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Lowe XR, Bhattacharya S, Marchetti F, Wyrobek AJ. Early brain response to low-dose 

radiation exposure involves molecular networks and pathways associated with 

cognitive functions, advanced aging, and Alzheimer’s disease  

Understanding the cognitive and behavioral consequences of brain exposures to low-dose 

ionizing radiation has broad relevance for health risks from medical radiation diagnostic 

procedures, radiotherapy, environmental nuclear contamination, as well as earth orbit and space 

missions. Analyses of transcriptome profiles of murine brain tissue after whole-body radiation 

showed that low-dose exposures (10 cGy) induced genes not affected by high dose (2 Gy), and 

low-dose genes were associated with unique pathways and functions. The low-dose response had 

two major components: pathways that are consistently seen across tissues, and pathways that 

were brain tissue specific. Low-dose genes clustered into a saturated network (p < 10-53) 

containing mostly down-regulated genes involving ion channels, long-term potentiation and 

depression, vascular damage, etc. We identified 9 neural signaling pathways that showed a high 

degree of concordance in their transcriptional response in mouse brain tissue after low-dose 

radiation, in the aging human brain (unirradiated), and in brain tissue from patients with 

Alzheimer’s disease. Mice exposed to high-dose radiation did not show these effects and 

associations. Our findings indicate that the molecular response of the mouse brain within a few 

hours after low-dose irradiation involves the down-regulation of neural pathways associated with 

cognitive dysfunctions that are also down regulated in normal human aging and Alzheimer’s 

disease. 

 

Keywords: low-dose radiation, brain, transcriptome, gene expression, bioinformatics, cognitive 

function, aging, network and pathway bioinformatics; Alzheimer’s disease, human, mouse 
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Introduction 

Ionizing radiation sources are ubiquitous and virtually every one is exposed to low doses from 

cosmic rays, soil radioactivity, and diverse man-made contaminations. The Department of 

Energy defines the upper range of low dose to be 10 cGy. The usage of low-dose radiation is also 

rapidly gaining acceptance in a broad variety of medical diagnostics such at CT scanning (1) 

with doses of 30-70 mGy per head scan series and 20-50 mGy for each abdominal series (2). 

Also, during conventional radiotherapy regimens (e.g., cancer), large tissue volumes receive low-

dose exposures. In 2007, it was estimated that the annual integrated US population dose from all 

medical procedures for the first time exceeded the dose from background sources. Thus, 

understanding the molecular neurological effects of low-dose ionizing radiation has relevance for 

assessing health risks: (a) from medical radiation diagnostics, (b) from side effects of 

radiotherapy, (c) for nuclear energy workers, and (d) to astronauts during space travel.  

 

Epidemiological approaches have been disappointingly ineffective for assessing the health risks 

after low-dose exposures, and linear-no-threshold (LNT) models are applied to estimate the 

health risks from low-dose exposures by extrapolation from high-dose epidemiological data (3).  

Several of the major assumptions underlying the relevance of LNT models to low-dose 

exposures are becoming increasingly controversial: (i) that low-dose radiation elicits the same 

molecular response mechanisms as high-dose but at lower frequencies, and (ii) that, in aggregate, 

the cellular responses to radiation damage are linear in the shape in the low-dose range. Recent 

observations of cellular responses in the low-dose range, such as genomic instability, adaptive 

response and bystander effects, further put into question the validity of the LNT model (4, 5). 
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Tissues differ significantly in their sensitivity to ionizing radiation (6) and significant variation in 

radiation-induced gene expression has been observed among tissues and cell lines, but the 

significance of low-dose exposures for cell survival, tissue damage, and individual health are 

poorly understood (7, 8). The adult brain is generally considered insensitive to ionizing radiation 

due to the relatively radioresistant nature of neurons to cell killing (9), but a small population of 

neuronal precursor cells are relatively sensitive (10-13). Radiation exposures to human brain, 

such as external beam radiotherapy, have been associated with neurological damage and 

cognitive impairment especially in children (14, 15). The neurological deficits of high-dose 

radiation are progressively detrimental over time and are thought to be due to demyelination and 

neural loss (16) with associated neural and cognitive deficiencies (17). Some of these cognitive 

defects have been observed as consequence of impaired neurogenesis following exposure to 

ionizing radiation (11, 18-20). Radiotherapy contains both low-dose and high-dose components. 

As the population of long-term survivors of radiotherapy continues to grow, understanding the 

differential irradiation effects low- and high-dose radiation on cognitive function is emerging as 

a major neurological health concern (21).  

 

Gene expression is a very sensitive indicator of radiation exposure, and low doses are known to 

modulate the transcript profiles in irradiated cells and tissues (22, 23). Previous transcription 

profiling studies of brain tissue have reported significant expression changes following a variety 

of insults (23-27). We reported that doses of 10 cGy induced changes in gene expression in the 

mouse brain that were qualitatively different from those at high dose (2 Gy) and involved neural 

signaling activity (23). A subsequent expression study of rat hippocampal tissue after cranial 

radiation reported that the major responses were centered around Myc and the tumor suppressor 
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gene Tp53 (28). However, neither of these studies employed modern bioinformatics tools for 

pathway and functional analyses. Also, there are rapidly growing numbers of transcriptomic 

databases of physiological and pathological brain conditions (29-33) that can be queried for 

discovering relationships between gene expression alterations and phenotypical changes and 

whether there are common brain responses that are affected by different external insults.   

 

The objectives of our study were to apply advanced bioinformatics analyses of transcript profiles 

obtained from mouse brain tissue after whole body radiation to: (a) identify and characterize the 

molecular interaction networks and pathways induced in brain tissue after 10 cGy low-dose 

exposures (using 2 Gy as a reference dose), and (b) investigate the biological implications of the 

low-dose brain responses by conducting an unbiased search for associations with genetic, 

anatomical, and disease knowledge databases, including transcriptional profiles from human 

brain tissue of aging individuals and Alzheimer’s disease (AD) patients. 
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Materials and Methods 

 

Transcriptome dataset from irradiated mouse brain tissues 

The gene expression data of irradiated mouse brain tissue utilized in the current analyses were 

generated in a previous microarray experiment conducted in our laboratory (23), which was 

reviewed and approved by the IACUC committee of the Lawrence Livermore National 

Laboratory. Briefly, eight to ten week-old B6C3F1/HSD male mice were exposed to whole-body 

gamma-radiation at 0, 10 cGy or 2 Gy using a 137Cs source with a dose-rate of 0.64 Gy min-1. 

Four hours after treatment, mice were euthanized by CO2 inhalation and RNA isolated from 

brain coronal sections (a single section per mouse) and hybridized onto Affymetrix Mgu-74Av2 

gene chips as described (23). The coronal sections included the motor cortex, portions of the 

frontal and parietal lobes, hippocampus, and diencephalons (coordinates 205-305 from the High 

Resolution Mouse Brain Atlas; http://www.hms.harvard.edu./research/brain/atlas.html). 

Statistical analyses of the Affymetrix oligonucleotide array output, conducted as described in 

(23), identified 855 probe sets that were modulated at ≥|1.5| at either 10 cGy or 2 Gy; of these we 

identified for the current study 529 annotated genes based on Unigene ID from NCBI. 

 

The microarray findings of radiation-induced transcriptional changes were confirmed by RT-

PCR for Pcna, Psma4, Csnk2a1 and Sod1 (23). The radiation-induced down-regulation of Grin-1 

was confirmed in the present study by qPCR (Applied Biosystems, Foster City, CA) using the 

Taqman Gene Expression assay #Mm00433785_m1 (Applied Biosystems).  

 

Gene Interaction Networks and Pathway analysis 

http://www.hms.harvard
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Several bioinformatics tools were used to characterize the radiation-modulated genes for cellular 

processes and biomolecular pathways that were differentially affected by low-dose versus high-

dose exposures: Gene Ontology (GO) enrichment analysis and Ingenuity Pathway Analysis (IPA 

5.0). GO analyses was performed using GO tree machine (34) to generate biological processes, 

molecular function and cellular component categories that were differentially associated with the 

low-dose unique, high-dose unique, and the genes that were in common to both doses. GO 

categories were filtered based upon significance of over-representation of “hits” by using a 

selected threshold for p-values of hypergeometric distribution (p ≤ 0.001). The IPA knowledge 

base includes updated literature information on molecular networks, biological process and an 

extensive library of well characterized signaling and metabolic pathways to understand the 

transcriptional networks, phosphorylation cascades and protein-protein interactions. Radiation 

modulated genes were also analyzed in IPA 5.0 for pathway enrichments with respect to 

reference chip MGu74Av2, to rank the top statistically significant overrepresented canonical 

signaling and metabolic pathways and to determine whether there was significant up- or down-

regulation. The Fisher’s exact t-test was applied to examine the statistical over representation of 

the pathways, using a threshold p-value of ≤ 0.05. 

 

Differentially modulated genes were also overlaid onto the IPA knowledgebase interactome to 

identify networks that were significantly enriched. Generated networks were arranged according 

to IPA score (higher the score, the lower is the probability of finding focus genes in a given 

network due to chance). These networks were further analyzed to identity the major nodes (genes 

in each network with the highest number of interactions with other genes) and the functions 

associated with the genes in the network.    
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Comparisons with other brain gene expression profile datasets related to cognitive 

dysfunction.  

We used L2L microarray tool (ver 2007.1; (35)) to identify other datasets that shared significant 

pathway enrichment with our low-dose and high-dose genes. We divided these analyses into: (a) 

down-regulated low-dose unique genes, (b) up-regulated low-dose unique genes, (c) down-

regulated high-dose unique genes, and (d) up-regulated high-dose unique genes. The search 

using upregulated low-dose genes found no significant hits. The search with the down-regulated 

low-dose genes identified two datasets: (i) a human aging brain dataset generated from human 

postmortem tissue samples of the frontal cortex of 30 individuals, whose age ranged from 26 to 

106 years (36); and, (ii) a human Alzeheimer’s Disease (AD) dataset generated from 

hippocampal tissues from 22 AD subjects of varying severity (Incipient, n = 7; Moderate, n = 8; 

Severe, n = 7) and 9 controls subjects (31). HG-U95Av2 and HG-U133A gene chips 

(Affymetrix) were used for the human aging (36) and AD (31) datasets, respectively. The search 

using down-regulated high-dose genes identified no hits, while the search with up-regulated 

high-dose genes identified the AD but not the aging dataset; however, it identified different 

functions of overlap between the radiation and AD datasets compared to the down-regulated 

low-dose genes (see results). Gene lists from datasets with significant hits were imported into 

IPA and compared with our radiation modulated gene set to identify pathways that were in 

common among the data sets using IPA enrichment analyses, which were conducted as 

mentioned above.   
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When presenting the results of the analyses of the mouse low-dose radiation response, we use the 

mouse gene nomenclature, e.g., Capn3. When we refer to the results of the comparison of the 

three databases, we use the human nomenclature, e.g., CAPN3. 
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Results 

Comparative gene expression profiling after low-dose versus high-dose exposures 

We used transcriptional profiling to contrast the gene functions, gene interaction networks and 

associated biochemical pathways that were modulated in mouse brain tissue after whole body 

low-dose exposure (10 cGy) versus high-dose exposure (2 Gy). Oligonucleotide microarray 

analyses of mRNA collected 4 hours after irradiation identified 396 genes that were modulated 

after low-dose and 406 genes after high-dose exposures (≥|1.5| fold). Of these, 123, 134, and 272 

modulated genes (total 529) were unique to low dose, unique to high dose, and in common 

between both doses, respectively. These findings confirm that low-dose exposures modulates the 

expression of a substantial number of genes that were not affected after high doses and suggest 

that the cellular damage response mechanisms after low-dose radiation are qualitatively different 

from high-dose mechanisms.  

 

Gene Ontology (GO) analyses (Table 1) showed that low-dose exposure of brain tissue induced 

significant biological processes, molecular functions and cellular components that were distinctly 

different from those induced after high doses, and that both doses shared some common 

functions. High-dose unique genes were preferentially associated with protein biosynthesis and 

metabolism, negative regulation of neurogenesis, RNA binding and transferase activity, and 

cellular location in mitochondria and ribosomes. The low-dose unique genes were associated 

with GTP binding, G-protein mediated signal transduction, Rho protein signal transduction, fatty 

acid binding, chromatin remodeling and various other functions associated with the activities of 

neurotransmitters and their receptors. These GO findings indicate that low-dose exposures 
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induced damage responses in the brain are complex and functionally diverse and significantly 

different from functions associated with high dose exposures.   

 

To understand better the differences in functions between the low- and high-dose unique genes 

(i.e., this comparison excluded the genes that were expressed in both dose groups), we performed 

bioinformatics analyses for differential pathway enrichment (Figure 1), differential gene 

interaction networks (Supplemental Material: Figures S1 and S2), and, specifically, for 

differential Tp53 and Myc effector gene interactions (Figure 2).  

 

Analyses of differential pathway enrichment (Figure 1) shows that the high-dose unique gene set 

was enriched for a few pathways including amyloid processing, oxidative stress response, 

oxidative phosphorylation, xenobiotic metabolism signaling, and Wnt/ß-catenin signaling 

(Figure 1). In contrast, the low dose-unique gene set was significantly enriched for 13 pathways 

(Figure 1) that are well known for their importance in synaptic plasticity, including axon 

guidance signaling, integrin signaling, synaptic long term depression (LTD), synaptic long term 

potentiation (LTP), G-protein coupled signaling.   

 

Analyses of gene interaction networks identified six networks for the low-dose unique gene set 

(Figure S1) and different six networks for the high-dose unique gene set (Figure S2); p-values 

for individual networks ranged from 10-52 to 10–13. Both the low- and high-dose groups of 

networks contained sub-networks with Myc and Tp53 as major nodes.  We applied differential 

pathway enrichment analyses to examine the relative functions of the genes associated with low-

dose Myc-Tp53 networks (Figure 2A, also see Figure S1) versus high-dose Myc-Tp53 networks 
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(Figure 2B, also see Figure S2). As shown in Figure 2C, the low-dose network was significantly 

enriched for SAPK/JNK signaling, estrogen receptor signaling, integrin signaling, p38 MAPK 

signaling, while the high-dose network was significantly enriched for EGF, IL-2, and IGF-1 

signaling. Both low-dose and high-dose networks were enriched for G1/S cell cycle checkpoint. 

These findings show that Tp53 and Myc affect a substantially different set of effector genes after 

low-dose exposures in contrast to high-dose exposures, and that the special signaling functions of 

the low-dose Tp53-Myc effector genes are different from the signaling functions induced after 

high-dose exposures. 

 

Analyses of the low-dose radiation genes. 

The full set of genes induced after low-dose exposure clustered into a highly saturated gene 

interaction network (Figure 3, p = 10 -53). Inspection of this saturated network identified five 

down-regulated genes associated with synaptic transmission (Grin1 and Gria3 are glutamate 

receptors genes; Nsf and Syt1 are transporters; Plat1 is a peptidase). The networks also contained 

the transcription factor, Jun, and the gene Kif1A that have both been associated with 

neurodegeneration (37). We also found that the low-dose gene set contained 10 synaptic ion 

channel genes of which 8 are down regulated (Gabrb1, Gria3, Grik5, Grin1, Kcnq2, Kcna1, 

Ryr2, Scn8A) and two are up-regulated (Fxyd1 and Scn1A). Synaptic ion channels play 

important role in synaptic plasticity (38). The transcriptional changes of several low-dose genes 

were confirmed by PCR, including the down-regulation of Grin-1 by qPCR (0.88 ± 0.07; p< 

0.05) and the up-regulation of Psma4 (Figure S1, network 3), Pcna, Csnk2a1 and Sod1 by RT-

PCR (23). 
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Pathway enrichment analysis of the low-dose unique genes (Figure 4A) was used to identify the 

pathways that were predominantly up- or down-regulated after low-dose exposures (based on the 

proportions of up- and down-regulated component genes). Only two pathways contained 

significant proportions of up-regulated genes after low-dose exposures: integrin signaling and 

SAPK/JNK signaling. In contrast, there were 13 pathways (Figure 4A) that contained 

predominantly down-regulated genes. Six of these contained only down-regulated genes 

(amyloid processing, amytrophic lateral sclerosis signaling, calcium signaling, chemokine 

signaling, glutamate receptor signaling, synaptic long term potentiation). Many of these low-dose 

down-regulated pathways are known to be associated with learning, memory and cognitive 

functions. Similar analyses of the pathways associated with up- and down-regulated high-dose 

genes (supplemental figure S3) showed a very different overall picture. Up regulated genes were 

enriched in the pathways of oxidative phosphorylation, NRF-2 mediated oxidative stress 

response, Cell cycle checkpoint regulation, protein ubiquitination, and glycine, serine, and 

threonine metabolism. Down-regulated genes were enriched in keratan sulfate biosynthesis, 

cysteine metabolism, chondroitin sulfate biosynthesis, and xenobiotic metabolism signaling. 

Amyloid processing pathway was down regulated after both low-dose (Figure 4a) and high-dose 

exposures (supplemental figure 3). 

 

Comparative analyses of transcriptional regulation in mouse brain tissue after low-dose 

irradiation against published datasets. 

Based on our pathway enrichment findings (Panel 4A), we hypothesized that low-dose radiation 

exposure may have effects on cognitive function. To inspect this hypothesis, we conducted an 

unbiased bioinforamatic survey of a compendium of datasets of transcriptional profiles of 
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various genetic and disease conditions including those from individuals with diminished 

cognitive function. Analysis with the set of up-regulated low-dose genes failed to identify any 

knowledgebase with significant expression overlap. Analyses with the set of down-regulated 

low-dose genes analyses identified two knowledgebases with significant gene overlap: the aging 

human brain and Alzheimer’s disease (Figure 4B and C). As described in the methods section, 

IPA was applied to the set of genes that was modulated in postmortem human cortex tissue from 

individuals of advanced ages up to 106 years-old (n=30, (36)) and to the gene set that was 

modulated in hippocampal tissue from Alzheimer’s patients (n= 22, (31)). Comparison of the 

relative pathway enrichments for low-dose radiation, human aging and Alzheimer’s disease gene 

expression profiles (Figure 4A, 4B and 4C) showed remarkably consistent findings not only in 

the direction of expression modulation (predominantly down-regulation), but also in the specific 

pathways involved. Six pathways were in full agreement among all data sets, and five out of six 

showed consistent down regulation.  Integrin signaling pathway was the only pathway that was 

consistently up regulated. In addition, three pathways (axonal guidance signaling, actin 

cytoskeleton signaling and ERK/MAPK signaling) were significantly affected in all three data 

sets, but they differed somewhat in the direction of their effects (up or down regulation).  

 

We then compared the component genes of the pathways that were consistently affected across 

all three data sets. Figure 5 identifies each gene of the synaptic long term depression (LTD) 

pathway whose expression was modulated in mouse brain tissue after radiation. For comparison, 

the specific genes of the LTD pathway that were affected in the aging human brain and in AD 

patients are listed in the figure legend. PRKCB1 and GRIA3 were consistently modulated in the 

LTD pathway in all three data sets. Isoforms of GNAS, a guanine nucleotide binding protein, 
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were also modulated in all three data sets (GNAS in radiation and Alzheimer’s disease; GNAQ 

in aging). Similar analyses of the down-regulated pathways of Figure 4, identified the following 

genes that were consistently down regulated across in all three data sets: MEF2C in calcium 

signaling, SLC1A1 in glutamate receptor signaling, and PRKCB1 in G-protein coupled receptor 

signaling and in synaptic long term potentiation.   

 

Figure 6 illustrates the component genes of the integrin signaling pathway, the only pathway 

consistently up regulated in all three data sets, and highlights the genes that were modulated after 

radiation exposure of the mouse brain. For comparison, the integrin pathway genes that were 

modulated in the human aging brain and in AD patients are listed in the figure legend. Two 

integrin pathway genes were affected only in the radiation and aging data sets: TLN1 and 

ACTA1. Five other integrin-related genes were affected only in the radiation and AD data sets: 

(CAPN3, CRKL, RALA, RHOQ, and ACTN3).  There were no genes that were consistently 

upregulated in all three data sets. 

 

Comparative analyses of transcriptional regulation in mouse brain tissue after high-dose 

irradiation against published datasets. 

The results of the L2L analysis of the high-dose genes showed a very different pattern than that 

of low-dose genes. The set of down-regulated high-dose genes failed to identify any expression 

knowledgebases with significant association with radiation response. However, analyses with the 

set of up-regulated high-dose genes identified the AD knowledgebase. WNT/β catenin pathway 

was marginally affected in both the high-dose radiation and AD datasets (Figure 1, Figure 4c) 

with no significant enrichment of up or down-regulated genes. Amyloid processing pathway was 
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downregulated after high-dose radiation (supplemental figure 3), and in AD (Figure 4c), as well 

as after low-dose radiation (Figure 4a), however, it did not show a significant overlap with genes 

associated with advanced human age (Figure 4b). Finally, xenobiotic metabolism was 

significantly down-regulated in the irradiated mouse brain (Figure 1 and supplemental figure 3), 

human aging (Figure 4b) and AD (Figure 4c). 
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Discussion 

Rapidly developed microarray technologies offer rich and abundant transcription profile 

information from different species, organs, condition and diseases. We have applied recent 

bioinformatics advances to understand the functions of radiation-modulated genes in the mouse 

brain, to discriminate between low- and high-dose gene networks and pathways, and to gain 

insight into the radiation damage response pathways in brain tissue by comparison with the 

damage response pathways in the aging human brain and in Alzheimer’s disease patients. 

 

Our findings demonstrate that the mechanisms of the mouse brain response within a few hours 

after low-dose exposure involves cellular damage response functions that are inherently complex 

and differ significantly from high-dose responses. The radiation response of brain tissue involves 

functions associated with Tp53 and Myc, as previously suggested by Yin et al (23) and Achanta 

et al (28). However, our bioinformatics analyses demonstrates that the Tp53–Myc associated 

effector functions after low dose are very different from those after high doses. We found that 

genes modulated after low-dose exposure are associated with common damage response 

functions and with brain-tissue specific functions associated with memory, learning and 

cognition. We also found a high degree of concordance of affected pathways in the brain tissue 

of mice after low-dose exposure, brain tissue of aging humans, and brain tissue of Alzheimer’s 

patients. High-dose exposures did not elicit any of these pathway responses. These findings 

strongly suggest that low-dose irradiation modulates the expression of gene pathways that are 

involved in cognitive function and that low-dose radiation exposure down regulates the same 

response mechanisms that are defective in aging and Alzheimer’s disease. Our analysis 

demonstrated, for the first time, that 10 cGy irradiation may have effects on cognitive function. 
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Further studies are warranted to verify the current findings using larger numbers of animals and 

at various brain regions, specifically in hippocampus, which is important for learning and 

memory. 

 

Brain radiation and cognitive function  

It is well known that high dose irradiation has detrimental effect on cognitive function (18, 28, 

39), while the information of the low-dose effect on memory is sparse. At present, the 

pathogenesis of radiation-induced cognitive injury remains unresolved. It has been speculated 

that low-dose radiation can lead to cognitive dysfunction without inducing significant 

morphological changes (40, 41). Molochkina et al (42) found that after single low-dose whole 

body gamma-irradiation (15 cGy), brain membranes functioning changed significantly as judged 

by membrane-bound acetylcholinesterase activity. Low-dose exposure is also involved in 

common-inflammatory reactions (43). Here, we demonstrated that low-dose irradiation at 10 

cGy may have effect on cognitive function through GO, network and pathway analyses.  

 

Radiation-induced cognitive impairments are generally more severe in the developing or young 

brain (44). Rola et al. (45) reported that young mice (21-day-old at the time of irradiation) 

showed persistent changes in neurogenesis, which were associated with spatial memory retention 

deficits at three months post treatment. The age of mice, at the time of radiation exposures in 

current study, was 8-to-10 weeks old, which is more equivalent to adolescent humans. Future 

studies are needed to understand the biochemical mechanisms that underlie the concordance of 

pathways we observed among low-dose radiation, aging and AD and whether the low-dose 

radiation response varies with advanced age.  
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Our analysis identifies certain cell types and cellular components of the radiation response of the 

brain. Genes associated with synapse and neuron projections are enriched after low dose whereas 

genes associated with mitochondria are enriched after high doses, and ribosomes are enriched 

after both low and high doses. This suggests that synaptic signaling is damaged after low-dose 

exposures. It also suggests that high-dose damage processing takes place in mitochondria that are 

known to be involved with apoptosis-initiating events. Unfortunately, microarray analyses based 

on large tissue volumes does not allow the resolution to determine whether our findings suggest 

a homogeneous response across all neural cells or whether the responses are specific to certain 

brain regions such as the neurogenic precursor cells (20). Further studies with microdissection 

and in situ imaging with gene probes will be required to address this question. For example, 

Lowe et al (27) employed transcript bioinformatics and in situ RNA hybridization to demonstrate 

that katamine, a glutamate receptor antagonist, modulated genes in specific cell types of the 

brain.  

 

The pathway analyses of Figure 1 emphasize the complexity of the low-dose response. Low-dose 

radiation modulate (i.e., induces or represses) the expression of genes that function in a variety of 

signaling pathways involved in axon movement and architecture (axon guidance signaling, actin 

cytoskeletal signaling), blood vessel formation (ephrin signaling), and metabolism (protein 

ubiquitination pathway, cAMP signaling, insulin receptor signaling). We provide evidence that 

the mitogen activated ERK/MAPK and stress-activated SAPK/JNK signaling pathways are 

modulated after low-dose exposures, but in different directions, ERK/MAPK was significantly 

downregulated (Figure 4A). Rho-GTPases which have an important role in activation of 
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ERK/MAPK signaling cascade (46) were preferentially and significantly modulated after low-

dose but not high-dose exposures (Table 1). SAPK/JNK, a well-known stress activated pathway 

(47) was upregulated and preferentially associated with the low-dose Tp53-Myc functions 

(Figure 2). Our findings are consistent with the report of a negative cross-talk relationship 

between the stress-activated JNK pathway and the mitogen-activated ERK pathway (48). 

 

Our network and pathway analyses showed that low-dose irradiation response involved a set of 

pathways that function in neural plasticity, memory, and learning: Glutamate receptor signaling, 

LTP, LTD, G-protein coupled receptor signaling and Integrin signaling.  The establishment of 

memory requires coordinated signaling between presynaptic and postsynaptic terminals in the 

CNS. Integrins make up a large family of cell adhesion receptors that are known to mediate 

bidirectional signaling between cells, their external environment, and have also been implicated 

in control of pathogenesis in several neurodegenerative diseases (49, 50). Recent 

pharmacological and genetic studies have suggested that beta1-integrins are critical in synaptic 

plasticity and memory formation. Chan et al. (49) reported that deletion of alpha3-integrin 

resulted in impaired LTP and the impairment in LTP and working memory is similar to that 

observed in beta1-integrin conditional knockout mice. In addition, integrins mediate beta-

amyloid-induced cell-cycle activation and neuronal death (51). In the current study, we found 

that the integrin pathway was up-regulated by low-dose exposure. 

 

The striking similarity of pathway changes among the low-dose irradiated mouse brain, human 

aging brain and AD patient brain 
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The low-dose damage response in mouse brain involves mainly down regulated genes and 

pathways, with a few exceptions (Figure 1 and 4A).  Among the 15 low-dose pathways, thirteen 

were significantly down regulated. Six of these contained down-regulated genes only. When 

these pathways were compared with those obtained in human aging brains and Alzheimer’s 

brains, it was found that six pathways have high degree of concordance (Fig. 4, A,B,C). All of 

them, except one, were down regulated in all three conditions. In addition, an example pathway 

map of LTD showed the impressive similarity of down-regulated genes in all three conditions 

(Fig. 5), with glutamate receptor gene, GRIA3 and G-protein binding gene, GNAO1 modulated 

in postsynaptic membrane region; while protein kinase C gene was down regulated in cytoplasm 

region. Haroutunian et al. (30) reported that more genes are down-regulated than up-regulated at 

any given disease severity stage in a study of 115 postmortem individuals with Alzheimer’s 

disease and dementia using microarray analysis. The disparity between up- and down-regulated 

genes became more pronounced in the advanced stages of disease. The reasons for this 

generalized gene downregulation are not obvious. Haroutunian et al. (30) hypothesized that cell 

loss or compensatory mechanisms can be invoked. Our observation of overwhelming down-

regulated network/pathways induced by low-dose exposures are in good agreement with those 

found in human aging brain and in the brains of AD patients. 

 

Strand et al. (52) compared gene expression profiles in regions of motor cortex, caudate nucleus 

and cerebellum between the healthy human and mouse using microarray. Contrasting between 

the two species, they found general similarity in region-specific gene expression patterns in 

healthy human and mouse brains. Given the fact that region-specific expression patterns of 

thousands of genes have significant correlation between the healthy human and mouse, Strand et 
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al. (52) believed that “it is reasonable to expect a high degree of concordance between 

microarray phenotypes of human neurodegenerative diseases and their mouse models”. Our 

findings are consistent with Haroutunian’s observation and Strand’s speculation. 

 

Alterations of the glutamate excitation pathway, either through reduced glutamate transport or 

aberrant expression of glutamate receptors, are known to occur during aging and Alzheimer’s 

disease (53). Our comparative analyses of transcriptional regulation in the mouse irradiated brain 

and in the human aging and Alzheimer’s brain identified 5 genes that were consistently 

downregulated across all three data sets. It is interesting to note that all five genes, GNAS (a G-

protein), GRIA3 (an AMPA glutamate receptor), SLC1A1 (a glutamate transporter), PRKCB1 (a 

protein kinase C), and MEF2C (a transcription factor), play important roles in the glutamate 

transmitter pathway, which is the major neuronal excitatory pathway in the CNS (54-56). The 

first three genes directly interact with glutamate, either as receptors (GNAS and GRIA3) or as 

transmembrane transporters (SLC1A), while PRKCB1 and MEF2 regulate AMPA receptor 

function (57) and synaptic numbers (58),  respectively. Activation of glutamate receptors is 

responsible for basal excitatory synaptic transmission and many forms of synaptic plasticity such 

as synaptic long-term potentiation (LTP) and long-term depression (LTD), which are thought to 

underlie learning and memory. This raises that tantalizing possibility that low-dose radiation may 

affect memory and cognitive function through alteration of the glutamate excitatory pathway. 

These identified genes may also represent targets for pharmaceutical intervention strategies to 

treat Alzheimer’s diseases as in the case of glutamate NMDA-receptor and its antagonist 

memantine (59). 
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Genetic studies of several of genes uniformly under-expressed in all three data sets (low-dose, 

aging, and Alzheimer’s Disease) have shown them to be involved in cognitive function. The 

protein kinase C (PKC) family of enzymes has been implicated in synaptic plasticity and 

memory in a wide range of species. PRKCB1 one of the isoforms of PKC was under expressed 

in our low-dose unique set. PKCbeta knockout mice exhibited loss of learning and suffered 

deficits in both cued and contextual fear conditioning (60). The PKC expression pattern and 

behavioral phenotype in the PKCbeta knockout animals indicate a critical role for the of 

PKCbeta isoform in learning and neural signal transduction mechanisms. The AMPA glutamate 

receptors (AMPAR) GLUR2, and GLUR3 are important for synaptic targeting/stabilization of 

AMPAR and the expression of hippocampal long-term depression (LTD). Double knock out 

mice in GLUR2 (Gria2) and GLUR 3 (Gria3) were severely impaired in basal synaptic 

transmission in vivo, demonstrating that GLUR2/3 is essential to maintain adequate synaptic 

transmission (61). Mice with homozygote mutations in Slc1a1 displayed decreases locomotor 

activity and behavioral abnormalities (62). Finally, Mef2c is a member of the Mef2 family of 

transcription factors (Mef2a-d) that are highly expressed in the brain and play key roles in the 

development and function of the nervous system (58, 63, 64). Activation of Mef2c promotes the 

transcription of a set of genes that restrict synapse number (58), while its deletion results in 

embryonic lethality (65). 

 

In summary, our findings confirm the complex nature of the brain tissue response to low-dose 

ionizing radiation, and that low-dose exposures affect many different gene pathways that are not 

utilized after doses more typically experienced in cranial radiotherapy. Our findings suggest that 

brain tissue exposed to low doses employs two broad categories of radiation damage responses: 
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(i) conserved damage response pathways such as those controlled by Tp53 and Myc functions, 

and (ii) brain-tissue specific damage response signaling pathways that are associated with neural 

function and cognition. The high concordance of affected pathways that we observed between 

low-dose radiation, aging and Alzheimer’s diseases warrants further study to determine whether 

the down regulation of these pathways after low-dose radiation is simply a transient coincidence 

of neural damage response mechanisms with no long-term consequence after low-dose 

exposures, or whether low-dose effects on these pathways portend more serious persistent 

damage to memory and cognition akin to defects seen in aging and Alzheimer’s disease.  A 

better understanding of any long term effects of low-dose exposure on cognitive function will 

have major implications for assessing neural health risks from medical radiation diagnostics, 

from side effects of radiotherapy, as well as the occupational risks to nuclear energy workers and 

to astronauts during space travel. 



25 

Acknowledgments 

We thank Dr. Eric Yin for mouse irradiation treatment, RNA isolation from irradiated mouse 

brain and microarray hybridization, Dr William J Jagust for careful reading of the manuscripts 

and helpful suggestions, Sandhya Bhatnagar for the qPCR experiments confirming GRIN 

downregulation, and Stephanie Chu for editing. This work was performed under the auspices of 

the U.S. Department of Energy by the University of California, Lawrence Berkeley National 

Laboratory under contract DE-AC02-05CH11231. Funded in part by DOE Low Dose Research 

Program grant (SCW0391) to AJW. 

 



26 

REFERENCES 

1. D. J. Brenner and E. J. Hall, Computed tomography--an increasing source of radiation 

exposure. N. Engl. J. Med. 357, 2277-2284 (2007). 

2. E. L. Nickoloff and P. O. Alderson, Radiation exposures to patients from CT: reality, 

public perception, and policy. Am. J. Roentgenol. 177, 285-287 (2001). 

3. National Research Council, Health risks from exposure to low levels of ionizing 

radiation. BEIR VII. The National Academies Press, Washington DC, 2005. 

4. J. L. Schwartz, Variability: the common factor linking low dose-induced genomic 

instability, adaptation and bystander effects. Mutat. Res. 616, 196-200 (2007). 

5. W. F. Morgan and J. L. Schwartz, Environmental Mutagen Society symposium on 'Risks 

of low dose, low dose rate exposures of ionizing radiation to humans'. Int. J. Radiat. Biol. 

83, 491-499 (2007). 

6. W. B. Cai, S. A. Roberts, E. Bowley, J. H. Hendry, C. S. Potten, Differential survival of 

murine small and large intestinal crypts following ionizing radiation. Int. J. Radiat. Biol. 

71, 145-155 (1997). 

7. V. Bouvard, T. Zaitchouk, M. Vacher, A. Duthu, M. Canivet, C. Choisy-Rossi, M. 

Nieruchalski, E. May, Tissue and cell-specific expression of the p53-target genes: bax, 

fas, mdm2 and waf1/p21, before and following ionising irradiation in mice. Oncogene 19, 

649-660 (2000). 

8. Y. Ogawa, T. Saibara, M. Terashima, M. Ono, N. Hamada, A. Nishioka, T. Inomata, S. 

Onishi, S. Yoshida, et al., Sequential alteration of proto-oncogene expression in liver, 

spleen, kidney and brain of mice subjected to whole body irradiation. Oncology 53, 412-

416 (1996). 



27 

9. C. Belka, W. Budach, R. D. Kortmann, M. Bamberg, Radiation induced CNS toxicity--

molecular and cellular mechanisms. Br. J. Cancer. 85, 1233-1239 (2001). 

10. R. Rola, S. Otsuka, A. Obenaus, G. A. Nelson, C. L. Limoli, S. R. VandenBerg, J. R. 

Fike, Indicators of hippocampal neurogenesis are altered by 56Fe-particle irradiation in a 

dose-dependent manner. Radiat Res. 162, 442-446 (2004). 

11. R. Rola, V. Sarkissian, A. Obenaus, G. A. Nelson, S. Otsuka, C. L. Limoli, J. R. Fike, 

High-LET radiation induces inflammation and persistent changes in markers of 

hippocampal neurogenesis. Radiat. Res. 164, 556-560 (2005). 

12. J. Verheyde and M. A. Benotmane, Unraveling the fundamental molecular mechanisms 

of morphological and cognitive defects in the irradiated brain. Brain Res. Rev. 53, 312-

320 (2007). 

13. M. Andres-Mach, R. Rola, J. R. Fike, Radiation effects on neural precursor cells in the 

dentate gyrus. Cell Tissue Res. 331, 251-262 (2008). 

14. P. Hall, H. O. Adami, D. Trichopoulos, N. L. Pedersen, P. Lagiou, A. Ekbom, M. Ingvar, 

M. Lundell, F. Granath, Effect of low doses of ionising radiation in infancy on cognitive 

function in adulthood: Swedish population based cohort study. BMJ 328, 19 (2004). 

15. A. T. Meadows, J. Gordon, D. J. Massari, P. Littman, J. Fergusson, K. Moss, Declines in 

IQ scores and cognitive dysfunctions in children with acute lymphocytic leukaemia 

treated with cranial irradiation. Lancet 2, 1015-1018 (1981). 

16. A. J. van der Kogel and H. A. Sissingh, Effect of misonidazole on the tolerance of the rat 

spinal cord to daily and multiple fractions per day of X rays. Br. J. Radiol. 56, 121-125 

(1983). 



28 

17. O. K. Abayomi, Pathogenesis of cognitive decline following therapeutic irradiation for 

head and neck tumors. Acta Oncol. 41, 346-351 (2002). 

18. S. Mizumatsu, M. L. Monje, D. R. Morhardt, R. Rola, T. D. Palmer, J. R. Fike, Extreme 

sensitivity of adult neurogenesis to low doses of X-irradiation. Cancer Res. 63, 4021-

4027 (2003). 

19. J. Raber, Y. Fan, Y. Matsumori, Z. Liu, P. R. Weinstein, J. R. Fike, J. Liu, Irradiation 

attenuates neurogenesis and exacerbates ischemia-induced deficits. Ann. Neurol. 55, 381-

389 (2004). 

20. M. L. Monje, S. Mizumatsu, J. R. Fike, T. D. Palmer, Irradiation induces neural 

precursor-cell dysfunction. Nat. Med. 8, 955-962 (2002). 

21. L. Shi, M. M. Adams, A. Long, C. C. Carter, C. Bennett, W. E. Sonntag, M. M. Nicolle, 

M. Robbins, R. D'Agostino, et al., Spatial learning and memory deficits after whole-brain 

irradiation are associated with changes in NMDA receptor subunits in the hippocampus. 

Radiat. Res. 166, 892-899 (2006). 

22. M. A. Coleman, E. Yin, L. E. Peterson, D. Nelson, K. Sorensen, J. D. Tucker, A. J. 

Wyrobek, Low-dose irradiation alters the transcript profiles of human lymphoblastoid 

cells including genes associated with cytogenetic radioadaptive response. Radiat. Res. 

164, 369-382 (2005). 

23. E. Yin, D. O. Nelson, M. A. Coleman, L. E. Peterson, A. J. Wyrobek, Gene expression 

changes in mouse brain after exposure to low-dose ionizing radiation. Int. J. Radiat. Biol. 

79, 759-775 (2003). 



29 

24. M. Bonin, S. Poths, H. Osaka, Y. L. Wang, K. Wada, O. Riess, Microarray expression 

analysis of gad mice implicates involvement of Parkinson's disease associated UCH-L1 

in multiple metabolic pathways. Mol. Brain Res. 126, 88-97 (2004). 

25. R. Saba and S. A. Booth, Target labelling for the detection and profiling of microRNAs 

expressed in CNS tissue using microarrays. BMC Biotechnol. 6, 47 (2006). 

26. A. Fernandez-Medarde, A. Porteros, J. de las Rivas, A. Nunez, J. J. Fuster, E. Santos, 

Laser microdissection and microarray analysis of the hippocampus of Ras-GRF1 

knockout mice reveals gene expression changes affecting signal transduction pathways 

related to memory and learning. Neuroscience 146, 272-285 (2007). 

27. X. R. Lowe, X. Lu, F. Marchetti, A. J. Wyrobek, The expression of Troponin T1 gene is 

induced by ketamine in adult mouse brain. Brain Res. 1174, 7-17 (2007). 

28. P. Achanta, K. J. Thompson, M. Fuss, J. L. Martinez, Jr., Gene expression changes in the 

rodent hippocampus following whole brain irradiation. Neurosci. Lett. 418, 143-148 

(2007). 

29. K. M. Kelly, N. L. Nadon, J. H. Morrison, O. Thibault, C. A. Barnes, E. M. Blalock, The 

neurobiology of aging. Epilepsy Res. 68 Suppl 1, S5-20 (2006). 

30. V. Haroutunian, P. Katsel, J. Schmeidler, Transcriptional vulnerability of brain regions in 

Alzheimer's disease and dementia. Neurobiol Aging  (2007). 

31. E. M. Blalock, K. C. Chen, K. Sharrow, J. P. Herman, N. M. Porter, T. C. Foster, P. W. 

Landfield, Gene microarrays in hippocampal aging: statistical profiling identifies novel 

processes correlated with cognitive impairment. J. Neurosci. 23, 3807-3819 (2003). 

32. E. M. Blalock, J. W. Geddes, K. C. Chen, N. M. Porter, W. R. Markesbery, P. W. 

Landfield, Incipient Alzheimer's disease: microarray correlation analyses reveal major 



30 

transcriptional and tumor suppressor responses. Proc. Natl. Acad. Sci. U. S. A. 101, 2173-

2178 (2004). 

33. K. Mirnics, P. Levitt, D. A. Lewis, Critical appraisal of DNA microarrays in psychiatric 

genomics. Biol. Psychiatry. 60, 163-176 (2006). 

34. B. Zhang, D. Schmoyer, S. Kirov, J. Snoddy, GOTree Machine (GOTM): a web-based 

platform for interpreting sets of interesting genes using Gene Ontology hierarchies. BMC 

Bioinformatics 5, 16 (2004). 

35. J. C. Newman and A. M. Weiner, L2L: a simple tool for discovering the hidden 

significance in microarray expression data. Genome Biol. 6, R81 (2005). 

36. T. Lu, Y. Pan, S. Y. Kao, C. Li, I. Kohane, J. Chan, B. A. Yankner, Gene regulation and 

DNA damage in the ageing human brain. Nature 429, 883-891 (2004). 

37. T. Herdegen and J. D. Leah, Inducible and constitutive transcription factors in the 

mammalian nervous system: control of gene expression by Jun, Fos and Krox, and 

CREB/ATF proteins. Brain Res. Rev. 28, 370-490 (1998). 

38. G. Voglis and N. Tavernarakis, The role of synaptic ion channels in synaptic plasticity. 

EMBO Rep. 7, 1104-1110 (2006). 

39. T. Atwood, V. S. Payne, W. Zhao, W. R. Brown, K. T. Wheeler, J. M. Zhu, M. E. 

Robbins, Quantitative magnetic resonance spectroscopy reveals a potential relationship 

between radiation-induced changes in rat brain metabolites and cognitive impairment. 

Radiat. Res. 168, 574-581 (2007). 

40. O. K. Abayomi, Pathogenesis of irradiation-induced cognitive dysfunction. Acta Oncol. 

35, 659-663 (1996). 



31 

41. J. R. Crossen, D. Garwood, E. Glatstein, E. A. Neuwelt, Neurobehavioral sequelae of 

cranial irradiation in adults: a review of radiation-induced encephalopathy. J. Clin. 

Oncol. 12, 627-642 (1994). 

42. E. M. Molochkina, U. M. Dzhaman, I. B. Ozerova, E. B. Burlakova, L. N. Shishkina, The 

biochemical changes in the brain synaptosomes during the gamma irradiation of mice at a 

low dose with different intensities. Radiats. Biol. Radioecol. 35, 860-868 (1995). 

43. O. F. Senyuk, V. M. Kavsan, W. E. Muller, H. C. Schroder, Long-term effects of low-

dose irradiation on human health. Cell. Mol. Biol. 48, 393-409 (2002). 

44. D. D. Roman and P. W. Sperduto, Neuropsychological effects of cranial radiation: 

current knowledge and future directions. Int. J. Radiat. Oncol. Biol. Phys. 31, 983-998 

(1995). 

45. R. Rola, J. Raber, A. Rizk, S. Otsuka, S. R. VandenBerg, D. R. Morhardt, J. R. Fike, 

Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive 

deficits in young mice. Exp. Neurol. 188, 316-330 (2004). 

46. J. D. Swant, B. E. Rendon, M. Symons, R. A. Mitchell, Rho GTPase-dependent signaling 

is required for macrophage migration inhibitory factor-mediated expression of cyclin D1. 

J. Biol. Chem. 280, 23066-23072 (2005). 

47. H. Nishina, T. Wada, T. Katada, Physiological roles of SAPK/JNK signaling pathway. J. 

Biochem. 136, 123-126 (2004). 

48. Y. H. Shen, J. Godlewski, J. Zhu, P. Sathyanarayana, V. Leaner, M. J. Birrer, A. Rana, G. 

Tzivion, Cross-talk between JNK/SAPK and ERK/MAPK pathways: sustained activation 

of JNK blocks ERK activation by mitogenic factors. J. Biol. Chem. 278, 26715-26721 

(2003). 



32 

49. C. S. Chan, J. M. Levenson, P. S. Mukhopadhyay, L. Zong, A. Bradley, J. D. Sweatt, R. 

L. Davis, Alpha3-integrins are required for hippocampal long-term potentiation and 

working memory. Learn. Mem. 14, 606-615 (2007). 

50. S. Denda and L. F. Reichardt, Studies on integrins in the nervous system. Methods 

Enzymol. 426, 203-221 (2007). 

51. G. Frasca, V. Carbonaro, S. Merlo, A. Copani, M. A. Sortino, Integrins mediate beta-

amyloid-induced cell-cycle activation and neuronal death. J. Neurosci. Res. 86, 350-355 

(2008). 

52. A. D. Strand, A. K. Aragaki, Z. C. Baquet, A. Hodges, P. Cunningham, P. Holmans, K. 

R. Jones, L. Jones, C. Kooperberg, et al., Conservation of regional gene expression in 

mouse and human brain. PLoS Genet. 3, e59 (2007). 

53. C. P. Zoia, E. Tagliabue, V. Isella, B. Begni, L. Fumagalli, L. Brighina, I. Appollonio, M. 

Racchi, C. Ferrarese, Fibroblast glutamate transport in aging and in AD: correlations with 

disease severity. Neurobiol. Aging. 26, 825-832 (2005). 

54. F. Kawai and P. Sterling, AMPA receptor activates a G-protein that suppresses a cGMP-

gated current. J. Neurosci. 19, 2954-2959 (1999). 

55. P. H. Seeburg, The TINS/TiPS Lecture. The molecular biology of mammalian glutamate 

receptor channels. Trends Neurosci. 16, 359-365 (1993). 

56. S. Nakanishi, Molecular diversity of glutamate receptors and implications for brain 

function. Science 258, 597-603 (1992). 

57. B. Liu, M. Liao, J. G. Mielke, K. Ning, Y. Chen, L. Li, Y. H. El-Hayek, E. Gomez, R. S. 

Zukin, et al., Ischemic insults direct glutamate receptor subunit 2-lacking AMPA 

receptors to synaptic sites. J. Neurosci. 26, 5309-5319 (2006). 



33 

58. S. W. Flavell, C. W. Cowan, T. K. Kim, P. L. Greer, Y. Lin, S. Paradis, E. C. Griffith, L. 

S. Hu, C. Chen, et al., Activity-dependent regulation of MEF2 transcription factors 

suppresses excitatory synapse number. Science 311, 1008-1012 (2006). 

59. S. A. Lipton and H. S. Chen, Paradigm shift in neuroprotective drug development: 

clinically tolerated NMDA receptor inhibition by memantine. Cell Death Differ. 11, 18-

20 (2004). 

60. E. J. Weeber, C. M. Atkins, J. C. Selcher, A. W. Varga, B. Mirnikjoo, R. Paylor, M. 

Leitges, J. D. Sweatt, A role for the beta isoform of protein kinase C in fear conditioning. 

J. Neurosci. 20, 5906-5914 (2000). 

61. Y. Meng, Y. Zhang, Z. Jia, Synaptic transmission and plasticity in the absence of AMPA 

glutamate receptor GluR2 and GluR3. Neuron. 39, 163-176 (2003). 

62. P. Peghini, J. Janzen, W. Stoffel, Glutamate transporter EAAC-1-deficient mice develop 

dicarboxylic aminoaciduria and behavioral abnormalities but no neurodegeneration. 

EMBO J. 16, 3822-3832 (1997). 

63. G. E. Lyons, B. K. Micales, J. Schwarz, J. F. Martin, E. N. Olson, Expression of mef2 

genes in the mouse central nervous system suggests a role in neuronal maturation. J. 

Neurosci. 15, 5727-5738 (1995). 

64. A. K. Shalizi and A. Bonni, Brawn for brains: the role of MEF2 proteins in the 

developing nervous system. Curr. Top. Dev. Biol. 69, 239-266 (2005). 

65. Q. Lin, J. Schwarz, C. Bucana, E. N. Olson, Contorl of mouse cardiac morphogenesis and 

myogenesis by transcription factor MEF2C. Science 276, 1404-1407 (1997). 



34 

Figure Legends 

Figure 1. Comparative pathway enrichments for low-dose unique and high-dose unique 

genes.  The low- and high-dose unique genes were evaluated for pathway enrichment using IPA 

(see methods section). Significantly enriched pathways are listed on the left and their log values 

of significance are shown by the length of the colored bars (Grey for low dose; black for high 

dose). The threshold line for enrichment is p ≤ 0.05. 

 

Figure 2. Merged Tp53-Myc networks from low- and high-dose gene sets and their relative 

pathway enrichments. The unique low-dose and high-dose gene sets were assigned to 

individual gene networks (Figures S1 and S2). The two low-dose networks containing Tp53 and 

Myc were merged (top left panel) and two high-dose networks containing Tp53 and Myc were 

merged (top right panel). The genes marked with gray boxes were modulated in our microarray 

experiments after low-dose (top left) or high-dose exposures (top right). These merged networks 

were compared for relative pathway enrichment (bottom panel). The modulated genes are in 

black. Pathways that are significantly enriched in the low-dose set are shown on the left (inside 

the hatched box), while pathways that are unique to high dose are shown on the right inside 

(solid box). The threshold line for pathway enrichment is p ≤ 0.05.  

 

Figure 3. Saturated low-dose gene interaction network.  Network analyses was applied to the 

gene set containing both low-dose unique and genes that were in common between low and high 

dose exposures.  The two top networks were merged to create the saturated gene interaction 

network (p=10-53). The majority of the genes in the network, including two of the major nodes, 

are down-regulated after low-dose exposure. 
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Figure 4. Pathway enrichment analyses for the up- and down-regulated genes among three 

transcriptomic data sets: brain tissue from mice exposed to low-dose radiation (current 

study), brain tissue from aging humans, and brain tissue from Alzheimer’s disease patients. 

In each panel, the significantly enriched pathways are shown. For each pathway, the length of the 

bars shows whether the pathways were significantly down-regulated (grey bars) or up-regulated 

(black bars) with the threshold line for significance of p ≤ 0.05. The agreement of pathways 

across all three datasets is represented by three types of arrows at the right side of pathway in 

each panel. An arrow pointing upward indicates that the pathway was significantly up-regulated 

in all three datasets. An arrow pointing down indicates that the pathway was significantly down-

regulated in all three datasets. An up and down combination arrow indicates that the pathway 

was significantly modulated in all three data sets, but that direction of gene modulation was not 

the same in all three datasets. Panel A: Brain tissue from mice that received 10cGy of whole 

body radiation (unique low-dose genes, current study). Panel B: Human brain tissue from aging 

brains (36). Panel C: Hippocampal brain tissue from Alzheimer’s Disease patients (31).  

 

Figure 5. Synaptic long term depression (LTD) cascades in mouse brain tissue after low-

dose exposures in vivo. LTD is one of the most significantly down-regulated pathways in all 

three datasets. In pathway map (modified from IPA), all genes that were modulated in the mouse 

brain by exposure to ionizing radiation are shown in bold. Each bolded gene that was down-

regulated is enclosed in a rectangle, while those that were up-regulated are enclosed in hexagons. 

For comparison, in the aging human brain dataset, the following genes of this pathway map were 

down-regulated: AMPAR, ERK1/2, Gα, Gαq, PKC and PLA2. Only RYR was up-regulated in 
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the aging brain. For comparison, in the Alzheimer’s brain dataset, the following genes contained 

of this pathway map were down-regulated: AMPAR, Gα, , GUCY, IP3R, MEK1/2, PKC, PLA2 

and PP2A. Gene in this pathway map that were up-regulated in Alzheimers disease were mGlUR 

and RAS. 

 

Figure 6. Integrin cascades in mouse brain tissue after low-dose exposures in vivo. Integrin 

is the only pathway that was signficantly up-regulated in all three datasets. In this pathway map 

(modified from IPA), the genes that were modulated in the mouse brain by exposure to ionizing 

radiation are shown in bold. Genes that were down-regulated are enclosed in rectangles, while 

those that were up-regulated are enclosed in hexagons. For comparison, in the aging human brain 

dataset, the following genes contained in this pathway map were up-regulated: α-INTEGRIN, β-

INTEGRIN, CAVEOLIN, FYN, MRLC, PI3K and TALIN. Gene down-regulated were ACTIN, 

ERK1/2, MKK4, Pak and RAP. In the Alzheimer’s brain dataset, the following genes in this 

schematic were up-regulated: 7SPAN, CDC42, CRKL, RHO, RHOGAP5, and TALIN. Gene in 

this schematic that were down-regulated in Alzheimer’s disease were: ACK, ACTIN, ACTININ, 

ARF, CALPAIN, GIT and PIX. 
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SUPPLEMENTAL FIGURES. 

 

FIGURE S1: Top six low dose networks shown in order of significance. Network 1 (p=10-47), 

Network 2 (10-25), Network 3 (10-21), Network 4 (10-16 ), Network 5 & Network 6 (10 -16). Up-

regulated genes are in red, down-regulated genes in green.  

 

FIGURE S2: Top six high dose networks shown in order of significance. Network 1 (10-24), 

Network 2 (10-22), Network 3, 4, 5 & 6(10-20 ). Up-regulated genes are in red, down-regulated 

genes in green.  

 

Figure S3: Pathways with significant enrichment of up-regulated (red) and down-regulated 

(green) genes from the high-dose unique set. 

 



High Dose Low Dose Common
Unique Unique

Biological Process
protein biosynthesis 0.0001
protein metabolism 0.004
negative regulation of neurogenesis 0.0088
small GTPase mediated signal transduction 0.0059
Rho protein signal transduction 0.0002
ribosome biogenesis and assembly 0.0095
amino acid  metabolism 0.0079
DNA metabolism 0.0032
oxygen and reactive oxygen species metabolism 0.0049

Molecular Function
rRNA binding 0.0008
transferase activity 0.0042
fatty acid binding 0.0014
GTP binding 0.0019
GTPase activity 0.0003
structural constituent of ribosome 0.0007
actin binding 0.0094
transcription coactivator activity 0.0048
oxidoreductase activity 0.0027
6-phosphofructokinase activity 0.0034
electron transporter activity 0.0014

Cellular Component
mitochondrion 0.0001
synaptic vesicle 0.0045
chromatin remodeling complex(nucleoplasm) 0.0044 0.0047
synapse 0.0011
ribosome 0.007 0.0024
neuron projection 0.0005
dendrite 0.0047
secretory granule 0.0005

The GO category enrichment p-values for low and high dose unique and common set is shown above. 
Genes from chromatin remodeling complex are distributed in two groups low dose unique and in common.

Table 1. Gene Ontology analyses of biological processes, molecular functions, and cellular 
components that are significantly enriched (p values are show) in the low-dose unique, high-
dose unique and common gene sets.
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Insulin Receptor Signaling

ERK/MAPK Signaling

cAMP-mediated Signaling
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Figure 4A. Low-dose irradiated mouse brain
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4C. Brain tissue from Alzheimer’s Disease Patients
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Figure 5 Mouse Brain: Low Dose Unique LTD pathway
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Figure 6.
Mouse Brain: Low Dose Unique Integrin pathway
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Supplemental Fig 3.

Pathways enrichment of high-dose unique set
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