count in percentages of the total crypts measured. 
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Figure 23: Fluorescence of apoptotic cells. Images captured of apoptotic lesions in BALB/c mouse intestine following varying 

doses of proton exposure using fluorescent microscopy. The red is indicative of damaged DNA, staining free 3'-OH ends of DNA. The 

blue is a DAPI nuclear stain. Notice the marked, dose-dependent difference in the presence of apoptosis between low and high doses. 
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Figure 24: Mean fluorescense of apoptotic lesions. This methodology confirms our 

findings using H&E staining. *p-value < 0.05 as compared to 0 Gy. ***p-value < 0.001 

as compared to 0 Gy. #p-value < 0.05 as compared to 0.01 Gy. %p-value < 0.05 as 

compared to 1 Gy.  

 

3.2.3 Alterations in Villous Area 

 Daughter cells from crypt stem cells require 3-5 days to proliferate and move up 

to the villous tip and be sloughed away as waste (Somosy et al., 2002). This time frame is 

important when studying acute intestinal damages and, more importantly, subsequent 

recoveries. When irradiation kills stem cells and some differentiated cells in the intestine, 

these cells never move up the villous length to replace that vital micro-organ. Cells will 

continue to slough off of the villi, however, into the lumen of the intestine causing the 

villi to become flattened and dysfunctional (Morris, 1996). The villi of the intestine are 

critical to a human being’s everyday health as they absorb nutrients and maintain the 
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actual interaction of the small intestine with the rest of the body (Sarna and Otterson, 

1989). The crypts maintain the villi, but the villi maintain the human body’s nutrients. 

There is a reason that one of the major pathways in which radiation is lethal is through 

the GI system. The higher portion of the GI tract is required for energy (nutrient 

absorption) and the lower portion of the GI tract is required for hydration (water 

retainment in the colon in proper balance). Death of an organism from the GI syndrome is 

likely ultimately due to a loss of proper functioning of the intestine (Schuller et al., 2006). 

We therefore decided to observe the small intestinal villi for shrinking after radiation 

exposures in this work as it has not been well-characterized shorter time points, low 

doses or for protons. 

 

 The first time point, 4 hours, seemed to have an effect on villous area for the high 

dose of 6 Gy (Figure 25). Each dosage group and the controls were significantly different 

from this one (p-value < 0.05). However, this data is not necessarily what has been shown 

before in the literature. Other studies have typically observed the villi at 3 days, but there 

was one observation with a shorter time point of 6 hours. In this study, villi did not 

measure as atrophied until the 3 day time point after 5 cGy of gamma radiation in 

C57BL/6 mice (Brennan et al., 1998). That study did not provide a high dose observation, 

however. Another study using in rats did show villous atrophy at 24 hours after 

irradiation (Karatzas et al., 1991). 4 hours is a short time point and it is doubtful that the 

villous would shrink by that time. Considering the fact that the GI syndrome takes a 

matter of weeks to develop and kill someone after radiation exposure, and the fact that 

the intestine requires 24 hours to turn over, these numbers should be carefully considered 
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when drawing conclusions. The BALB/c mice exposed to protons and sacrificed four 

hours later did not exhibit any differences in villous morphometry (Figure 26). Although 

we cannot compare this side by side with the C57BL/6, gamma data, it is an example that 

4 hours may be too soon for villi to be changing. 

The longer time points of 3 days and 21 days had significant changes in villous 

area after irradiation. This certainly is a possibility as both of these time points are 

 

 

Figure 25: High dose decreases villous area 4 hours post-IR treatment. *p-value < 

0.05 when compared with the 6 Gy group. 

 

beyond the 24 hour turnover cycle. In fact, most of the literature states that villous 

damage reaches a peak in mouse intestine at 3 days after high doses of x- or gamma rays 

of approximately 10 Gy (Kamel et al., 1988; Brennan et al., 1998; Kim et al., 2012). It is 

alarming to see villous atrophy at just three days and then see it prolonged to 21 days in 

the data presented here. Prolonged villous atrophy does not peak past 7 days according to 
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the literature, but our weight loss data for the 21 day group do correspond with this data 

as the high dose group continued to lose weight from day to 11 to day 16 post-irradiation 

(Carr and Toner, 1972; Rao and Fritz-Niggli, 1988). As stated previously, villous atrophy 

is not always recognized enough in discussion of ARS, but it is known from other 

diseases like celiac disease that the changes in villi like those observed here cause chronic 

abdominal pain, weight loss and diarrhea (Cummins et al., 2011). It must be said again 

 

 

Figure 26: Proton irradiation in BALB/c mice does not elicit villous area changes. 

 

that these can harm an astronaut’s performance, especially if symptoms last for multiple 

weeks or days.  Figure 27 reveals the significant differences at 3 days between both 

irradiated and control groups as well as the low and high dose. Figure 28 is representative 

of the 21 day time point. Each irradiated group experienced a significant decrease in 

villous area at three weeks post-exposure. Interestingly, the high dose group was also 

different than the 7 day combination group indicating a protective effect of the priming 
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Figure 27: C57BL/6 experience smaller villous structures three days after exposure to IR. 

***p-value < 0.001 as compared to 0 Gy. #p-value < 0.05 as compared to 6 Gy. 

 

 

Figure 28: Villi significantly shrink in total area three weeks post-treatment with 

gamma rays. ***p-value < 0.001 as compared to 0 Gy, **p-value < 0.01 as compared to 

0 Gy, *p-value < 0.05 as compared to 0 Gy, #p-value < 0.05 as compared to 6 Gy. 
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dose (p-value < 0.05). A figure of combined findings of villous changes is given in 

Figure 29. 

 

 

Figure 29: Villous area grouped by dose for varying time points. *p-value < 0.005 as 

compared to 4 hours for the same dose. #p-value < 0.05 as compared to 4 hours for the 

same dose. 

 

This data has interesting implications to consider in regards to the villi’s 

dependence upon crypt survival and regeneration in order to maintain their function. A 

comparison of crypt apoptosis and microcolony survival tracked against delayed villous 

atrophy could provide interesting indicators of long-term villous shrinking. The 

significant loss of villous area after the 5 cGy dose at only 3 days post-exposure is 

certainly concerning for astronauts in space-flight. This dose would be on the low end of 

what could be received in a SPE and could be very harmful to a mission’s success 

(Wilson et al., 2011). Although experimentally it can be said that radiation caused the 

observed villous atrophy seen here, other physiological processes must be considered 
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when explaining a potential cause for the prolonged atrophy at 3 weeks post-irradiation 

(see Discussion). 

 

3.2.4 Protons Affect Mucosal Surface Area in BALB/c Mice 

 Mucosal surface area analysis, or stereological analysis, is very much related to 

the villous morphometry inquiry above. When discussing the mucosal surface area you 

are addressing the villi as they exist to increase surface area of the intestine. A 

stereological analysis was conducted on our BALB/c mouse samples. The extremely 

long-natured work of this assay makes the villous morphometry assay a more logical 

choice and so it was not performed on our other samples. The comparability of these two 

assays to one another is unknown; but below demonstrates data that was not observed in 

the villous morphometry data which implies that the two should not be considered 

replacement assays for one another. BALB/c mice showed a significant decrease in 

mucosal surface area as compared to control animals after proton irradiation (p-value < 

0.05) (Figure 30). How can the same animal samples show no change in the area of their 

villi, which make up most of the surface area in the intestine, but display significant 

changes when measuring mucosal surface area? The answer most likely lies in the assays 

themselves. The mucosal surface area analysis involves a series of calculations which 

give small measurements and encompass the structure as whole, making it well-suited to 

discover even small changes. Measuring villous area, however, is a very finite process 

observing only one structure on the tissue that may not change at a 4 hour time point 

based upon the physiology of the mouse intestine and the 3-5 period needed to replace 

cells at the villous tip (Somosy et al., 2002). 
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Figure 30: BALB/c mice show decreased surface area of the intestine following proton 

exposure. *p-value < 0.05 as compared to 0 Gy. 

 

3.3 DISCUSSION 

 Villous area in this work was likely the result that was the most unexpected. The 

significant shrinking of villi persisted for 3 weeks after irradiation and was significantly 

changed in all 3 irradiation doses by 3 days post-exposure. Even the high dose of 6 Gy 

was found to be altered significantly at only 4 hours post-irradiation. The significant 

change at only 4 hours post-irradiation does not match the findings of the literature and 

should likely be investigated again. The 3 day and 21 day alterations are certainly 

possible after irradiation exposure, however. Of particular concern was the large decrease 

in villous area after the low dose of 5 cGy at the 3 day time point. The area shrank a 
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substantial amount just between 4 hours and 3 days and a rapid change like that can cause 

the symptoms of ARS (Sarna and Otterson, 1989). Villi atrophy is not a disease process 

limited to radiation exposures and causes similar physical problems no matter its origin 

(Cummins et al., 2011). It has even been suggested after radiation exposures that changes 

to villous structures long term, after an initial radiation response that is primarily cell or 

molecular based, become due to other organ systems and processes (Somosy et al., 2002). 

One such potential controlling organ system is the neuromuscular system which operates 

the smooth muscle of the intestine (Somosy et al., 2002). This idea should be entertained 

based upon the data presented here. At 21 days post-irradiation, there was not any more 

apoptosis occurring. This implies that cell proliferation has been restored to their normal 

levels and this process is responsible in normal intestinal physiology for replacing cells in 

the villous that were being lost (Potten, 1991). Yet, changes in villous area were still 

being seen. One should consider the measurement of area: it encompasses length, width 

and all sides when measuring an oddly-shaped structure such as a villous.  A 

measurement such as this will detect changes that are related to the cell replacement in 

the tissue, but not limited to it. Indeed other studies have shown villous changes in 

multiple parameters, not just length or area (Somosy et al., 2002). Further support for this 

theory lies in the fact that hyperthermia produces similar effects to intestinal villous 

structures and is known to be caused by alterations in the neuromuscular areas of the 

intestinal wall (Indran et al., 1991). Moreover, one study using both gamma radiation and 

a drug which adjusts the activity in the mucosal wall due to neuromuscular function 

found that villous atrophy was present after both conditions as well as injured intestinal 

muscle (Indran et al., 1991). Another study explored the use of a therapeutic drug known 
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to mildly inhibit the smooth muscle function of the gut in conjunction with radiation and 

found that attenuation of villous atrophy was achieved (Carr et al., 1991). A literature 

search did not produce any relevant information on this topic, but the potential 

neuromuscular involvement in ARS pertaining to the gut should be studied further in the 

future due to the promising data and published work shown here. 

 

In analyzing our results, overall we found that apoptosis in the intestine of 

C57BL/6 mice after gamma irradiation decreased over an extended time period from 4 

hours to 21 days and this was not surprising. What was intriguing about the apoptosis 

data was the rapid recovery that took place between the 4 hour and 3 day time point 

between doses. The low dose of 5cGy did not induce any more damage at 4 hours than it 

did at 3 days while the two higher doses of 6 Gy and 5 cGy+6 Gy induced a considerable 

amount more of damage at 4 hours versus their 3 day counterparts. What’s important 

about this statement is that the higher doses, even with their disparate outcomes in 

damage at 4 hours, were not significantly more damaging at 3 days than the 5 cGy dose 

in terms of apoptotic lesions. This means three things: that a substantial amount of 

clearing of apoptotic cells must occur for high doses between the 4 hour and 3 day marks 

(which is obvious), that apoptotic induction likely stops between the 4 hour and 3 day 

marks (obvious according to the literature) and, less obvious, a molecular distinction 

must be taking place between low and high dose responses in the intestine after 

irradiation which maintains apoptotic cells at relatively low numbers after low doses as 

compared to high doses during the initial storm of cell killing and keeps the low dose 

levels fairly constant into the 3 day time point (Potten, 2002). Further complicating this 
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difference in initial response is the hypersensitivity displayed by the stem cells in the 

crypts to low doses. The dose response of apoptosis follows a logarithmic curve in which 

more damage is observed at the low dose of 5 cGy than is expected for a normal linear 

response. 

 The hypersensitivity at low dose can be explained as mentioned previously 

regarding rapidly proliferating cells being more susceptible to radiation killing due to the 

increased likelihood their genetic material will be hit close together in time and space 

with radiation. These cells also have less time to undergo DNA repair between cell cycles 

(Hall and Giaccia, 2006). It was also discussed that the lower regions of the crypts, where 

the stem cells are, is where most of the apoptosis occurs. It is important to mention a 

basic principle of radiation biology for the reader to ensure the use of best practices that 

radiation scientists prefer to describe cell killing: the linear-quadratic model. In simplified 

terms, this model places cell killing into a mathematical model in which there are two 

components in an equation, S=e –αD-βD2, where αD and βD2 can best be described in lay 

terms as the portions of cell killing that occur. S is cell survival, D is dose, α and β are 

constants and e is the natural log (Hall and Giaccia, 2006). The αD component can be 

thought of as killing based upon the intrinsic radio-sensitivity of a cell population, or the 

hits to a cell that cause irreparable damage initially. This is independent of dose rate. The 

βD² component can be thought of as cell killing which is secondary damage that can 

potentially be repaired. This is dependent on dose rate. The ratio of α to β is useful for 

mentally comparing doses between cells. For example, a slowly dividing cell population 

receiving the same dose as a rapidly proliferating one will have a smaller α/β (meaning a 

smaller α and a bigger β). A rapidly dividing cell will have a larger α as there will be 
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fewer damages that have a chance to be repaired compared to the slower cells. Therefore, 

the rapidly proliferating cells’ α contribution to cell killing is larger than their β. Intestinal 

stem cells are examples of cells which have a large αD component in the linear-quadratic 

model. What about the high dose of 6 Gy? Higher doses will eventually saturate the cell 

population in a way with cell killing that a plateau of damage is reached in which 

increasing dose will not induce many more apoptotic lesions. 

 

 In returning to the question at hand, why do the levels of apoptosis after high dose 

drop so drastically indicating recovery of a greater percentage after the 4 hour peak but 

the 5 cGy levels seem to remain somewhat constant at both 4 hours and 3 days? Perhaps 

there is a mechanistic explanation for this phenomenon of differential dose responses at 

the molecular level. It may be a simple explanation that after a greater amount of 

apoptosis occurs, a greater amount of subsequent cell proliferation occurs. It is found in 

the literature that there is a rapid upswing in cell proliferation after apoptosis in the 

intestine (Potten, 1991). This makes sense as to how the 6 Gy samples would have such a 

small percentage of apoptotic induction at 3 days compared to 4 hours. It could be 

possible that the 5 cGy-exposed tissues spare more cells from radiation-induced apoptosis 

through other cellular pathways than death as some damage may be on the cusp of being 

irreparable versus repairable. If this is the case, cells may linger that would have 

undergone greater damage in high dose and been killed. Over time, the cells may 

eventually need to undergo apoptosis anyway which could explain the lasting effect of 

apoptosis seen at 3 days in this work. DNA repair is one possible pathway which could 

differ between low and high doses in intestinal crypts. Furthermore, why are the stem 
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cells in positions 1-6 of a crypt so much more sensitive than the few above them that are 

still differentiating and also relatively radio-sensitive compared to most tissues? Cell 

cycle kinetics and the lack of time for DNA repair is again likely the cause whereas the 

higher, transient cells either do not leave G1 or enter S, G2 and M much slower and less 

often. It is plausible that DNA repair responses differ between the lower and higher 

regions of the crypts. The higher regions may utilize NHEJ more than the lower regions 

simply because of their transient versus stem cell designations as NHEJ is performed in 

G1 and HR requires a sister chromatid. HR is a more elegant DNA repair pathway than 

NHEJ, which can be error-prone simply joining broken ends of DNA together 

(Hartlerode and Scully, 2009). Although the lower regions may have the HR capabilities 

present, the damage from radiation may just be too great to overcome. The upper 

transient cells, however, some of which are known to become stem cells upon death of 

current stem cells, may be able to repair damage as they are currently in a G1 state. If the 

damage is not properly repaired, however, or if it is repaired incorrectly as it can be in 

NHEJ, and one of these cells must now become a stem cell or tries to enter one more 

division, apoptosis can then occur at a later time. This is a possible explanation for the 

later induction of apoptosis seen here at 3 days. At higher doses, the damage is likely too 

much to overcome for both the stem cells and some of the transient cells and so no cells 

attempt repair with NHEJ but instead apotose. 

 

 If the linear no threshold model (LNT) is followed, which states that radiation, 

even at extremely low doses, is a health risk for individuals undergoing exposure, then 

the possibility of the questions above must be considered (Higson, 2005). For purposes of 
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space flight and the occupational nature of the endeavor, the LNT model must be 

appreciated in some capacity in order to protect astronauts from harm in radiation 

exposures. To explore the idea of differing DNA repair or other responses in the crypts of 

the small intestine by region or by dose, it must first be established what is known 

already. Only recently has knowledge emerged regarding DNA repair pathways and their 

specific functions in intestinal crypt cells. It was actually shown very recently that in the 

small intestines of mice after radiation exposure, stem cells in positions 1-3, some of the 

more sensitive cells to likely undergo apoptosis, do indeed utilize HR and more so than 

the differentiating and transit cells above them (Hua et al., 2012). This implies that these 

lower region cells do not undergo apoptosis after radiation exposure more frequently than 

do the cells above them due to an inability to utilize HR or a predisposition to use NHEJ. 

A different reason for these cells’ tendency towards apoptosis must be the cause of their 

demise. It should be noted, however, that some of the literature states that radiation-

induced apoptosis more often occurs in cell positions 4-5 (Potten and Booth, 1997). 

 

 There is a school of thought that excessive apoptosis is actually a protective 

measure in the small intestine, utilized by low dose-exposed cells as much or more than 

cells undergoing high dose exposures. One can observe basic properties and happenings 

in the colon and small intestine to become a believer of this theory. The small intestine is 

much more sensitive to IR than the colon when observing apoptosis (Potten and Booth, 

1997). Some of this is a matter of physics and DNA repair times. Again, small intestinal 

stem cells divide every 24 hours while the colon only turns over approximately every 7 

days (Potten and Booth, 1997). This apoptosis is usually viewed as a damage marker, but 
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the colon has far greater rates of cancer than the small intestine (Potten and Booth, 1997). 

Apoptosis is actually a spontaneous process in the small intestine, protecting itself from 

an excess of as many as 120 cells produced per stem cell, and occurs normally and absent 

of p53 (Potten et al., 1994). This process is not observed in the colon (Potten and Booth, 

1997). Upon radiation exposures, p53 is found to be increased in both organs, but is not 

located near the stem cells in the colon, further explaining why the same radio-sensitivity 

is not observed between the two tissues (Potten and Booth, 1997). The increase in p53 in 

the small intestine holds some of the cells at G1 in the cell cycle (Potten, 2002). It is 

plausible to think that this G1 hold is why 3 days after irradiation, the data presented here 

shows apoptotic induction continuing after 3 days at the low dose of irradiation. Those 

cells which were not damaged as severely are held and may still undergo apoptosis later. 

 

With regard to low doses, there is certainly evidence for different pathway or gene 

expression responses when compared to high doses of radiation. X-rays and gamma rays 

have both been shown to induce gene expression of profiles that vary considerably 

between low and high doses of IR (Ding et al., 2005; Zhou et al., 2006; Zhang et al., 

2008). There is also evidence which shows varying gene expression after charged particle 

exposures in organs such as the brain (Baluchamy et al., 2010a; Baluchamy et al., 2010b, 

c). There is little published work, however, regarding charged particle exposures and 

gene expression in the intestine.  DNA repair proteins have been profiled after proton 

exposure as well, but I have not been able to find any work that is both in vivo and    

relating to intestinal tissues (Roig et al., 2009; Tariq et al., 2011). Taken together, this 

evidence and follow-up hypotheses provide the basis for the work shown in Chapter 4. 
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Chapter 4: The Effect of Gamma Ray and Charged Particle Exposures 

on Intestinal Gene Expression and Other Molecular Endpoints 

4.1 INTRODUCTION 

 For purposes of this work, intestinal responses to radiation exposures are 

extremely important to characterize, discover and mitigate when possible due to two 

important health outcomes: acute radiation enteritis and carcinogenesis. The first is 

characterized by symptoms such as fatigue, nausea and vomiting. The underlying cause 

of this condition is dysfunction of the intestinal villi which is caused by a general break 

down of the small intestinal structures on a microscopic level (Cummins et al., 2011). In 

turn, this too likely has a cause beginning at the intestinal crypts whose stem cell function 

feeds the daily replacement of villous cells. If the crypts are dying or delayed in 

proliferating the differentiated cells around them, the villi begin to break down at the tip 

and are unable to replace the normal, daily loss of cells (Potten et al., 1994). Radiation 

exposure happens to express the most damage concerning the intestine in the basal region 

of the crypts following the standard dogma of being the most effective where the stem 

cells are (Potten, 2002). The phenomenon of apoptosis occurring primarily in the basal 

region of the crypts after radiation exposure became a primary focus of this work after 

the first samples studied here followed that same process. 

 

 Many questions are asked when learning about the process above and studying 

intestinal radiation exposures such as: 1) what molecular mechanisms are taking place to 

heal or mitigate damages between peak apoptosis times and later time points so quickly? 

2) Is there an immediate difference in gene expression responses to radiation insults 
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between low and high doses? Or is that brought on over a period of time? 3) Are there 

other reasons why the crypts are more radio-sensitive than their surrounding tissues 

besides cell cycle such as DNA repair profiles? 4) How does the complex relationship of 

apoptosis and cell proliferation after exposure differ between low and high doses? 5) 

How does the colon differ from the small intestine in these processes and what 

specifically within them makes the colon susceptible to cancer in some way that the small 

intestine is not? 6) How do protons vary from gamma rays in all of these same inquiries? 

It is precisely these questions we were asking when formulating a plan for the next step 

of this project. 

  

 In studying apoptosis, it was obviously important to characterize the samples for 

the different damage endpoints to gain more knowledge about the C57BL/6 and BALB/c 

strains and provide new hypotheses and directions of study. All the work described in 

Chapter 3 provided the framework to try to answer the question that is so difficult in 

science: why is this happening? In moving into the molecular biology arena to focus on 

the mechanistic causes of the data, there were specific things that were hoped to be 

addressed. 

 

 DNA repair is largely studied pertaining to differences between two pathways: 

NHEJ and HR.  In thinking about radiation as it is received by a tissue, especially in the 

case of whole body irradiation like our study, the tissue is bombarded fairly uniformly 

with ionizing tracks. These tracks will deposit energy uniquely, but indeed the seemingly 

radio-resistant top half of crypts, as has been discussed in Chapter 3, receive a dose 
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similar to that of the basal or stem cell region of the crypt. In Chapter 3 the point was 

made that rapidly proliferating cells are often more sensitive to cell killing by IR because 

of the availability of the genetic material to be ionized close together in time and space 

and the lack of time for DNA repair (Hall and Giaccia, 2006). Both of these are due to 

fast cell cycle time and the crypts are a hallmark example of this model of sensitivity to 

radiation exposure. It is conceivable that other mechanistic differences, not exclusive of 

but in addition to cell cycle kinetics, exist for the extreme sensitivity seen in the lower 

stem cells of the intestine. Perhaps in addition to a lack of time for DNA repair, different 

pathways of DNA repair are being utilized in different regions of the crypts. A similar 

question can be asked for the some of the unique responses observed in Chapter 3 

between doses and time points in the assays described: what unique pathways due to gene 

expression are occurring between low and high doses, between radiation qualities and 

between mouse strains that may underlie some of the results observed in Chapter 3? 

These curiosities bring us to the next set of results. 

 

4.2 RESULTS 

4.2.1 DNA Repair Proteins 

 We chose to observe a protein from each of the DSB repair pathways as these are 

the most important DNA repair pathways when radiation is concerned. This is because 

radiation is most effective at cell killing when DSBs are caused (Hall and Giaccia, 2006). 

An example image of DNA repair staining with antibodies bound to XRCC4 

(orange/red), a protein active in NHEJ, and Rad51 (green), which is active in HR, in the 

intestine is shown below (Figure 31). The small intestine in both C57BL/6 and BALB/c 
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mice were observed after exposures to 0 Gy and 2 Gy proton radiation. BALB/c was also 

observed after 0.1 Gy proton radiation. Samples of colon were also obtained from 

C57BL/6 mice and these samples were analyzed for the presence of XRCC4 and Rad51 

as well at doses of 0 Gy and 2 Gy proton exposure. Small intestinal samples were 

compared across doses within strain and between mouse strains. The samples were also 

compared by crypt region, in which separate images were taken by the region dividing 

the crypts in half longitudinally, across doses within strain and between mouse strains. 

Lastly, the colon samples were compared across doses and against the small intestine of 

the same mouse strain. 

  

 

Figure 31: Image of DNA repair proteins using fluorescent microscopy. The sample 

shown is a BALB/c mouse small intestine after exposure to 0.1 Gy of protons. 
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 The first figure displays the results for C57BL/6 mice (Figure 32). No significant 

differences were observed between doses of exposure. Figure 33 shows DNA repair 

 

 

Figure 32: DNA repair proteins in C57BL/6 mice after proton exposure. Groups were 

not significantly different in fluorescence. 

 

protein expression by region of the crypt for the same set of animals. Expression of 

Rad51 was significantly increased in the upper region of the crypt after 2 Gy of radiation 

as compared to the 0 Gy upper region (p-value < 0.05). XRCC4 was significantly higher 

in the lower region of 2 Gy samples than the upper region of the same samples (p-value < 

0.05). These results are counterintuitive to the idea that the stem cell region (lower 

portion) of crypts relies heavily on HR while the upper region uses NHEJ. However, as 

pointed out in Chapter 3, there is new evidence that supports this idea (Hua et al., 2012). 

BALB/c mice showed differences of significance in Rad51 expression between 2 Gy and 

0 Gy samples (p-value < 0.01). XRCC4 in BALB/c mice was also present in greater 
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Figure 33: DNA repair proteins in C57BL/6 mice by crypt region. *p-value < 0.05 

when compared to Rad51 0 Gy upper. #p-value < 0.05 compared across regions for the 

same dose. 

 

amounts than Rad51 in control samples (p-value < 0.05) (Figure 39). In analyzing Figure 

34, it is important to point out to the reader the large negative values of Rad51 expression 

in BALB/c mice for 0 Gy and 0.1 Gy animals. It is thought that this is a result of high 

background staining of Rad51. However, the program used to quantify the fluorescence 

of these images has a method built in which separates color channels and eliminates some 

background. Additionally, the user must take sample areas from around the image in 

order to first eliminate background before measuring area of fluorescent regions. The 

background is subtracted from the fluorescent area before a quantity is provided. 

Nonetheless, skepticism should be used in drawing conclusions about these values. 
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Figure 34: DNA repair proteins in BALB/c mice after proton exposure. *p-value < 

0.05, **p-value < 0.01, both when compared to Rad51 0 Gy. 

  

BALB/c samples were separated by crypt region and quantified similarly to the C57BL/6 

samples (Figure 35). For Rad51, the upper region in controls and the lower regions in 

both irradiated groups were significantly different from the lower region of control 

samples (p-value < 0.01 irradiated, p-value < 0.05 control). XRCC4 was present in 

greater amounts than Rad51 in control samples in both regions (p-value < 0.005 lower, p-

value < 0.05 upper). This data supports the theory that HR is active in the lower regions 

of the crypts as an increase in expression in those regions was shown for Rad51 after 

irradiation. 
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Figure 35: DNA repair proteins in BALB/c mice by crypt region. *p-value < 0.05, 

**p-value < 0.01, ***p-value < 0.005, all when compared to Rad51 0 Gy lower region. 

#p-value < 0.05 when compared to Rad51 0 Gy upper region. 

 

 Figure 36 compares C57BL/6 mice directly to BALB/c mice after charged 

particle exposures of 0 Gy and 2 Gy. BALB/c mice were shown to have significantly less 

expression of Rad51 than C57BL/6 mice in both control and irradiated samples (p-value 

< 0.05). This was not expected. In fact, a difference of expression in XRCC4 between 

strains would have made much more sense. BALB/c mice have two SNPs which make 

them deficient in expression of DNA-PKcs (Fabre et al., 2011). DNA-PKcs are known to 

be upstream in function of XRCC4 during NHEJ and so it would be logical to expect that 

a difference would be seen in XRCC4 expression between the two strains before Rad51. 

Evidence has been shown though that DNA-PKcs are not necessarily required for the 
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Figure 36: Inter-strain comparison of DNA repair proteins after proton exposure. *p-

value < 0.05 compared to Rad51 BALB/c in same dose. 

 

recruitment of XRCC4 to sites of DNA damage, but that does not change the surprise of 

this result (Mahaney et al., 2009). This could again be due to the high background of 

staining and that should be noted. When compared by crypt region, Rad51 in BALB/c 

mice was found to be significantly different from Rad51 in C57BL/6 mice in controls for 

both regions (p-value < 0.05) (Figure 37). 

 

Overall, the most striking result was the observation of Rad51 being increased in 

expression following irradiation in lower regions of the crypts in BALB/c mice. The 

significant expression in C57BL/6 of Rad51 in the upper region after 2 Gy and XRCC4 

being higher in the lower region after 2 Gy were also important. Based upon the intense 

apoptosis that is observed in the lower crypt regions due to the rapid proliferation rates of 
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Figure 37: Inter-strain comparison of DNA repair proteins by crypt region. *p-value 

< 0.05 as compared to C57BL/6 same region and protein. 

 

the cells there, it was hypothesized that HR would be the primary DNA repair pathway in 

those regions and that NHEJ would dominate any DNA repair processes occurring in the 

higher areas of transient cells. The staining of DNA shown here partially supports these 

concepts, but actually shows that both proteins are significantly present in both regions 

after irradiation. There seemed to be a large increase in Rad51 in BALB/c mice after 2 

Gy proton exposure. Finally, at 0 Gy, there seemed to be more XRRC4 present in 

BALB/c and more Rad51 present in C57BL/6 at “rest’ states. Together these results show 

that HR and NHEJ pathways are not limited to particular regions of the small intestinal 

crypts. This supports the notion that apoptosis is in fact a protective measure in the small 

intestine and is not a default process due to lack sufficient DNA repair moieties (Potten 

and Booth, 1997). BALB/c mice may utilize the HR pathway more than NHEJ in 

intestinal crypts following higher doses of radiation exposure relevant to space flight. 
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BALB/c expressed no significant changes in HR or NHEJ protein presence after the 

lower dose of 0.1 Gy. This supports the idea that divergent responses exist in low dose 

tissue exposures as compared to high dose exposures in terms of molecular mechanisms 

and DNA repair process in particular.  

 

C57BL/6 mice were observed for the same DNA repair proteins but in the colon 

instead of the small intestine. Comparing the 2 Gy samples to controls yielded no 

differences between groups (Figure 38). In the colon, the mismatch repair DNA repair  

 

 

Figure 38: DNA repair proteins in C57BL/6 colon. No significant differences 

between doses were observed 

 

system is often utilized and mutations are sometimes present in that repair pathway in 

colon cancers depending on the type of carcinogenesis (Martin et al., 2010). It was still 

decided to study the DSB pathway proteins due to their critical nature in the radiation 

response. In thinking about why there were no differences in DNA repair protein 
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response between doses in the colon and between the colon and small intestine, it is 

possible that the two organs simply both rely on a mixed use of the two DSB repair 

pathways. The staining here indicated that is the case for the small intestine. Also, the 

compartment of the colon may be quite dependent for observing processes like apoptosis 

and DNA repair. In the small intestine, apopotosis, accumulation of p53 and expression 

of DNA repair proteins occurs the most at the stem cell compartment. In the colon, this is 

not the case and in fact apoptosis occurs away from the stem cell compartment. The stem 

cell compartment of the colon was measured here to keep the experiment consistent. 

Work was published which did show the importance of the particular location within 

colonic tissue of DNA damage and repair mechanisms after high-LET radiation (Roig et 

al., 2009). Further study of DSB repair in these organs should be completed, especially in 

tandem with apoptotic induction in the small intestine to determine mechanistically why 

the lesions may linger at 4 hour levels as late as 3 days. 

 

4.2.2 Gene Expression 

 In studying gene expression, experiments were fortunately able to be performed 

on 6 different sets of animal samples in order to provide a broad depth of information 

addressing radiation quality, mouse strain, time and dose of exposure. Two different 

types of pathways were used to explore this project further: oxidative stress and 

apoptosis. Apoptosis was chosen to look at genes that may be directly influencing the 

damage assay from Chapter 3. Oxidative stress was chosen due to the broad group of 

genes that description represents and the many different pathways those genes overlap 

with in order to provide a more comprehensive inquiry. Oxidative stress is a very 
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important molecular process with regards to radiation exposures. One of the main ways 

that radiation causes damage to tissues is by interaction with water in cells when 

depositing energy which in turn generates DNA-damaging free radicals (Hall and 

Giaccia, 2006). It should be noted that presentation of this data is quite cumbersome as it 

is multitudes and multitudes of numbers. The best approaches have tried to be taken to 

make it easier on the reader. 

 

4.2.2.1 Oxidative Stress Pathways 

The mouse oxidative stress array plate from Qiagen (Valencia, CA) was utilized 

to study expression of genes whose function is pertinent to oxidative stress. Table 1 

below displays the genes that were studied as part of these PCR arrays. The samples 

studied were C57BL/6 mice exposed to protons and sacrificed four hours later. The other 

samples were also C57BL/6 mice but exposed to gamma rays not protons. The sacrifice 

time points of these mice were 4 hours, 24 hours or 7 days. The organ studied was the 

duodenum of the small intestine. The first comparison analyzed in these pathways was a 

direct comparison of the C57BL/6 proton with the C57BL/6 gamma. Significant gene 

changes were teased out from a data set like that shown below (Figure 39). Significant 

changes were genes exhibiting fold change up or down 2 with a p-value less than 0.05. 

Next, a heat map was produced in order to aid in identifying important differences 

between the entire dataset and between multiple examples (Figure 40). For Figure 40, six 

data sets were included, all C57BL/6: 0 Gy gamma, 0 Gy proton, 5 cGy gamma, 5 cGy 

proton, 6 gy gamma, 6 Gy proton. A row tree listing the gene relationships on the heat 

map was used to identify those genes that were responsible for generating the color  
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Table 1: Genes related to oxidative stress studied using a pathway-specific PCR 

array for mouse oxidative stress. 
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patterns on the map. Finally, pathways were drawn based upon two things: one pathway 

was drawn using significant changes across at least two samples from the PCR array 

only. A second pathway(s) were drawn based upon patterns in the heat map and 

identified genes in those heat maps. In this case, three pathways were drawn; one 

pathway for significant gene changes and two for two different patterns found in the heat 

map. The pathways drawn use an online database which identifies only genes, enzymes, 

molecules, etc. which have been experimentally proven to express the relationship 

depicted in the pathways. The pathways are shown in Figures 41, 42 and 43. 

The second comparison analyzed in these oxidative stress pathways was a direct 

comparison of the C57BL/6 gamma of 4 hours with the other time points of 24 hours and 

7 days in order to provide a panel of genes significant over time. Significant gene 

changes were teased out as before. Significant changes were genes exhibiting fold change 

up or down 2 with a p-value less than 0.05. Next, a heat map was produced in order to aid 

in identifying important differences between the entire dataset and between multiple 

examples. None were found in this heat map. 9 data sets were included, all C57BL/6 

gamma irradiation: 0 Gy, 5 cGy and 6 Gy for 4 hours, the same three doses for 24 hours 

and the same three doses for 7 days. Finally, a pathway was drawn based upon significant 

changes across at least two samples from the PCR array only. The pathways drawn using 

an online database which identifies only genes, enzymes, molecules, etc. which have 

been experimentally proven to express the relationship depicted in the pathways. The 

pathways are shown in Figure 44. 
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Figure 39:  Example of significant genes from one PCR array. 84 genes are tested in every array.
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Figure 40:  Heat map generated of PCR array gene expression changes in 6 C67BL/6 

gene data sets. The yellow boxes were overlaid to identify regions of color patters across 

the entire heat map. This heat map compares three gamma irradiated samples against 

three proton irradiated samples. 

 

Figure 41: Pathway drawn by author using IPA to create a potential molecular 

mechanism. This pathway consists of significant gene changes across at least two 

samples between C57BL/6 mice exposed to gamma rays or protons. 
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Figure 42: Pathway comparing genes in C57BL/6 mice with significantly down-folded 

expression as identified by a heat map after irradiation with varying radiation qualities. 

Please refer to the legend in Figure 41. 

 

 

Figure 43: Pathways of genes identified in a heat map of being related. The genes are 

from C57BL/6 mice exposed to gamma rays or protons. Please refer to legend in Figure 

41. The red is indicative of significantly altered genes while the black is pathway 

connections not significant but experimentally proven in the literature. 
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Figure 44: Pathway of significant gene changes across two strains of mice both exposed 

to protons. Please refer to the legend in Figure 41. 

 

4.2.2.2 Apoptotic Pathways 

 The mouse apoptosis array plate from Qiagen (Valencia, CA) was utilized to 

study expression of genes whose function is specific to apoptosis. The samples studied 

were BALB/c and C57BL/6 mice exposed to protons and sacrificed four hours later. The 

organ studied was the duodenum of the small intestine. Table 2 below displays the genes 

that were studied as part of these PCR arrays. 

 

The first and only comparison analyzed in these pathways was a direct 

comparison of the C57BL/6 proton with the BALB/c proton. Significant gene changes 

were teased out from a data set as shown before. Significant changes were genes 

exhibiting fold change up or down 2 with a p-value less than 0.05. Next, a heat map was 

produced in order to aid in identifying important differences between the entire dataset 
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and between multiple examples (Figure 45). For Figure 45, six data sets were included, 

three BALB/c and three C57BL/6: 0 Gy proton, 0.1 Gy proton, 2 Gy proton. A row tree 

listing the gene relationships on the heat map was used to identify those genes that were 

responsible for generating the color patterns on the map. Finally, pathways were drawn 

based upon two things: one pathway was drawn using significant changes across at least 

two samples from the PCR arrays only. A second pathway was drawn based upon 

patterns in the heat map and identified genes in those heat maps. In this case, two 

pathways were drawn; one pathway for significant gene changes and one for a pattern 

 

Figure 45: Heat map comparing gene expression data in C57BL/6 vs. BALB/c mice 

exposed to protons. The yellow overlay points out a color pattern across the map. 
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found in the heat map. The pathways drawn use an online database which identifies only 

genes, enzymes, molecules, etc. which have been experimentally proven to express the 

relationship depicted in the pathways. The pathways are shown in Figures 46 and 47. 

 

Figure 46: Pathway of significant gene changes between BALB/c and C57BL/6 mice 

after proton exposure. Please refer to the legend in Figure 41. 

 

 

Figure 47: Pathway of genes identified in heat map as related between C57BL/6 and 

BALB/c mice exposed to protons. Please refer to the legend in Figure 41. Red indicates 

significant up-regulation while blue indicates significant down-regulation.
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Table 2: Apoptotic genes in a PCR array used to study the mouse apoptosis pathway. 
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4.2.3 HDAC Assay 

 An important component of this dissertation was to provide data relevant to 

carcinogenesis and therapeutic modalities that occur on Earth as a small translational 

piece of information. HDAC inhibitors are being investigated by many in combination 

with radiation oncology treatments as there has been evidence that their inhibition leads 

to enhanced cell killing by radiation (Konsoula et al., 2011). HDAC was measured in 

colon samples obtained from C57BL/6 mice after proton exposure. At the time of 

writing, there is no information available on HDAC activity after proton exposure for any 

organ. As mentioned previously, however, there is information available on HDAC 

inhibition serving as a radio-sensitizer in other qualities of radiotherapy for cancer. It was 
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hoped to address endogenous levels of HDAC after charged particle exposure. 24 hours 

after doses of 0.1 Gy or 2 Gy protons, HDAC activity was suppressed as compared to 

control samples in the C57BL/6 colon (Figure 48). However, no significant differences 

were statistically identified between groups. Between 4 hours and 24 hours of exposure, 

the data did show a decrease in HDAC activity after a dose of 0.1 Gy. However, a slight 

increase was observed following the dose of 2 Gy.  

 

 

 

Figure 48: HDAC activity in C57BL/6 colon after proton exposure. No significant 

differences were found between groups. 

 

The current literature available on this topic is very pertinent to tissue-targeted, 

high doses for radiotherapy (as high as 60 Gy), or doses used experimentally that are 

higher than 2 Gy (approximately 4 Gy or higher), and does not generally describe 

differences in dose response with lows doses such as 0.1 Gy regarding HDAC activity 

(Adimoolam et al., 2007; Shabason et al., 2011). With that in mind, and due to the lack of 

significance in our findings, a detailed conclusion cannot be accurately provided 
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regarding endogenous levels of HDAC in the colon after proton exposures. Further study 

is needed to investigate this problem. 

 

4.3 DISCUSSION 

The DNA repair protein data provided in this study is extremely relevant to both 

colon carcinogenesis and acute effects in the entire GI tract. The most important finding 

from this staining was the presence of both strands of DSB repair, NHEJ and HR, in both 

regions of the crypts. This provides evidence that the very high levels of apoptosis seen in 

the small intestine may indeed be a protective measure and that apotosis is not a pathway 

chosen due to lack of repair mechanisms. There are multiple studies which support the 

theory that the apoptosis in the small intestine after radiological and other toxicants is a 

form of genome preservation and, mostly, functional preservation of the tissue (Potten et 

al., 1994; Merritt et al., 1997). Figure 33 did display that Rad51, or the HR repair 

pathway, might be the primary repair pathway for cells in any stage, both proliferation 

that occurs low in the crypts or the more mature cells in the higher region. However, it 

should be noted that there was a high background staining present in the lower regions as 

compared to the higher areas where cells are not actively proliferating. The possible 

priority of HR proteins over NHEJ-specific repair supports the idea that apoptosis could 

be a protective safeguard in the intestine after radiation exposure. Since NHEJ pathways 

typically occur earlier in the cell cycle, the presence of less NHEJ proteins (present but 

less than HR proteins) may indicate that cells which are in earlier phases of the cell cycle 

still undergo apoptosis instead of repair mechanisms. It is possible that less NHEJ 

proteins are naturally found because apoptosis is the dominant pathway after radiation. 



112 

 

 

Analyzing the pathways provided after gene expression was a process of 

searching the literature to further look into the relationships provided. The DNA repair 

proteins observed in this work were included to look for any relationships involving their 

functions with the significantly altered genes. The inter-quality radiation, proton vs. 

gamma, comparison in C57BL/6 mice (Figures 41, 42 and 43) is mostly associated with 

processes of free radical scavenging and cell proliferation when observing the functions 

of all the significantly altered genes. Interestingly, a study of proton gene expression 

profiles compared to electron radiation gene expression profiles showed similar 

expression to this network, namely IL22 and Prdx4 (Gridley et al., 2011). Prdx4 is known 

to interact with NF-kB and after observing many of the gene expression changes in this 

work, it is probable that several of our pathways are dependent on major molecules like 

p53 and NF-kB. These were not included in the pathway analysis, but based on the 

literature relationships can be identified. The BALB/c gene data, for example, seems to 

be divided between two possible mechanisms: one dependent upon p53 and one 

dependent upon NFkB. 

 

Counterintuitive to what we saw with the lesions present in the BALB/c intestinal 

tissue being greatest after 2 Gy of proton-irradiation, the largest number of gene 

expression alterations occurred at the lowest dose of exposure, 0.1 Gy. Several genes, 

including CASP1, CASP4 and Trp53inp1, were found to be up-regulated for all three 

doses in this group. Trp53inp1, or transformation related protein 53 inducible nuclear 

protein 1, is an alternatively spliced gene encoding two nuclear protein isoforms 
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(TP53INP1alpha and TP53INP1beta), whose transcription is activated by p53. When 

overexpressed, both isoforms induce cell cycle arrest in G1 and enhance p53-mediated 

apoptosis (Tomasini et al., 2005). Together with the activation of CASP1, our data 

suggest that apoptosis is induced from both low and high doses of protons in a p53-

dependent manner.  

 

 Several genes, however, were up- or down-regulated in only either the low or 

high dose samples. Atf5, or activating transcription factor 5, was down-regulated 

significantly after 0.1 Gy proton exposures. Atf5 suppresses the transactivational activity 

of p53 and blocks p53-dependent apoptosis induced by ionizing radiation (Nishioka et al., 

2009). A dominant-negative AtfX mutant has also been shown to induce apoptosis of 

cells cultured in the presence of growth factors (Persengiev et al., 2002). In the present 

study, NF-kB1, a subunit of NF-kB, was also down-regulated in the 0.1 Gy samples. 

Inhibition of NF-kB nuclear translocation has been shown to enhance apoptotic killing by 

radiation in tumor cells (Wang et al., 1996). Our expression profiles of pro-apoptotic 

genes suggested that enhanced p53 activation and suppressed NF-kB activities may result 

in the high radiosensitivity of the small intestine at low doses of proton exposures. 

  

The differences that we have shown in gene expression and the network analysis 

that followed among low versus high doses of proton-irradiation may indeed offer insight 

into the mechanism of damage underlying each. The network analysis performed with an 

input of genes whose expression level was changed after a 0.1 Gy proton exposure show 

two pathways with statistical significance: an anti-apoptotic pathway mediated by 
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external signals via NF-kB and an apoptotic pathway through death domain receptors and 

caspases. Only the pathway of apoptosis via domain receptors and caspases appeared in 

the analysis for 1 and 2 Gy protons. The role of p53 in the induction of radiation-induced 

apoptosis in the small intestine has been widely investigated (Wilson et al., 1998; 

Komarova et al., 2000; Inagaki-Ohara et al., 2001; Jee et al., 2005). Although apoptosis 

that appeared at 24 hours or later may follow a p53-independent pathway, apoptotic 

lesions that are detected within several hours post-irradiation is p53-dependent and is 

completely absent in p53 knockout mice (Merritt et al., 1994). Our present network 

analysis suggests that apoptosis from exposures to low and high doses of protons follows 

a similar p53-dependent pathway due to damages to the DNA by protons. An interesting 

finding from the network analysis is the suggestion of anti-apoptotic mechanism 

mediated by NF-kB for only the 0.1 Gy protons. The protective role of NF-kB in 

radiation-induced apoptosis in the small intestine has also been proposed (Fan et al., 

2002; Egan et al., 2004; Wang et al., 2004). Activation of NF-kB in radioprotection may 

be unique for the small intestine, as the protective property was not found in the liver, 

heart and several other organs (Wang et al., 2004). NF-kB is known to respond to 

radiation damage and other stress factors (Dent et al., 2003). On the other hand, inhibition 

of NF-kB nuclear translocation has been shown to enhance apoptotic killing by radiation 

in tumor cells (Wang et al., 1996). Determining whether the NF-kB response is unique in 

the small intestine, whether it plays a protective or enhanced cell-killing role, and how 

NF-kB influences the supra-linear dose response requires further investigation.  
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It is widely thought that HDAC inhibition not only allows for the acetylation of 

cancer cells which contributes to their radio-sensitization, but that it also contributes to 

transcriptional regulation of genes associated with cancer and may even increase reactive 

oxygen species (ROS) leading to apoptosis (Chung et al., 2009; Robert and Rassool, 

2012). HDAC inhibition also limits DNA repair processes (Shabason et al., 2011). 

Specifically, it has been hypothesized that DSB repair is limited after HDAC inhibition 

(Shabason et al., 2011). This has been supported experimentally by the delayed 

disappearance of gamma-H2AX foci, the diminished activity of Rad51 and a general 

decrease in HR activity (Adimoolam et al., 2007). Conversely, however, the literature 

also shows HDAC inhibition as a radio-protectant in some instances. Studies have shown 

HDAC inhibition to limit negative symptoms for patients undergoing radiotherapy by 

mitigating damage to the epidermis and even increasing DNA repair ability in normal 

fibroblast cell lines (Chung et al., 2004; Chung et al., 2009). Furthermore, healthy 

animals undergoing WBI had improved survival rates after irradiation and HDAC 

inhibition and structural damages to the intestine were attenuated in those animals 

(Brown et al., 2008; Konsoula et al., 2011). One difference to explain this disparity, at 

least between healthy versus cancerous tissues, is simply that HDACs are manifested in 

excess in tumor cells generally and are not in normal cells (Delcuve et al., 2013). It is 

therefore conceivable that HDAC inhibition can be of even greater benefit in 

radiotherapy, aiding in the death of tumor cells and the protection of healthy cells 

(Paoluzzi and Figg, 2004). The data shown here also involved WBI on healthy animals. 

No conclusive evidence about HDAC activity after irradiation in our colon samples can 

be drawn due to differing increase or decrease in response both across doses and time 
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points. However, what the data can suggest is that HDAC activity after radiation in the 

colon, or after proton exposure, may be variable between individuals depending on dose. 

As the data did not show a definitive increase or decrease in HDAC activity over doses or 

times, and given relatively low doses, it is only appropriate to speculate that colonic 

tissue exposed to radiation of protons or other qualities may exhibit radio-sensitization 

with the concurrent use of an HDAC inhibitor as HDAC levels were not suppressed by 

proton radiation and evidence exists for radio-sensitization after HDAC inhibition. 

Most HDAC classes are found to be up-regulated in colon cancer (Stypula-Cyrus 

et al., 2013). Mechanistically, there is evidence which suggests that in colon cancer, 

HDAC inhibition enhances cell death induced by radiation in a p53-dependent manner 

(Flatmark et al., 2006; Chen et al., 2009). Therefore, future studies of this type of work 

should consider measuring radio-sensitivity in the colon with and without HDAC 

inhibition in p53-wild type and p53-knock out mice.
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Chapter 5: Closing Remarks 

 

 In this work, there were two major findings collected from all of the data which 

have implications beyond that of the bench science field. The first is that DNA repair 

pathways are not limited in the small intestine to regions associated with cell death 

processes. This finding means that the colon, due to its carcinogenic nature, must be 

explored further for details in how it is different than the small intestine. The small 

intestine does not exhibit cancer often in human beings and this data points out that this is 

not due to deficiencies in DNA repair mechanisms. Perhaps the processes after radiation 

exposure are helpful in the small intestine for the organ’s stability. Which leads in to the 

second point which is that apoptosis may be a protective mechanism for this organ. The 

damage data here followed general time courses for the most part indicating an order to 

the endpoints being observed. The apoptotic process must be broken down further 

molecularly to identify the elements that are not present in tissues such as the colon. 

Potten, the father of studying radiation on the small instestine, said it best in his work that 

“nature knows best” (Potten and Booth, 1997). 

 

Low dose radiation is a much more common exposure in daily life and for 

astronauts in flight as opposed to high doses. It is pertinent to learn more about the effects 

of low dose radiation to better determine the risks of exposure for both astronauts and the 

general public. Radio-adaptation has been studied for 25 years now and provides 

evidence that the consequences of low dose radiation may not follow a linear damage 

effect and perhaps some low dose exposure can even be beneficial to the body. Of 
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particular relevance are astronauts traveling on long duration missions in the future as 

they will be at risk of exposure to SPE’s containing high doses of protons and, 

consequently, increased risk for severe negative health effects. Learning more about 

proton-mediated effects can potentially reduce the biological threats of these 

unpredictable exposures. Underlying molecular mechanisms of the charge-particle 

response are not well understood but could provide important insight into the complexity 

of responses to low dose radiation exposure. The three strategies proposed here took 

advantage of an in vivo model to better extrapolate awareness of the biological 

consequences of low dose radiation exposure to the space flight and public health settings 

and determine at the genetic level how the damage caused by protons and gamma rays 

actually occurs. Potential molecular connections between signaling pathways were able 

to be determined from this work and provide a new crop of researchable questions to be 

asked and answered. The applicability of this work lies in physicians and scientists using 

this information to better provide advice to astronauts on the risks of space travel. In 

particular, the villous morphometry data provided in this dissertation demonstrates that 

astronauts, as early as a few hours and even weeks after a radiation exposure, may exhibit 

symptoms consistent with ARS that can be detrimental to a mission’s success or timely 

completion. With regard to patient care, the work given in this document shows that there 

is much we still need to learn regarding colon cancer, both disease initiation and 

prognosis, and HDAC enzyme activity as it relates to radiation exposure and radiation 

therapy. The HDAC enzyme activity data shown here did not provide any definitive 

conclusions. It was shown here, too, that DNA repair proteins and apoptotic damage in 

the small intestine might be indicative of a natural and protective effort of the body to 
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induce apoptosis after irradiation. Using the genetic data accumulated in this work, such 

as the possible p53 versus NF-kB pathways, scientists can study why the small intestine 

is able to possibly induce a protective apoptotic wave on the molecular level and what 

differences exist in the colon since the large intestine does not exhibit that same apoptotic 

response after a radiological insult. The significance of this study is provided in that the 

knowledge obtained here can be used to better select low dose radiation exposure limits, 

discover effective counter-measures against the harmful effects of radiation, and 

potentially even find novel and favorable uses of radiation for humans. This can 

ultimately benefit the general public and especially astronauts in flight. 
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