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ABSTRACT 

Cranial radiation therapy (CRT) is used as a treatment for brain malignancies that are not easily 

accessible and would provide significant risk to the patient through invasive methods like 

surgery. While CRT has been shown to be effective as a treatment, healthy areas surrounding the 

irradiation sites are detrimentally affected. Frontal lobe functions are impaired, particularly the 

domains of attention, processing speed and inhibition control. These deficits often manifest 

months to years after radiation and significantly impair quality-of-life over time. Exercise is 

proposed as an adjuvant therapy to ameliorate the deleterious effects of radiation. We established 

a rodent model of the neurocognitive effects of CRT. Adolescent Fischer rats were irradiated 

with a fractionated dose of 20Gy (4Gy x 5 days). We showed lasting neurocognitive impairments 

in the 5-Choice Serial Reaction Time Task (5-CSRTT), a test that simultaneously measures 

several cognitive modalities. We investigated whether voluntary exercise could ameliorate these 

impairments by having physical activity groups exercise from the week after irradiation until 

behavioral training. We found that exercise significantly ameliorated performance at both 3 

months and 6 months post-RT in accuracy, premature responses, and latency to correct 

responses, along with the number of trials taken to complete stages during training.  Our data 

suggests that exercise significantly mitigates neurocognitive deficits sustained by cranial 

radiation therapy in our translational model of pediatric radiotherapy. 
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Introduction 

Cancers of the brain and spinal cord are the most common solid tumors in children, 

accounting for almost 30% of all childhood cancers (Ullrich et. al., 2012, Ellenberg et. al., 2009). 

Fortunately, with the advent of novel technologies and methods of treatments, survival rates are 

exceeding 70% across children and young adult age groups (Friedman et. al., 2011, Ullrich, 

2012).  While more children are surviving these malignancies, this doesn’t speak to the quality of 

life they sustain after having a pediatric brain tumor.  It has been reported that 40%-100% of 

pediatric brain tumor survivors experience deficits in cognitive function, related to either the 

tumor or treatment method; this is found to be higher than in survivors of non-CNS malignancies 

(Ullrich et. al., 2012). There are often late neurocognitive effects that do not fully manifest for 

months or years after treatment, which lead to chronic and profound impairments over time in 

cognitive and psychosocial domains (Ruble et. al., 1999, Ullrich et. al., 2012).   

 

Neurocognitive Outcomes in Survivors of Pediatric Brain Cancer 

The factors that influence neurocognitive outcome in children with brain tumors can be 

extensive and vary from case to case.  The age at which a child is diagnosed and treated for brain 

tumors is one of the consistent factors that determines the severity of future neurocognitive 

dysfunction, due to the vulnerability of the developing brain tissues. Ultimately, the younger the 

child, the greater the dysfunction (Ullrich et. al., 2012, Ruble et. al., 1999, Briere et. al., 2008). 

There is also evidence that gender can also play a role, with a study by Nathan et. al., (2007) 

showing that girls are at a higher risk than boys for neurocognitive impairment after treatment of 

a pediatric brain tumor (Nathan et. al., 2007, Mulhern et. al., 2004). In addition, the location of 

the malignancy can be significant in neurocognitive outcome as studies have shown that tumors 
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located in the cortex tend to result in more late cognitive effects than 3rd or 4th ventricle tumors 

(Ellenberg et. al, 1987). 

Many aspects of cognition are impacted by CNS tumors.  The most commonly affected 

domains incorporate overall cognitive ability, along with deficits in working memory, attention, 

processing speed, and psychosocial functioning (Ullrich et. al., 2012, Askins et. al., 2008).  

According to a review by Mulhern et. al. (2004), the most common method to establish overall 

cognitive ability in children treated for brain tumors is the standard IQ test; observed declines in 

patients recovering from pediatric brain tumors are found to not necessarily be due to a loss of 

acquired knowledge, but to a decreased rate of learning (Mulhern et. al, 2004). This is supported 

by a study conducted by Askins and Moore (2008), who found that neurocognitive dysfunctions 

aren’t due to any hindering or diminishing of functions, but more often processes using these 

domains tend to require more time in pediatric brain tumor survivors, compared to their peers 

(Askins et. al., 2008). 

 

Psychosocial Outcomes in Survivors of Pediatric Brain Cancer 

Neurocognitive deficits often lead to adverse psychosocial outcomes, including poor 

educational achievement, unemployment, and issues in interpersonal relationships, all of which 

can yield significant impacts on quality of life (Gurney, 2009).  According to the review of 

Childhood Cancer Survivor Study (CCSS) publications by Gurney et. al (2009), brain tumor 

survivors diagnosed as preschoolers have 18 fold higher odds of requiring special education in 

their formative years than the sibling control group. This risk is higher among patients diagnosed 

at younger ages, females, and those treated with cranial radiation therapy.  Childhood brain 

cancer survivors often have lower reaction times, limited focus, and trouble paying attention as a 
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result of their treatment (Kiehna et. al., 2006). This creates many issues in educational settings, 

where it is theorized that deficits in attention are the cause of poor academic achievement 

(Ullrich et. al., 2012).  It has also been found that variability in academic performance, in 

addition to declines in intelligence scores, can be attributed to factors such as fatigue, interrupted 

schooling and associated health concerns, which also negatively impact the education of the 

child (Mabbott et. al., 2005, Copeland et. al., 1985). Brain tumor survivors have 5 fold increased 

odds of unemployment, which is likely a result of poor academic performance, which is linked to 

the neurocognitive deficits sustained after a brain malignancy (Butler et. al., 2002).   

Survivors of brain tumors often suffer personal outcomes that can further lower quality of 

life.  One study reported that only 30% of 10-year survivors of medulloblastoma were able to 

drive, live independently, or find employment (Maddrey et. al., 2005).  Another study reports 

that 78% of their cohort of brain tumor survivors had never married, with females at a particular 

risk for lower rates of marriage than males (Gurney et. al., 2009).  In addition to such functional 

effects, studies report increased rates of depression and anxiety in this population (Fuemmeler et. 

al., 2002, Zebrack et. al., 2004). The after-effects of pediatric brain tumors are long-lasting and 

can severely impact the quality of life of patients for years to decades after the malignancies.  

This necessitates the introduction of an intervention that can combat these detrimental 

neurocognitive deficits and enhance outcomes in all domains. 

 

The Effects of Radiation on the Brain 

 Radiation therapy has conclusively been found to inhibit and impair generation of 

neurons and the vascular environment of the affected sites; there are a number of theories as to 

the precise mechanism. In a study by Zhang, et. al (2013), it was proposed that deficiencies in 
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the non-homologous end-joining (NHEJ) pathway, which works in repairing double-stranded 

breaks in DNA, is impaired by radiation therapy and potentially affects cell proliferation. The 

study found that irradiation causes dose-dependent cognitive dysfunction in rats, attributable to 

the inability of the pathway to repair the DNA damage and diminishing neurogenesis in the 

hippocampus. An alternative theory, proposed in the study by Ungvari et. al (2013), states that 

radiation causes dividing cells to adopt “cellular senescence” or permanent cell-cycle arrest. 

After irradiation, cells are unable to further divide, leading to impaired cell proliferation.  This, 

coupled with the compromised endothelial and vascular environment of the area, leads to 

cognitive damage. A third theory attributes impaired neurogenesis and possible cognitive 

dysfunction to neuroinflammation. Neuroinflammation is an outcome of irradiation, and is 

mediated by activated microglial cytokines. It disrupts neurogenesis and gene expression in the 

hippocampus in a dose-dependent basis. In a study by Jenrow (2013), they tracked the effects of 

CRT in rats over time and found subtle cognitive impairment at 2 months post-irradiation and 

profound impairments in recognition memory at 6 months and 9 months post-irradiation in a 

cognitive task. The authors ascribe this to acute apoptosis of neuronal progenitors after CRT 

along with neuroinflammation of the microvascular environment in the subgranular zone of the 

brain, yielding gradual disruption of neurogenic signaling. This is supported in animal studies 

conducted by Wong and van der Kogel (2004), where the authors suggest that late cognitive 

effects of radiation can be attributed to apoptosis of endothelial and oligodendroglial cells, 

coupled with secondary effects such as neuroinflammation and hypoxia/ischemia, which lead to 

the impairment of the blood-brain barrier, demyelination, and tissue necrosis. 
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Cranial Radiation Therapy in Pediatric Brain Cancer 

Cranial radiation therapy (CRT) is used as a treatment for brain tumors and metastases 

that are not easily accessible through other means or would provide significant risk through 

surgery. It works by effecting damage at the cellular level to the mechanism through which cells 

divide and proliferate (Ungvari et. al., 2013).  While this is often effective in slowing or stopping 

the growth of malignant tumors, the areas surrounding the irradiation site are often likewise 

affected. Radiation therapy has been evidenced to damage healthy tissues and microvascular 

networks and has been shown to result in neurocognitive dysfunctions in a dose-dependent 

manner (Ullrich et. al., 2012, Armstrong et. al., 2009, Mulhern et. al., 2004, Nguyen, et. al., 

2000).  CRT is known as the most important risk factor for adverse neurocognitive functioning, 

as survivors of brain tumors treated with radiation have consistently shown more severe 

impairments than those treated through other methods (Ullrich et. al., 2012). Younger age has 

been linked to cognitive dysfunction; in the age range that has been examined, approximately 6 -

15 years of age, the brain is undergoing synaptic pruning and myelination, leaving the brain 

especially vulnerable to lasting damage (Briere et. al., 2008).  It is theorized that one cause of 

cognitive dysfunction as a result of CRT can be attributed to damage to white matter in the brain. 

In a study by Mulhern et. al., (1999), it was found that pediatric brain tumor survivors who were 

treated with CRT had more calcification and significantly less volume of CNS white matter in 

the brain, which could contribute to the deficits in intelligence. A later study by the same group 

found that impaired attention was the main dysfunction as a result of decreased white matter in 

the brain, which can be a contributing factor to decreases in IQ and poor academic achievement 

in survivors. This provides evidence of an association between white matter volume in specific 

regions in the brain and functional attention (Mulhern et. al, 2004). 
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 Combination therapy is the most common treatment for children with malignant brain 

tumors.  It consists of the use of both CRT and chemotherapy for average-risk patients, in order 

to avoid the long-term effects that higher doses of CRT typically yield (Packer et. al., 1999).  

However, neurocognitive impact remains substantial, with some studies claiming that this mode 

of treatment actually yields the worst neurocognitive impact (Waber et. al., 1995).  In a study by 

Lacaze et. al., (2003), children treated for optic gliomas underwent either chemotherapy alone, or 

both chemotherapy and CRT, as a secondary treatment. It was found that patients treated with 

only chemotherapy had normal IQ values, greater than one standard deviation from the values of 

those doubly treated with radiation therapy.  In a study conducted by Briere et. al., (2008), 

patients were treated with either a combination of radiation therapy and surgery, or the same plus 

chemotherapy. The most deleterious effects were found in visuo-spatial capabilities, processing 

speed, and attention, and most of these effects didn’t manifest until 3-5 years after treatment. The 

significant decline in attention implies that brain tumor survivors are unable to make age 

appropriate developmental gains, and would likely require alteration to their schooling.  

While pediatric brain tumor survival rates are increasing due to the rising efficacy of 

treatments, it’s also important to remember that these treatments are not without their drawbacks.  

Whether it is cranial radiation therapy or combination therapy, there are always a number of 

variables at play, and no two patients will have the same outcome.  This makes finding an 

effective intervention to combat these neurocognitive effects a priority. With its growing body of 

research, exercise is potentially a successful intervention for pediatric brain tumor patients and 

survivors. 
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Exercise as an Intervention 

Physical activity has risen in recent times as a potential therapy to mitigate the deleterious 

effects of brain tumor treatment in pediatric populations. Patients and survivors have been found 

to be at a higher risk of developing sedentary lifestyles and inactive children are more likely to 

become inactive adults (Chamorro Vina et. al., 2013, Soares-Miranda et. al., 2013). Through its 

effects on neurogenesis and cognition, there is evidence for the use of exercise to remediate and 

possibly reverse deficits sustained from pediatric brain cancer treatment. 

 Exercise enhances brain plasticity by increasing hippocampal neurogenesis and 

enhancing the microvascular environment.  In a study conducted by van Praag and colleagues 

(1999), it was determined that voluntary exercise results in increased cell proliferation, survival, 

and neuronal differentiation in the hippocampus, an area of the brain associated with learning 

and memory.  Additionally, it has been found that physical activity up-regulates brain processes 

associated with neuroplasticity, promotes synaptic plasticity, and increases gray matter in frontal 

regions and the hippocampus (Hotting et. al., 2013, Kempermann et. al., 2010).  

As CRT destroys dividing cells, it may deplete the brain’s pool of proliferating stem 

cells, ultimately leaving it less capable of generating new neurons and supportive glial cells. 

Thereby, because of its effects on cell proliferation, exercise may be an effective therapy. Indeed, 

it has been shown to enhance cell proliferation in the aging brain. As aging occurs, neural stem 

cells decline, and this has been associated with cognitive deficits.  van Praag et. al. (2005) 

theorized that these deleterious consequences can be mitigated by exercise. They found that 

voluntary wheel exercise enhances both learning and hippocampal neurogenesis in aged animals. 

This study tested both young and aged mice on a voluntary wheel running protocol, and the new 

neurons produced in the aged animals appeared to be similar to those produced in young mice. 
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Furthermore, the decline in neurogenesis in the aged mice was reverted to 50% of young control 

levels due to the running. Utilizing a behavioral task targeting spatial navigation, it was shown 

that learning was enhanced. This supports the concept that exercise can enhance cell proliferation 

and promote plasticity in areas that may not as readily support it, such as areas affected by 

cranial radiation therapy in cancer treatment (Rodgers et. al., 2013).  

 Exercise has been shown to enhance neurocognition.  One theory as to the mechanism, 

proposed by Hotting et. al., (2013), states that learning and other forms of enrichment help 

promote the survival of cells, whereas running and other forms of exercise promote cell 

proliferation.  This is supported by the study by Curlik et. al. (2013), which claims that aerobic 

exercise increases the number of new neurons in the dentate gyrus while learning leads to greater 

cell survival.  This is potentially due to changes in blood flow and in vascularization brought 

about by exercise, which can generate more oxygen and nutrition to critical areas (Hotting et. al., 

2013). This could be beneficial to patients who have undergone CRT, as it has been shown that 

microvascular networks are the most sensitive components of the vascular system, with their 

structure and function altering significantly in the early days after irradiation (Kiani et. al., 2003). 

As their primary function is to deliver oxygen to tissues, exercise could provide a mechanism to 

amend or replenish the microvascular system, therefore enhancing the health of generated 

neurons. The study by Curlik et. al. goes further to say that the difficulty of the task plays a role 

in cell survival, with more challenging physical skill tasks being more successful in rescuing new 

neurons from death than less challenging tasks (Curlik et. al., 2013). 

 There are a variety of cognitive functions said to be improved by exercise.  A review by 

Hillman et. al. (2008) conceptualizes the positive effect of exercise as both broad and specific; 

broad in the sense that numerous cognitive processes across the brain benefit from physical 
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activity, and specific in that the effects of exercise can have greater significant effects in certain 

domains, such as executive function.  The frontal lobe incorporates a number of functions, such 

as planning, working memory, attention, and decision making, and is one of the more prominent 

neurocognitive domains found to be detrimentally affected by radiation therapy, in a dose-

dependent manner (Ullrich et. al., 2012, Hillman et. al., 2008). A study by Sibley et. al., (2007) 

found that this area is enhanced through exercise, specifically in the ability to maintain attention 

to goal-relevant cues.  This is potentially important to pediatric brain tumor populations, as 

impaired attention is one of the more reported neurocognitive deficits that occurs after treatment, 

with the ability to adversely affect academic achievement (Ullrich et. al., 2012).  A meta-analysis 

conducted by Fedewa et. al., (2011) stated that physical activity in children yields a significantly 

positive impact on academic achievement and cognitive outcomes, and that aerobic activities 

provide the largest impact.  Importantly, elementary-age children were found to have the largest 

cognitive benefit from physical activity, with the effect decreasing as the age group increased.  

This is a relevant finding, as exercise can potentially be introduced as a therapy to school-age 

children diagnosed with brain tumors, and the regimen can be modulated as age increases for 

enhanced benefit. This is supported by another finding that children who were cognitively 

impaired or physically disabled profited more from exercise than children without impairments.  

This conclusion is further supported by the study from Sibley et. al., (2007), which states that 

young adults with the lowest scores in working memory may have the most to gain with exercise 

manipulations. Exercise may therefore be most beneficial for healthy adults for whom cognitive 

performance is lowest, which can possibly extended to working memory deficits due to primary 

brain tumors. This finding, coupled with the finding that elementary-age children have the 

largest cognitive benefit compared to other groups, provides significant evidence for the 
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potential of exercise to greatly benefit pediatric brain tumor patients and survivors (Fedewa et. 

al., 2013).  

While the causal link between the benefits of exercise, neurogenesis, and cognitive 

function is still unclear, evidence shows that physical activity benefits neurogenesis and 

cognitive functions independently, possibly helping alleviate the detrimental effects of pediatric 

brain cancer in the long-term. 

 

Translational Animal Model of Pediatric Radiotherapy 

This study used a rodent model of the neurocognitive effects of radiation in pediatric 

brain cancer populations. Animal models of pediatric radiotherapy provide a controlled study of 

the system through which irradiation affects the young brain and cognition over time. Rats were 

irradiated in early adolescence, and cognitive outcome assessed using the 5-Choice Serial 

Reaction Time Task (5-CSRTT). The 5-CSRTT has the capacity to assess a number of frontal 

lobe modalities, namely impulsivity, attention, and processing speed.  The rat is required to 

respond to randomized stimuli, and its response, whether correct, incorrect, premature, or 

omitted, provides a measure of its neurocognitive ability (Amitai, 2011, Bari et. al., 2008). 

Target criteria per stage for the 5-Choice Serial Reaction Time Task (5-CSRTT) were 

dependent upon the protocol set by the paper by Bari et. al (2008).  The objective of the task is 

for the subjects to nose-poke in one of five apertures when a stimulus light is shown (please see 

Appendix A).  If the rat nose-pokes in the correct aperture, a reward pellet falls in a food 

magazine and this is documented as a correct response. As the animals are food-restricted, the 

reward pellet is used as incentive for the rats to perform the task. An error of commission is 

defined as a response made to the incorrect aperture. The percentage of correct responses over 
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the total correct and incorrect trials is calculated to establish the accuracy, which is the main 

measure of attentional performance in the 5-CSRTT (Amitai, 2011). If the rat fails to respond 

within the limited hold (LH) period between the stimulus and end of the trial, it is an error of 

omission, which has been classified in the literature as a measure of inattention. A premature 

response is a nose-poke made before the stimulus is shown. In the 5-CSRTT, this is a measure of 

response inhibitory control and the ability or inability of the rat to control impulsive behavior 

(Evenden, 1999, Robbins, 2002). After a specified set of criteria is met in a particular stage, the 

rat advances to the next stage, which increases in complexity, by adjustment of the stimulus 

duration, inter-trial interval, and limited hold time. 

The animals were tested at the post-irradiation time point of 6 months, with the last stage 

the individual rats had completed in the training stage used as a baseline.  The testing was 

completed over a span of 5 days and analyzed the irradiated and control groups’ accuracy, 

percentage of correct, incorrect, omissions and premature responses, along with the latency to 

correct and incorrect responses. Exercise was introduced as a therapeutic intervention, in order to 

determine the modalities and the extent to which it can mitigate cognitive impairments sustained 

by whole brain radiation. 

Our first hypothesis is that cranial radiation therapy of the developing brain causes 

neurocognitive deficits in attention, processing speed, and inhibition control. Our second 

hypothesis is that an exercise regimen between irradiation and the start of cognitive training will 

enhance the performance of the irradiated group at the assessment time points of 3 months and 6 

months post-irradiation. 
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Methods 

Subjects 

Forty-five male Fischer rats (Harlan Laboratories Inc., Indianapolis, IN) were 

individually housed in a temperature-controlled (21oC) room with a reverse 12 hour light/dark 

cycle (lights on 8:00pm – 8:00am).  Diet was controlled to maintain the subjects at 85-90% of 

their free-feeding weight in order to provide incentive to perform in the 5-CSRTT. Water was 

available ad libitum except in the 5-CSRTT chamber. All animal handling, experiments, and 

other care were in accordance with the National Institutes of Health (NIH) Public Health Policy 

on Humane Care and Use of Laboratory Animals, and were approved by the Institutional Animal 

Care and Use Committee (IACUC) at the Baylor College of Medicine.  

 

Procedure 

The design of the experiment incorporated four groups: Sedentary Irradiated, Exercise 

Irradiated, Sedentary Control, Exercise Control.  Data has been collected from 10-12 rats in each 

of the four groups by the conclusion of the study. 

All animals were received in the facility by 24-27 days of age.  Young animals were 

chosen for this experiment in order to better generalize to the age of diagnosis reported in the 

pediatric brain cancer population.  At the age of 31 days, rats assigned to the radiation groups 

received fractionated whole brain irradiation of 20Gy (4Gy x 5 days) under isofluorane 

anesthesia. Lead shields were used to protect the eyes and body of the animals; with only the 

head exposed. Control animals were anesthetized under isofluorane for the same amount of time, 

but not irradiated.  
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Animals were double-housed until one week before the start of the 5-CSRTT task, at 

which point they were single-housed and food-restricted.  The animals were handled for 

approximately 5 minutes each for three days throughout the week and fed a few reward pellets, 

to acclimate them to the taste of the food reward offered in the 5-CSRTT. At the age of 

approximately 100 days or 2.5 months post-RT, the habituation phase of the 5-CSRTT began. 

After habituation, the training phase began (as described in the last section), which lasted 

between 30-35 daily sessions, the variability due to the length of time taken by each individual 

animal in the habituation phase. Please see Appendix B for an experimental timeline. 

  

Exercise 

To allow for recovery after irradiation and before exercise, rats in the exercise groups 

were rested for 10 days with access to food and water in their cages.  Two weeks after the 

beginning of irradiation or at approximately 45 days of age, the rats began the exercise regimen.  

The regimen is composed of 5 days of voluntary wheel running and 2 days of rest, to mirror the 

cognitive behavioral training and testing of the 5-CSRTT.  Every rat was placed into an exercise 

wheel, with food and water ad libitum, for a period of 2 hours either in the morning or afternoon, 

and randomized daily to avoid any bias of running during a particular time of day. The rats were 

exercised for a period of 7 weeks (or 35 days) in between irradiation and the start of training in 

the 5-CSRTT.  They were stopped approximately 1 week before the start of 5-CSRTT to allow 

adequate time for acclimation to being single-housed, food restriction and handling. 

The procedure for 5-CSRTT training and testing phases followed the same as that of the 

sedentary groups that were run previously. 
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5-CSRTT Apparatus 

 Neurocognitive functioning of animals was assessed using the 5-CSRTT (Med-

Associates Inc., St. Albans, VT, USA).  The version of 5-CSRTT used is specifically adapted for 

rats with dimensions of 25 x 25 x 25cm (Figure 1).  Computer software to program the 5-CSRTT 

was obtained from Noldus Information Technology, Leesburg, VA and Med Associates, St 

Albans, VT. 

The operant chamber has 4 walls, with two composed of clear polycarbonate and the 

remaining two composed of aluminum. One of the clear polycarbonate walls is attached to the 

operant chamber by hinges and is used as the door of the 5-CSRTT. One of the aluminum walls 

of the chamber is slightly curved and contains five square shaped apertures.  Each aperture holds 

an LED and sensor IR beams within each. The other aluminum wall houses the food magazine, 

which is square shaped and holds the IR beams that are projected across the food magazine.  The 

food magazine is the area where reward pellets are dispensed when the task begins and when the 

animal provides a correct response.  It is connected to a pellet dispenser that is located outside 

the chamber through a clear plastic tube.  The floor of the chamber is composed of a metal grid 

with a removable plastic tray underneath.  The apparatus was cleaned after each animal and at 

the end of every training/testing day with disinfectant wipes. 

 

Statistical Analysis 

 Prior to the start of behavioral training, two groups underwent a 7 week running 

paradigm, in which distance run and time spent running was collected. This data was analyzed 

with a two-way repeated measures ANOVA, with group as the between-subjects factor and week 

as the within-subjects factor. 
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Behavioral measures of accuracy, correct responses, wrong responses, premature 

responses, omissions, latency to correct, latency to incorrect and number of trials taken to reach 

criterion in each stage were collected.  This data was gathered daily in the training portion of the 

experiment, along with the five days of testing at 6 months after radiation.  The number of trials 

was collected and analyzed between each group during the 3 months post-RT training phase.  

The remaining measures were collected at the 6 month post-RT testing phase. Accuracy was 

calculated as the number of correct responses divided by the total number of correct and 

incorrect responses per session.  Correct responses were nose-pokes into the aperture the 

stimulus light appeared, which yielded the reward pellet.  Incorrect responses were nose-pokes 

made into apertures where the stimulus light did not appear.  Omissions occurred when the 

animal did not respond to any aperture after the stimulus light was shown. Premature responses 

occurred when the rat nose-poked into an aperture before the stimulus light was shown, 

warranting a 5 second timeout phase, as in incorrect responses and omissions. Latency was the 

time in seconds for each rat to make a correct or incorrect response. 

A two-way repeated measures ANOVA was used in the analysis of the data gathered 

from the 5-CSRTT, with stage as the within-subjects factor and group as the between-subjects 

factor at 3 months post-RT and day as the within-subjects factor and group as the between-

subjects factor at 6 months post-RT.  For each assessment, the repeated measures ANOVA was 

run to establish whether significant differences manifested themselves as late effects in any of 

the components. Post hoc multiple comparisons with Bonferroni adjustments were conducted. 

The level of significance was set at p < 0.05 and all analyses have been conducted in GraphPad 

Prism 6. 
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Results 

Exercise – Distance and Time Spent Running 

 At the conclusion of the seven weeks of exercise, there was a significant interaction of 

group and week (F [6, 120] = 4.673, p = 0.0003) in regards to the distance run. In time spent 

running, there was also a significant interaction of group and week (F [6, 120] = 7.600, p < 

0.0001), with a significant difference in time spent running on Week 7 (p ≤ 0.01), found after 

post hoc comparisons. 

 

Training Phase - 3 Months Post – RT  

The number of trials spent per stage had a significant group by stage interaction (F [12, 

164] = 2.086, p = 0.0204). Post hoc comparisons of cell means indicated significant differences 

in group performance at Stage 5, with the Sedentary RT group taking significantly more trials to 

pass Stage 5 versus all other groups: Exercise RT (p ≤ 0.05), Sedentary SHAM (p ≤ 0.0001), 

Exercise SHAM (p ≤ 0.0001) indicating an acquisition deficit of the 5-CSRTT at that time point. 

 

Testing Phase - 6 Months Post – RT  

 Accuracy had a significant main effect of group (F [3, 39] = 3.477, p = 0.0249) along 

with a significant main effect of testing day (F [4, 156] = 39.75, p ≤ 0.0001), but no significant 

interaction (F [12, 156] = 1.648, p = 0.0838). 

 For correct responses, there was no significant main effect of group (F [3, 39] = 0.1193, p 

= 0.4159). There was a significant main effect of time (F [4, 156] = 102.3, p ≤ 0.0001), and a 

non-significant interaction (F[12, 156] = 1.060, p = 0.3972).  
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 For incorrect responses, there was no significant main effect of group (F [3, 39] = 2.122, 

p = 0.1130). There was a significant main effect of day (F [4, 156] = 2.827, p = 0.0267) and the 

day by group interaction was not significant (F [12, 156] = 1.533, p = 0.1177).  

For premature responses, there was a significant group by day interaction (F [12, 156] = 

2.957, p = 0.0010). Post hoc comparisons indicated that there were significant differences in the 

level of premature responses between Exercise RT and Sedentary SHAM (p ≤ 0.001) and 

Sedentary SHAM vs. Exercise SHAM (p ≤ 0.01) at Day 1. There were also significant post hoc 

differences between Sedentary SHAM and Exercise RT (p < 0.01), Exercise RT vs. Sedentary 

SHAM (p ≤ 0.05) and Sedentary SHAM vs. Exercise SHAM (p ≤ 0.05) at Day 3. 

 With omissions, there was no significant main effect of group (F [3, 39] = 0.1193, p = 

0.9482), but a significant main effect of day (F [4, 156] = 57.47, p ≤ 0.001). There was no 

significant day by group interaction (F [12, 156] = 1.371, p = 0.1850).  

 For latency to an incorrect aperture, there was no significant main effect of group (F [3, 

39] = 2.369, p 0.0854), though there was a significant effect of day (F [4, 156] = 5.525, p = 

0.0003). There was no significant group by day interaction (F [12, 156] = 1.109, p = 0.3564). For 

latency to a correct aperture, there was a significant group by day interaction (F [12, 156] = 

2.809), with post hoc comparisons showing significant differences between Sedentary RT and all 

other groups: Exercise RT (p ≤ 0.01), Sedentary SHAM (p ≤ 0.001), and Exercise SHAM (p ≤ 

0.0001). 

Discussion 

 While the use of cranial radiation therapy is effective in eliminating many types of brain 

malignancies, it is common for healthy brain areas to be adversely affected and yield 

neurocognitive deficits as a result. The objective of this study was to establish a translational 
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animal model of pediatric radiotherapy and introduce exercise as a potential mitigating factor. 

Cognition was assessed using the 5-CSRTT to measure attention, processing speed and 

impulsivity at 3 and 6 months post-irradiation. 

 

Irradiation and Voluntary Wheel Running 

 Two of the groups in this study had access to exercise - Exercise RT and Exercise 

Control.  For 7 weeks between irradiation and the start of behavioral training, rats were placed in 

exercise wheels and allowed to run voluntarily for 2 hours 5 days a week, with 2 days of rest.  

While there was no overall significant difference between the irradiated and control groups in  

the distance that was run,  for time spent running there was a significant difference found on 

Week 7, in which the irradiated group ran longer (Figure 1).  

 

Exercise Ameliorated Radiation-Induced Impairment in 5-CSRTT 

 Four groups of rats (Sedentary RT, Exercise RT, Sedentary Control, Exercise Control) 

were trained to perform the 5-CSRTT at 3 months post-RT and tested at 6 months post-RT to 

determine any cognitive late effects as a result of cranial radiation therapy.  

 At 3 months post-RT, there were significant differences found in the number of trials that 

were required to complete certain stages. At Stage 5 (please see Appendix C), the stimulus 

duration was 2.5 seconds, and it was found that the Sedentary RT group took significantly more 

trials to complete this stage than the other groups (Figure 2).  This indicates that there was an 

acquisition deficit caused by the radiation, as it was significantly different than the Sedentary 

Control group.  This difference was mitigated by exercise, as the Exercise RT group required 

significantly fewer trials to complete the stage, and did not differ significantly from both control 
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groups, indicating that exercise served in the recovery of frontal lobe functioning after radiation 

treatment for this measure. 

 Of the behavioral measures obtained at the 6 months post-RT testing phase, accuracy, 

premature responses, and latency to correct and incorrect responses conveyed the most valuable 

information regarding the neurocognitive deficits after CRT.  In regards to accuracy, there was a 

significant effect of radiation and exercise among the four groups (Figure 3). In other words, the 

Sedentary RT group made more incorrect responses and less correct responses, leading to a 

lower accuracy level than the other three groups across the 5 day testing period.  There was also 

an overall effect among the groups of day, indicating that performance at the fifth day was 

significantly different than the first.  This is indicative of recall of the task; over the five days 

there is a visible trend in the three latter groups of increasing accuracy, whereas the Sedentary 

RT group stayed approximately at the same level throughout, conveying a deficit of recall. It is 

important to note that the Exercise RT group follows the same trend as the two control groups, 

indicating that while this group was irradiated, the exercise served as a mechanism through 

which performance at control levels occurred at 6 months post-irradiation.  

 Premature responses in the 5-CSRTT are a measure of impulsivity, and occur when the 

rat nose-pokes into an aperture before the stimulus light is shown. Our data show that in addition 

to a group difference, there is a trend in which the exercise groups, both RT and control, make 

significantly fewer impulsive responses than the sedentary groups (Figure 4). This suggests that 

exercise may have played a role in decreasing their levels of impulsivity and increasing their 

attention, a finding that has been supported in the literature (Ji et. al., 2014, Hotting et. al., 2013). 

With omissions, there is a trend in which the number of omissions decreases across the 5 day 

testing, though there is no significant group difference (Figure 5). 
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  The detrimental effect of CRT on attentional processing is further shown through the 

measures of the latencies to incorrect and correct responses (Figures 6 and 7).  The latency of an 

animal to make correct responses in the 5-CSRTT is a measure of processing speed in the task 

(Amitai, 2010). There was no significant group difference in the latency to incorrect responses, 

indicating that all groups responded to the wrong apertures in a similar amount of time.  

However, there was a significant main effect of group in the latency to correct responses. 

Specifically, the Sedentary RT group had significantly more delayed correct responses, as 

compared to the other groups, including the irradiated group that underwent exercise.  As the 

latencies to incorrect response showed no significant differences and latencies to correct did, this 

suggests that irradiation caused an attentional processing deficit in the Sedentary RT group. This 

difference was ameliorated by exercise, as shown by the latency times of the Exercise RT group, 

which were comparable to the two control groups. It is likely that the Sedentary RT group took 

longer to process the stimulus and yield a correct response, which is consistent with the literature 

on processing speed deficits after cranial irradiation in children (Anderson et. al., 2004, Askins 

et. al., 2008) 

 Through these behavioral measures, exercise was a useful intervention through which a 

number of cognitive modalities appeared to have recovered, namely attention, processing speed 

and inhibitory control. It is important to note that the exercise regimen occurred between the 

irradiation and the training phase of the 5-CSRTT approximately 3 months after irradiation. Its 

effects therefore appear to have lasted through the 6 months post-RT testing phase, which 

highlights the sustaining effect of exercise in the long-term for patients treated with cranial 

radiation therapy.  It is likely that the start of exercise close to the end of irradiation acted as a 

restorative process through which the brain regions damaged by radiation were able to recover 
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through increased blood flow and vascularization to the affected areas at a critical developmental 

time, salvaging much of the functioning that was lost in the group that was both irradiated and 

sedentary (Hotting et. al., 2013, Kiani et. al, 2003, Curlik et. al., 2013). 

 

Limitations and Future Directions 

 The current study allowed us to recognize several limitations and possible directions for 

further experiments.  The main limitation was the difficulty in training the strain that was used in 

this study (adolescent Fischer rats) to target criteria. The majority of the rats plateaued in their 

performance at approximately Stage 6, and thus the baseline to which testing data was collected 

was not standardized to one stage, but to each individual rat’s best performance after the training 

session. In the future, manipulating the target criteria according to the strain used may lead to 

more ease in standardizing the performance per group. Fischer rats are also an albino strain, and 

as the 5-CSRTT is a task that involves tracking light stimuli, this may have impacted their 

performance to an extent.  Future studies may investigate using strains that are not albino, such 

as Lister hooded and Long-Evans strains.  

 Future directions in this study incorporate using imaging and immunohistochemistry to 

further probe into the neural bases that underlie the behavioral differences between these groups. 

Western blotting techniques or immunohistochemistry investigating myelin basic protein (MBP), 

the protein involved in developing the myelin sheath, can provide further details as to these 

structural differences. Imaging data collected from these rats utilizing diffusion tensor imaging 

(DTI), which tracks the integrity and pathology of white matter in the brain, will help inform the 

extent to which physical activity helped in their repair (Qiu et. al., 2007, Rodgers et. al., 2013).  
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Conclusions 

 The current study has established a solid animal model of neurocognitive deficits after 

cranial radiation therapy and found exercise to be a mitigating factor. Several cognitive 

modalities were assessed long-term after irradiation. These modalities were evaluated using the 

5-Choice Serial Reaction Time Task (5-CSRTT), a behavioral test focusing on attention, it was 

found that the sedentary irradiated group yielded neurocognitive deficits that appear to have been 

mitigated in exercise irradiated animals, providing supporting evidence backing exercise as a 

potential therapy. This translational model is useful in its ability to exhibit the damaging effects 

of radiation on cognition in a controlled paradigm. As the exercise showed clear benefits to the 

irradiated group, it provides further credence to the animal research in this domain that has been 

established thus far, and is another step towards introducing physical activity as a potential 

adjuvant therapy to pediatric brain cancer populations having undergone cranial radiation 

therapy. The body of literature regarding cranial irradiation and exercise in the pediatric 

population is still young, however it has long been established that exercise has shown 

substantial benefit to children with cognitive impairments, not limited to improvements in 

working memory, increased attention to goal-relevant cues, and increased academic achievement 

(Sibley et. al., 2007, Fedewa et. al., 2011).  

 While at present there is no effective treatment to alleviate the neurocognitive outcomes 

and impaired quality-of-life that survivors of pediatric brain tumors sustain, physical activity 

presents a promising way to promote brain health after cranial radiation therapy and may prove 

as a means, alone or as an adjuvant therapy, through which to ameliorate the cognitive late 

effects of pediatric brain tumor treatment. 
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Appendix C 

5-CSRTT Training Stages and Criteria 

Training Stage Stimulus 

Duration (s) 

Inter-Trial 

Interval (s) 

Limited Hold 

(s) 

Criterion to Next 

Stage 

1 30 2 30 ≥ 30 Correct 

2 20 2 20 ≥ 30 Correct 

3 10 5 10 ≥ 50 Correct 

> 80% Accuracy 

4 5 5 5 ≥ 50 Correct 

> 80% Accuracy 

5 2.5 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

6 1.2 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

7 1 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

8 0.9 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

9 0.8 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

10 0.7 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

11 0.6 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 

12 0.5 5 5 ≥ 50 Correct 

> 80% Accuracy 

< 20% Omissions 
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Figures 

A.     B.  

Figure 1. A) Total distance run per week in meters over the span of 7 weeks between irradiation 

and behavioral testing. B) Time spent running weekly over the span of 7 weeks in seconds.  

**p ≤ 0.001 

 
Figure 2. Number of trials per stage across the four groups at approximately 3 months post-RT 

*p ≤ 0.05, ****p ≤ 0.0001  
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Figure 3. Average accuracy across the five day testing time point at 6 months post-RT 

*p ≤ 0.05 

 

 
Figure 4. Percentage of premature responses across the four groups at the 6 months post-RT 

testing time point 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 
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Figure 5. Percentage of omissions across four groups at the 6 months post-RT testing time point. 

 

 

 
Figure 6. Average latency to incorrect responses at 6 months post-RT testing time point 
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Figure 7. Average latency to correct responses at 6 months post-RT testing time point 

**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 


