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ABSTRACT 

 

 

Rachel N. Andrews, D.V.M. 

 

 

Fractionated whole brain irradiation (fWBI), as used for the treatment of 

intracranial neoplasia, results in progressive cognitive impairment, and cerebrovascular 

and white matter injury. Although the clinical progression and morphology of late-

delayed radiation-induced brain injury (RIBI) are well characterized, the pathogenesis is 

unclear. The long-term consequences of single high dose irradiation of the adult brain, as 

may occur following a nuclear accident or malicious exposure, are uncertain.  

The purpose of this dissertation was to identify novel pathways and molecular 

effectors in a non-human primate model of RIBI and to assess if similar changes were 

present in long-term survivors of single high dose total body irradiation. These aims were 

evaluated in three separate experiments, presented in Chapters 2-4.  

For Chapters 2 and 3, we evaluated brain tissue from four adult male rhesus 

macaques (Macaca mulatta) that developed RIBI 4-6 months post-fWBI. Changes in 

gene expression were assessed by RT-qPCR to screen a priori selected pathophysiologic 

processes. Animals with RIBI demonstrated evidence of microglial/macrophage-

mediated neuroinflammation, hypoxia, vascular maturation and stabilization, 

extracellular matrix (ECM) deposition and remodeling and impaired glutamatergic 

neurotransmission. 

In Chapter 3, we characterized the composition of accumulated perivascular ECM 

by immunohistochemistry and identified fibronectin as one of the primary components. 
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By in situ hybridization, we determined that cerebral endothelial and vascular smooth 

muscle cells produce fibronectin in RIBI.  

In Chapter 4, we expanded our analyses to evaluate five rhesus macaques which 

survived 12 months post-fWBI, and five which previously received high dose (6.75-8.05 

Gy) TBI, 6-9 years prior to necropsy. RNA-sequencing and subsequent whole 

transcriptomic gene expression profiling revealed fWBI and TBI resulted in shared 

transcriptional patterns of CNS injury including neuroinflammation, complement fixation 

and impaired glutamatergic neurotransmission. fWBI animals also demonstrated 

increased expression of pathways associated with ECM deposition and remodeling.  

In conclusion, cerebral irradiation results in persistent neuroinflammation, 

expression of complement factors and evidence of impaired glutamatergic 

neurotransmission in rhesus macaques months to years post-exposure. Perivascular 

fibronectin accumulation may contribute to RIBI following fWBI. These findings have 

led to a novel proposed mechanism of radiation-induced brain injury and the 

identification of several potential therapeutic targets. 
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CHAPTER ONE 

 

 

INTRODUCTION 

 

 

Rachel N. Andrews, D.V.M. 
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BACKGROUND 

Approximately 200,000 patients per year will receive fractionated whole-brain 

irradiation (fWBI) for the treatment of primary or metastatic brain cancer (1). Of those 

that survive long enough ( > 6 months ), 50-90% will develop late-delayed radiation-

induced brain injury (RIBI) (2-4). RIBI is a progressive neurodegenerative and 

inflammatory condition results in cognitive decline and memory impairment that 

deleteriously affect quality of life for cancer patients. This loss of function is associated 

with progressive cerebrovascular and white matter injury (5, 6). Although the clinical 

progression and morphologic characteristics of RIBI are well characterized (7-12), the 

pathogenesis is unclear which has limited the development of effective therapeutics.  

BRAIN CANCER and TREATMENT 

Brain cancer is the presence of abnormally dividing cells within the cranial vault 

which have ceased to obey normal physiologic controls. Brain cancers may be stratified 

into two categories derived from site of origin: primary brain tumors and metastatic brain 

tumors. Primary brain tumors arise from cells located within the skull, including glia 

(gliomas) and neural precursors (medulloblastoma, glioblastoma), meningeal contributors 

(meningioma, melanomas), the choroid, ependyma, pituitary gland and others (13).  

Primary brain tumors may be benign or malignant, depending on type and grade. 

Metastatic tumors arise from organs and anatomic structures other than the brain or spinal 

cord, and are by definition malignant. These are the most common type of brain tumor, 

and occur 4-5 times more frequently than primary brain tumors (14). The most common 
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types of cancer to metastasize to the brain are: lung, breast, melanoma, colon/colorectal, 

and kidney/renal tumors (15-18).  

The treatment of brain cancer is multimodal and the treatment regimen 

customized depending on a variety of patient and tumor characteristics. Tumor-dependent 

factors include tumor number, location, type, size and spread. Patient-dependent factors 

include overall patient condition and health, comorbid conditions, anticipated side-effects 

and previous treatment regimens.  Local control of tumors by surgical excision or 

stereotactic radiosurgery (SRS) is constrained by tumor size, number, and anatomic 

location (1, 19, 20). Both modalities, due to tumor invasion and treatment margin 

constraints, may leave residual cancer cells within the brain. Options for 

chemotherapeutic treatment of brain cancer may be limited, as metastatic brain cancers 

may acquire resistance to chemotherapeutics used against the primary tumor (21-23). 

Heterogeneity in blood-brain-barrier permeability within tumors and between patients 

contributes to variability in drug delivery and local concentration (24-26), complicating 

treatment.  

Therefore, fWBI is a mainstay of treatment for intracranial neoplasia. 

Radiotherapy utilizes high-energy ionizing radiation to damage cancer cells through 

direct damage to DNA or indirectly via free-radicals formed during ionizing events (27). 

As radiation-induced DNA-damage destroys cells by inhibiting their ability to divide, 

rapidly proliferating cells, such as cancer cells, are more radiosensitive. As this method of 

cell killing is non-selective, normal, non-cancerous cells are also vulnerable to radiation-

induced cellular injury and death. This normal tissue injury limits the dose of radiation 

that can be administered to a patient, and radiation-induced cell killing is dose-dependent.  
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Fractionation is the division of a large cumulative dose of radiation into several 

smaller doses over days to weeks. This is done to reduce normal tissue injury and 

enhance cancer cell killing by several mechanisms (28). First, it allows normal cells to 

repair, permitting the delivery of higher cumulative doses of irradiation than is possible 

with single doses (29). Secondly, fractionation increases the sensitivity of cancer cells to 

radiation by stimulating entry into vulnerable stages of the cell-cycle. Finally, 

fractionation aids in reoxygenation of hypoxic tumors. Molecular oxygen is a necessary 

co-factor in many of the chemical reactions that induce DNA-damage following exposure 

to ionizing radiation (30). As a result, hypoxic cells are approximately 3 times more 

resistant to radiation than well-oxygenated ones (31). Many solid tumors are hypoxic as 

their capacity for growth exceeds vascular supply and malformed tumor-associated blood 

vessels are prone to collapse (32,33). Fractionation results in progressive killing of well-

oxygenated cells, thus reducing tumor mass and permitting migration of hypoxic cells 

into the aerobic compartment (34). These now re-oxygenated cancer cells are susceptible 

to the next fraction of radiation.   

 Fractionated radiotherapy may be delivered to the entire brain (whole brain 

irradiation) or portions (partial brain irradiation). Whole brain irradiation is used as a 

brain cancer treatment for aggressive, disseminating neoplasms, palliation of metastases 

and as prophylaxis against metastasis in a subset of high risk lung cancer patients. 

However, inclusion of non-cancerous brain tissue within the field of irradiation often 

results in cognitive impairment, cerebral necrosis and dementia (2, 4, 35-37). Various 

strategies of partial brain irradiation have been proposed to ameliorate the cognitive 

impact of radiation therapy, supported by data demonstrating that loss of IQ in children 
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receiving cranial irradiation correlates with radiation dose to the temporal lobes (38, 39). 

Approaches include SRS, discussed previously, hippocampal-avoidance, limbic circuit 

sparing, and neural stem cell sparing (40). Preliminary studies indicate that these sparing 

techniques are technologically feasible (41-45); however additional study is warranted to 

determine long-term outcomes including survival, cancer recurrence rates and the 

capacity for cognitive protection.  Additional data have shown that the extent of white 

matter injury also correlates with extent of cognitive dysfunction (3, 5, 6), suggesting that 

hippocampal-avoidance alone may be insufficient to fully protect against cognitive 

impairment following radiotherapy.  

In radiotherapy, radiation dose is measured in Gray (Gy) which conveys the 

amount of radiation absorbed by a given volume of tissue. It is defined as the absorption 

of 1 joule of radiation energy per kilogram of matter, and represents a physical quantity. 

The unit Sievert (Sv) represents the health or biological effect of ionizing radiation, by 

combining the absorbed dose and known tissue response parameters. 

RADIATION-INDUCED BRAIN INJURY 

 RIBI is classified into three categories based on time course of development and 

patient manifestations of injury: acute, early-delayed and late-delayed RIBI (46). Acute 

RIBI is manifests within days to weeks of treatment and is characterized by cerebral 

edema and blood-brain-barrier disruption. Clinical signs related to increased intracranial 

pressure include headache, nausea, and mental status alteration (47). As the major risk 

factors for acute neurotoxicity include large doses per fraction  

( > 6 Gy ) and twice-daily administration (48-50), acute RIBI is largely avoidable and 
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rare with current fWBI protocols. Early-delayed, or subacute RIBI develops 1-6 months 

post-irradiation and may be asymptomatic or manifest as transient demyelination and 

somnolence (51). The clinical signs associated with acute and early-delayed RIBI are 

usually mild, self-limiting and regress spontaneously.  

In contrast, late-delayed RIBI is irreversible, progressive, and associated with 

neurologic impairment including cognitive dysfunction which negatively impacts quality 

of life in cancer patients (2, 37, 52). A subset of affected patients will develop severe 

neurologic impairment including dementia, progressive ataxia and urinary continence 

(10, 35). This syndrome occurs > 6 months post-irradiation and is associated with 

multifocal cerebrovascular and white matter injury (3-5).  

The histopathology of late-delayed RIBI has been well characterized in numerous 

studies in rodents, non-human primates, and human patient samples (7, 8, 10-12, 36, 53-

62). The lesions are multifocal and spatially stochastic with predilection for cerebral 

white matter and include demyelination, white matter necrosis, and cerebrovascular 

injury. Vascular changes include: blood-brain-barrier disruption with extravasation of 

serum products, perivascular fibrosis, and haphazard angiogenesis or telangiectasia. 

Inflammation-associated histologic findings include: diffuse microglial activation, 

microglial aggregation at sites of necrosis, astrogliosis, and mild mononuclear 

perivascular cuffing. The pathogenesis of late-delayed RIBI is unclear, and there are no 

effective therapies.  
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THEORIES ON THE PATHOGENESIS OF RADIATION-INDUCED BRAIN 

INJURY 

Hippocampal-Mediated Cognitive Effects 

Neurons were once considered radioresistant due to their post-mitotic status; 

however studies have demonstrated that the dentate gyrus of the hippocampus is one of 

two sites of active neurogenesis in the adult brain (63-65). This suggests a radiosensitive 

niche. As the hippocampus plays an integral role in cognition and memory (66), most 

preclinical studies of RIBI and radiation-induced cognitive impairment have evaluated 

effects on hippocampal structure and function.    

 Studies in rodents have demonstrated cerebral irradiation results in dose-

dependent decreases in neuronal stem cells (NSC), reduced proliferation of surviving 

NSC and impaired maturation into neurons (67-69). Reductions in hippocampal 

neurogenesis are correlated with radiation-induced cognitive impairment (70-72). 

However, reduced neurogenesis does not explain the relationship between white matter 

necrosis and cognitive decline (4-6) and the capacity for these stem cells to differentiate 

into glia (including oligodendroglia) appears unimpaired (68). 

 Others have demonstrated radiation affects key hippocampal neuronal structures 

essential for synaptic plasticity and cognition, including: changes in dendritic spine 

morphology and density (73-76), alterations in glutamatergic ionotropic receptor subunits 

(77-80), and neuronal cytoskeletal alterations (76, 81). Altered function has also been 

observed, including: changes in neuronal firing patterns and spike generation (82-84), 

impaired long-term potentiation (79, 85, 86), and impaired glutamatergic 
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neurotransmission (78, 87). Interestingly, electroencephalography in rhesus macaques 

given 4-8 Gy single dose total body irradiation was normal (88). Furthermore, we have 

shown that radiation-induced decreases in glutamatergic ionotropic receptor subunits are 

not hippocampal-specific in rhesus macaques (89). These data suggest that mechanisms 

resulting in impaired neurotransmission and signal transduction may not be restricted to 

the hippocampus. Thus, despite the wealth of studies evaluating the response of the 

hippocampus to radiation, these data should not preclude the assessment of other brain 

regions as contributors to radiation-induced cognitive dysfunction. 

The Parenchymal Contribution to RIBI 

Of the non-neuronal contributors, oligodendrocytes and their progenitors have 

been a focus of interest due to their potential role in demyelination and white matter 

necrosis. The extent of cognitive impairment is correlated with white matter injury (3, 5, 

6).  Rapid apoptotic depletion of oligodendrocytes occurs within 24 hours following 

doses of 2-30 Gy (90, 91), and oligodendrocytes are relatively radiosensitive in cell 

culture [d0: 1.4 Gy (92)]. Irradiation also reduces numbers of PDGFRA
+
/NG2

+ 

oligodendroglial precursors [OPCs (93-95)], which are required to regenerate mature, 

myelinating oligodendrocytes (96).  

Data from rodent studies are partially conflicting. In mice, oligodendrocyte and 

OPC populations do not recover to normal levels by 18-months post-irradiation with both 

single (20 Gy) and fractionated doses of irradiation (36 Gy, 6x6 Gy fractions over 2 

weeks) (97, 98). Despite maintenance of myelin sheath integrity, perturbations in axonal 

signal transduction and nodes of Ranvier were observed. A similar lack of change in 
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myelin sheath integrity was also observed in rats 12 months post-fWBI (45 Gy, 9x5 Gy 

fractions, over 4.5 weeks); however oligodendrocyte number was unaffected despite 

demonstrated cognitive impairment (99). These data suggest that deficits in myelination 

are not responsible for the cognitive dysfunction observed in RIBI, however do not 

preclude oligodendrocyte and OPC involvement through other mechanisms. Additional 

study is warranted.  

Astrocytes are one of the primary parenchymal components of the central nervous 

system [approximately 40% of all glia (100, 101)] and contribute to blood-brain-barrier 

integrity, nutrient transfer, neurotransmission and repair following injury (102-106). 

Astrocytes are relatively radioresistant, become activated, and proliferate following 

single (20 Gy) and fractionated doses of radiation (40 Gy, 20x2 Gy fractions over 5 

weeks) (58, 107, 108). These activated astrocytes express higher levels of glial fibrillary 

acidic protein (GFAP) (58, 108-111), as well many pro-inflammatory molecules 

including: intercellular adhesion molecule-1 (ICAM-1) cyclooxygenase-2 (COX2), 

interleukin-1beta (IL-1β), and interleukin-6 (IL-6) (112-115). This is presumed to 

facilitate leukocyte migration into the brain parenchyma in RIBI. Furthermore, both high 

and low-LET gamma irradiation results in decreased glutamate uptake by astrocytes, 

which may promote excitotoxic neuronal injury (116, 117). Although it is unlikely that 

selective injury to astrocytes is the primary mechanism of injury in RIBI, their reactivity 

to inflammation and ability to modulate glutamatergic neurotransmission (103, 104) may 

contribute to both vascular and parenchymal dysfunction in RIBI.  

Microglia are the resident immune cells of the central nervous system and are 

responsible for the phagocytosis and remodeling of plaques, damaged synapses and 
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cellular debris. These cells make up approximately 12% of brain cells (118). Although 

microglial phagocytosis is essential to remove necrotic cellular debris, radiation induces 

sustained microglial activation which is thought to contribute to the progression of RIBI 

(68). Single dose whole brain irradiation (6-35 Gy) induces activation-associated changes 

in microglia which include: proliferation, reactive oxygen species (ROS) production, and 

the expression of pro-inflammatory cytokines including, tumor necrosis factor alpha 

(TNFα), IL-1β, IL-6, COX-2, C-C motif chemokine ligand 2 (CCL2), prostaglandin E2 

(PGE2) and ICAM-1 (110, 113, 119-122). Furthermore, culture of astrocytes in 

microglia-conditioned media results in astrocyte activation and enhanced astrocytic 

expression of inflammatory mediators, demonstrating that microglial have the ability to 

potentiate pro-inflammatory signaling cascades in other cell types (114, 120). Additional 

studies suggest that this microglial-mediated neuroinflammation may contribute to RIBI 

by impairing neurogenesis and thus cognitive function (68, 69).  

Others have shown elimination of microglia from the central nervous system 

(CNS) via treatment with the colony stimulating factor 1 receptor (CSF1R) inhibitor 

PLX5622 (123), and treatment with anti-inflammatories reduce microglial activation and 

concomitantly prevent cognitive impairment (124-126). However, other studies suggest 

that radiation-induced cognitive impairment is not solely microglial-dependent, as 

administration of the anti-inflammatory L-158,809, and implantation human embryonic 

stem cells can prevent or reverse cognitive impairment without affecting microglial 

activation or number (127-131). Thus, while microglia likely contribute to the 

pathogenesis of RIBI, it appears unlikely that perpetuated neuroinflammation is solely 

responsible for the observed cognitive dysfunction and neurologic impairment.  



11 
  

The Vascular Contribution to RIBI 

The prevalence and spectrum of vascular injury observed in RIBI (36, 59, 60, 62, 

89, 132) has led to the hypothesis that that radiation-induced vascular damage and 

subsequent ischemia lead to observed white matter necrosis. Supportingly, capillary loss 

precedes the development of cognitive decline in a rat model of RIBI (132) and several 

other studies have demonstrated reductions in microvascular investiture following 

irradiation (59, 132, 133).  

However, imaging studies in humans indicate that white matter has a lower 

cerebral blood flow threshold for infarction, and thus, greater tolerance for reductions in 

perfusion than grey matter (134-136). This argues against global cerebral hypoxia as the 

inciting cause of RIBI but suggests that if RIBI is due to a vascular-mediated 

pathogenesis, that regional differences in structural vulnerability may predispose white 

matter to injury. Indeed, there is a reduction in both microvascular area fraction and 

microvessel density relative to grey matter (Table I), with fewer anastomoses and limited 

penetration of leptomeningeal collateral vessels (137). This transition occurs abruptly at 

the grey-white matter junction (138). This shift to a predominately capillary vascular bed 

may contribute to the susceptibility of white matter to injury.  

Table I: Comparative cerebrovascular morphometrics 

  Human Rhesus macaque  Rodent (Rat) 

Cortical Grey Microvessel Density (profiles per mm
2
) 79 (139) 136* 88-165 (138) 

White Matter Microvessel Density (profiles per mm
2
) 36 (139) 52* 30 (138) 

Cortical Grey Microvascular % Area 1.8 (139) 2.0-2.5 (140) 2.9 (141) 

White Matter Microvessel % Area 1.0 (139) 0.9 (140) ND 

* Unpublished data, Appendix A 

    ND: No data 
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 Finally, white matter necrosis occurs following boron-neutron capture irradiation, 

a treatment modality in which the majority of the radiation dose is delivered to the 

vasculature (142, 143). This lends credence to the theory that damage to the radiation-

induced vascular damage alone is sufficient to induce white matter necrosis.  

MODELS OF RADIATION-INDUCED BRAIN INJURY 

 Studies investigating the mechanisms of late-delayed RIBI in humans are 

confounded by factors which include: socioeconomic status, genetic variation, the type 

and progression status of the primary cancer, concurrent and previous cancer treatment 

regimen, survival-interval post-irradiation and comorbid conditions such as hypertension 

and diabetes mellitus (144-146).  

As acknowledged previously, the radiation response of cells of the central nervous 

system is heterogeneous, with variation in radio-sensitivity, and biological response. 

Although cell-culture models are used to elucidate intricate mechanisms, these systems 

contain artificial constructs such as artificial media and culture reservoirs which may 

modulate cellular activity. Furthermore, differences in the culture microenvironment and 

the absence of support cell signaling may limit the translatability of findings. Even 

advanced three-dimensional, multicellular culture systems such as spheroids do not yet 

fully recapitulate the cellular and anatomic complexity of the brain, thus indicating the 

need for animal models.  

Rodent models are commonly used in biomedical research, in part due to their 

small size, shorter lifespans for aging studies, reproductive efficiency, and availability of 

genetic manipulations (147). However, rodents possess several key genetic, 
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neuroanatomic and physiologic differences from primates which may limit the 

translatability of findings. While inbred rodents strains such as the C57BL/6J and 

BALB/c are well-characterized and limited inter-individual genetic variability reduces 

confounders, this lack of genetic heterogeneity (148) may not adequately model the 

human spectrum of response. Inter-strain variation in radio-sensitivity (149-155) 

indicates that radiation responses should be evaluated across multiple strains.  

 Neuroanatomic differences between rodents and humans may limit translational 

utility in aspects of radiation research.  In rodents, the hippocampus occupies a greater 

relative volume with an associated reduction in relative cerebral cortical volume 

compared to humans (Table II). With less brain volume devoted to cortical processing, 

this contributes to dissimilarities in the hippocampal projection pathways, innervation 

patterns, nuclear organization (156), and function (157, 158) between rodents and 

primates. 

a
 mouse 

b
 rat 

Additionally, cortical white matter in rodent brains occupies 25-30% of the 

relative volume of that in humans (159-161). fWBI does not result in white matter 

necrosis in rodents (77, 99, 129, 141), which precludes the ability to evaluate associated 

Table II: Comparative neuroanatomic volumetrics 

  Human Rhesus macaque  Rodent 

Cortical % Volume (cortex/total brain) 77 (162) 55 (163) 31
b
 (162) 

Relative cortical volume compared to humans n/a 71% 40% 

White matter % Cortical volume (white/total cortex) 39 (159) 31 (159) 10
a 
(160)

 

12
b
 (161) 

Relative white matter volume compared to humans n/a 79% 26% 

31% 

Hippocampus % Volume (hippocampus/total brain) 0.4 (164) 1.2 (165) 5.1
a
 (166) 

Relative hippocampal volume compared to humans  n/a 300% 1275% 
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molecular changes, disruptions in connectivity and potential therapeutic effects on this 

outcome. It is possible that this predominance of grey matter confers some degree of 

intrinsic radioprotection to the rodent brain, due to the more robust cerebrovascular 

structure.  

Rhesus macaques (Macaca mulatta) have been used extensively in neuroscience 

and biomedical research. These non-human primates share a close phylogenetic 

relationship to humans, with evolutionary divergence 25 million years ago (167), as 

opposed to rodents which diverged 87 million years ago (168). As a result, there is 

93.54% genomic homology (169), and 98% similarity in the coding region of the 

transcriptome (170) between rhesus macaques and humans. This contributes to greater 

physiologic, immunologic, and metabolic similarity to humans (169, 171, 172).  

In addition to the aforementioned neuroanatomic similarities to humans, evolution 

of a larger neocortex in primates has led to the development of functional areas which do 

not exist in rats or mice, including dorsolateral prefrontal cortex subdivisions (173, 174). 

These areas play key roles in human cognitive processes (175, 176). Furthermore, 

humans and non-human primates are visually oriented, unlike rodents (171, 177-179), 

permitting one to examine visual non-spatial and spatial cognitive processes. These and 

other similarities allow evaluation of higher order cognitive functions (180-187), which 

are difficult to model in rodents.  

Finally, we and others have shown that rhesus macaques that receive fWBI 

develop cognitive impairment (188) and multifocal white matter necrosis and 

cerebrovascular injury (7, 8, 53, 54, 89), recapitulating the features of RIBI in humans. 
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Thus, the rhesus macaque is a more human-like alternative in which to evaluate the 

pathogenesis of RIBI.  

THE CEREBRAL CONSEQUENCES OF SINGLE HIGH DOSE RADIATION 

EXPOSURE 

While the histopathology and clinical manifestations of late-delayed RIBI 

following clinical radiotherapy are well-characterized (7-12, 53, 54), the cerebral 

consequences of single high dose radiation exposure on the adult brain remain unclear. 

Such radiation exposures may occur following a nuclear accident or terrorism scenario, 

thus understanding of the long-term ramifications is essential for the risk assessment, 

patient care and monitoring of affected populations.  

Following the terrorist attacks on September 11
th

 2001, the United States 

Department of Homeland Security identified a large-scale nuclear exposure as one of the 

fifteen most likely emergency scenarios to impact the United States (189). This scenario 

anticipates the assembly and detonation of a 10 kiloton low-yield radiologic dispersal 

device (RDD), as the required materials are abundant in medicine, scientific research and 

in industrial applications (190, 191), generally with limited security. Such a device has 

the potential to expose > 100,000  people to significant doses of radiation ( > 1.5 Sv) 

(192). Furthermore, increasing reliance upon nuclear power presents a growing risk for 

civilian radiation exposure. The United States is the world’s largest producer of 

commercial nuclear power, with 99 reactors in operation in 30 separate states (193). 

Despite safety regulations in place to limit inadvertent radiation exposure, there have 

been at least 57 major nuclear accidents since the Chernobyl disaster, and 57% (56/99) of 

all nuclear-related accidents have occurred within the United States (194).  The more 
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recent Fukushima Daiichi nuclear disaster illustrates this disastrous potential; 32 million 

people have been exposed to radiation due to nuclear fallout (195). As such, both 

accidental and malicious exposures are realistic scenarios in which high single dose total 

body irradiation may impact population health.  

In the event of a large-scale nuclear event, thermal injury, concussive trauma and 

the acute radiation syndrome (ARS) will result in significant morbidity and mortality for 

those closest to the hypocenter. In acute injury, both the risk of cellular damage and 

degree of injury are proportional to the absorbed dose (196, 197). Rapidly dividing cells 

such as the intestinal epithelium and bone marrow are most susceptible (197).  Those 

exposed to 2-8 Gy will require hospitalization for the management of ARS (190). There 

is no known treatment which will effectively prevent or reverse ARS. Management 

involves managing patient symptomology, including aggressive fluid therapy, blood 

transfusion, parenteral nutrition, neutropenic isolation precautions and prophylactic 

antibiotics. Administration of the bone marrow stimulating drug filgrastim (Neupogen) 

may improve survival for patients with the hematopoietic syndrome of ARS, but does not 

mitigate the gastrointestinal, cutaneous or cardiovascular manifestations (198). Those that 

receive greater than 8 Gy are generally administered palliative care only. Patient survival 

is dependent upon absorbed dose, and 50% of patients who receive 2.5 – 5 Gy are 

expected to perish within 60 days (199).  

Those that survive the acute radiation syndrome are at risk of developing delayed 

effects of acute radiation exposure (DEARE). These syndromes, characterized by their 

late onset months to year post-irradiation are of substantial impact to public health, not 

only in malicious or accidental exposure scenarios, but due to their occurrence following 
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clinical irradiation in cancer therapy. DEARE may occur in virtually any tissue, and are 

analogous to the delayed injury that occurs following clinical radiotherapy (201, 201). 

Therefore scientific advances and treatments which benefit cancer survivors may benefit 

those with DEARE.  

Historically, the brain has been considered radioresistant, able to with standard 

therapeutic doses of 55-65 Gy, fractions of < 2 Gy (202) and for single doses the LD50 is 

approximately 15 Gy (203). Thus, the cerebral late effects of single high dose radiation 

exposure have been overlooked, as lethality due to the acute radiation syndrome makes 

survival unlikely. However, a growing body of evidence suggests that cerebral injury 

may occur at survivable doses of radiation (204-215). Thus there is a profound need to 

critically assess this compartment for evidence of injury, and identify contributing 

mechanisms and long-term consequences.  

SUMMARY OF RESEARCH 

 The overall purpose of this dissertation was to elucidate novel molecular effectors 

and contributing mechanisms to late-delayed RIBI, which occurs in patients receiving 

fWBI. Our secondary objective was to assess whether similar injury-associated patterns 

were present in animals receiving single, high dose TBI. These aims are evaluated in 

three separate studies, which follow as Chapters 2-4 of this dissertation. The studies were 

conducted in adult, male rhesus macaques (Macaca mulatta) which had previously 

received fWBI (40 Gy, 8x5 Gy fractions). The biologically effective dose (BED) of this 

regimen is 106.7 Gy, thus comparable to a treatment of 30 fractions of 2 Gy over 6 weeks 

(BED 100.2 Gy), as may be used in human brain cancer patients (132).  
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In Chapter Two, we screen the involvement of seven a priori selected 

pathophysiologic mechanisms to RIBI in four Rhesus macaques (aged: 6-11 years) 

developed RIBI 4-6 months post-fWBI. Patterns in gene expression were evaluated in 92 

marker transcripts via RT-qPCR. The overarching functional patterns assessed were: 

disruption to blood-brain-barrier structural components, angiogenesis, 

neuroinflammation, markers of hypoxia, DNA-damage repair, neurotransmission and 

extracellular matrix (ECM) deposition and remodeling. We determined that RIBI is 

associated with gene expression patterns indicative of macrophage/microglial-mediated 

neuroinflammation, impaired glutamatergic neurotransmission, hypoxia, ECM deposition 

and remodeling, and vascular maturation and stabilization. These effects were most 

prominent within white matter and no significant differences in gene expression were 

detected in the hippocampus. 

In Chapter Three, we define the composition of the abnormally-accumulated 

perivascular ECM in these animals by immunohistochemistry and conclude that 

fibronectin is one of the primary components. Through in situ hybridization, we also 

determine that cerebral endothelial and vascular smooth muscle cells contribute to local 

fibronectin production. These findings suggest that pathways modulating fibronectin 

deposition and matrix assembly may be potential therapeutic targets in RIBI.  

 In Chapter Four, we expand our analyses to evaluate animals which had 

developed RIBI and survived until 12-months post-fWBI (n=5, aged: 7-13 years), and 

others which received single high dose TBI (n=5, aged: 10-13 years, irradiation doses: 

6.75-8.05 Gy) 6-9 years prior to necropsy. RNA-sequencing and subsequent whole 

transcriptomic gene expression profiling revealed that animals receiving TBI and animals 
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receiving fWBI demonstrate similar transcriptomic evidence of CNS injury following 

cerebral exposure to radiation. Shared patterns consisted of increased antigen 

presentation and microglial/macrophage mediated-neuroinflammation, increased 

expression of complement factors, and impaired glutamatergic neurotransmission. 

Pathways involved in ECM deposition and remodeling were implicated in animals 

receiving fWBI but not TBI.  

 In summary, we demonstrate RIBI is associated with persistent 

macrophage/microglial-mediated neuroinflammation, increased complement factor 

expression and reduced glutamatergic neurotransmission months to years post-irradiation 

in rhesus macaques. We also provide evidence that perivascular fibronectin accumulation 

may contribute to the pathogenesis of RIBI following fWBI and reaffirm that the rhesus 

macaque is a reasonable translational model which recapitulates the histopathologic and 

neurologic deficits of late-delayed RIBI. These data ultimately have led to a novel 

proposed mechanism of RIBI and identification of several potential therapeutic targets.  
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Cerebrovascular remodeling and neuroinflammation is a late effect of radiation-induced 
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ABSTRACT 

Fractionated whole brain irradiation (fWBI) is a mainstay of treatment for patients 

with intracranial neoplasia; however late-delayed radiation-induced normal tissue injury 

remains a major adverse consequence of treatment, with deleterious effects on quality of 

life for affected patients. We hypothesize that cerebrovascular injury and remodeling 

following fWBI results in ischemic injury to dependent white matter, which contributes 

to the observed cognitive dysfunction.  

 To evaluate molecular effectors of radiation-induced brain injury (RIBI), real-

time quantitative polymerase chain reaction (RT-qPCR) was performed on the 

dorsolateral prefrontal cortex (DLPFC, Brodmann area 46), hippocampus and temporal 

white matter of 4 male Rhesus macaques (age 6-10 years) which had received 40 Gray 

(Gy) fWBI (8 fractions of 5 Gy each, twice per week), and 3 control comparators. All 

fWBI treated animals developed neurologic impairment; humane euthanasia was elected 

at a median of 6 months. Radiation-induced brain injury was confirmed 

histopathologically in all animals, characterized by white matter degeneration and 

necrosis, and multifocal cerebrovascular injury consisting of perivascular edema, 

abnormal angiogenesis and perivascular extracellular matrix deposition.  

Herein we demonstrate that RIBI is associated with white matter-specific up-

regulation of hypoxia-associated lactate dehydrogenase A (LDHA) and that increased 

gene expression of fibronectin 1 (FN1), SERPINE1 and matrix metalloprotease 2 

(MMP2) may contribute to cerebrovascular remodeling in late-delayed RIBI. 

Additionally, vascular stability and maturation associated tumor necrosis super family 

member 15 (TNFSF15) and vascular endothelial growth factor beta (VEGFB) mRNAs 
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were increased within temporal white matter. We also demonstrate that radiation-induced 

brain injury is associated with decreases in white matter specific expression of 

neurotransmitter receptors SYP, GRIN2A and GRIA4. We additionally provide evidence 

that macrophage/microglial mediated neuroinflammation may contribute to RIBI through 

increased gene expression of the macrophage chemoattractant CCL2 and 

macrophage/microglia associated CD68. Global patterns in cerebral gene expression 

varied significantly between regions examined (p < 0.0001, Friedman’s test), with effects 

most prominent within cerebral white matter.   
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INTRODUCTION 

Approximately 200,000 people per year receive fractionated whole brain 

irradiation (fWBI) for the treatment of primary or metastatic intracranial neoplasia (1), 

and late-delayed normal tissue injury is a major deleterious consequence. Fifty to 70% of 

patients that survive long enough to develop late-delayed RIBI (> 6 months) develop 

higher order cognitive dysfunction that negatively affects quality of life (2, 3). 

Additionally, a subset of patients will develop ataxia, urinary incontinence and profound 

dementia (4) characterized by memory impairment and behavioral abnormality. 

Multifocal cerebrovascular and white matter injury is associated with this loss of function 

(5-7), and extent of white matter injury is correlated with degree of cognitive impairment 

(8-10). There is currently no effective treatment, and the pathogenesis is unclear.   

Studies evaluating mechanisms of late-delayed radiation injury in humans are 

confounded by the concurrent presence of neoplasia, treatment with chemotherapeutics, 

and comorbid factors such as hypertension and diabetes mellitus (11, 12).  Rodents are 

often used as a model for humans, but differ neuroanatomically (e.g., they possess greater 

capillary network density and a significantly lower white:grey matter ratio(13, 14)). 

Higher order cognition is difficult to evaluate in these species. Furthermore, rodents do 

not develop white matter necrosis following fWBI (15, 16), as do humans.  We and 

others (7, 17-19) have demonstrated that Rhesus macaques (Macaca mulatta) that receive 

fWBI (total dose of 40-80 Gy, 2-5 Gy per fraction) develop cerebrovascular and white 

matter lesions which are spatially, temporally and morphologically similar to those 

observed in humans with late-delayed RIBI (19). Furthermore, these irradiated animals 

developed progressive cognitive dysfunction (20), particularly at high cognitive 
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workloads, and thus serve as a more human-like alternative to rodent models. Moreover, 

non-human primates (NHPs) possess greater neuroanatomic and genetic similarity to 

humans, which may increase translatability of findings (21).  

In the present study, we hypothesize that radiation-induced cognitive dysfunction 

is partially mediated by abnormal cerebrovascular remodeling, resulting in subsequent 

ischemia to dependent brain parenchyma. In order to identify potential molecular 

effectors which may contribute late-delayed RIBI, we conducted RT-qPCR on 92 genes 

associated with neuroinflammation, angiogenesis, cerebrovascular remodeling, blood-

brain barrier integrity, neurotransmission and extracellular matrix deposition. We 

anticipated increases in mRNAs associated with inflammation, angiogenesis and 

extracellular matrix deposition, and decreases in those associated with blood-brain-barrier 

integrity, neurotransmission, and vascular maturation and stability.  
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MATERIALS and METHODS 

Brain Tissue and Subjects 

 Archived frozen and formalin fixed paraffin embedded brain tissues from 7 adult, 

male Rhesus macaques (6-11 years old, 5.3-8.7 kg) were used in this study for molecular 

and histologic analyses, respectively. Whole brain irradiated animals (n=4, aged 5.6-10.7 

years, 7.5-8.7 kg) received 40 Gy fWBI 4-7 months prior to necropsy as part of a 

previous experiment. Housing, diet, and experimental procedures are detailed in Hanbury 

et al. (19). Control comparators (n=3, aged 5.5-6.6 years, 5.3-8.3 kg) had been part of an 

unrelated study in which they had received single dose, 10 Gy thoracic irradiation, and 

subcutaneous injections of vehicle (1 mL SQ, sterile phosphorus-buffered saline(PBS)), 

twice daily for 4 months, ceasing 4 months prior to necropsy. Housing, diet, euthanasia, 

and tissue collection were as for the irradiated group. Both experiments were performed 

in accordance with the Guide for Care and Use of Laboratory Animals and were 

approved by the Wake Forest University School of Medicine Institutional Animal Care 

and Use Committee (IACUC). The Wake Forest University School of Medicine is 

accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC) and conforms to all state and federal animal welfare laws. 

Irradiation 

Fractionated whole brain irradiation procedures are as described in Hanbury et 

al.(19) and Robbins et al. (20). Briefly, NHP were sedated with ketamine HCl (15 mg/kg 

body weight, intramuscularly), and maintained on isoflurane gas (3% induction, 1.5% 

maintenance) in 100% oxygen during irradiation. A total of 40 Gy mid-plane was given 
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(8 fractions x 5 Gy/fraction; 2 fractions/wk x 4 wks; nominal dose rate of 4.9-5.4 

Gy/min) using a clinical linear accelerator and opposed lateral fields of 6MV x rays.  

Control comparators received 10 Gy, single dose thoracic irradiation delivered to 

the anterior-posterior thoracic mid-plane as part of a previous study. 6 MV x rays were 

delivered with parallel opposed anterior-posterior fields from a clinical linear accelerator 

at a nominal dose rate of 4 Gy/min. The field of irradiation included the heart, 

mediastinum and superior, lateral and inferior lung fields extending up to 4 cm caudal to 

the xyphoid. The maximum dose administered to the brain in thorax-only irradiated 

animals is estimated to be 0.1 Gy.  

Clinical and Cognitive Assessment 

  Animals were assessed daily by trained technical staff during the study period; 

any animal developing impairment received veterinary neurologic evaluation, and 

assessment using a standardized cage-side neurologic checklist. Humane euthanasia was 

provided for animals with severe neurologic impairment. All whole brain irradiated 

animals (n=4) underwent daily cognitive assessment during the study period, using a 

Delayed-Match-To-Sample task (DMS), the procedure for which has been described 

previously (20). 

Tissue Collection, Preparation and Histopathology 

 Four to 7 months following irradiation, the animals were humanely euthanized in 

accordance with the American Veterinary Medical Association’s Guidelines on 

Euthanasia (22) by deep anesthesia with pentobarbital, followed by exsanguination and 

perfusion of the vascular system with 2 liters of cold normal saline. The entire brain was 
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removed intact, placed in a stainless steel brain matrix with cutting guides, and sectioned 

coronally in 4 mm intervals. Once removed from the matrix, all slices were 

photographed, and then alternating sections either immediately frozen on dry ice or 

immersed in 4% cold paraformaldehyde for 24 hours. Fixed brain tissues were transferred 

to cold 70% ethanol solution until embedding.  

Fixed brain tissues from 8 standard regions were then selected and trimmed in 

accordance with Society for Toxicologic Pathology’s Recommended Practices for 

Sampling and Processing the Nervous System (23), with the addition of prefrontal cortex, 

and embedded in paraffin and sectioned coronally at 4 um. Sections were stained with 

hematoxylin and eosin and examined histologically by a board certified veterinary 

pathologist (JMC). Lesions were scored as described previously (19); absent (0), minimal 

(1 = inflammatory or vascular changes without disruption of the neuropil or clear 

neuronal loss); mild (2 = focal vascular injury and inflammation with loss of neuropil or 

neurons and microglial activation); moderate (3 = extensive or multifocal vascular injury, 

hemorrhage, disruption of the neuropil, neuronal loss and microglial activation); or 

severe (4 = extensive or multifocal vascular injury, hemorrhage, disruption of the 

neuropil, neuronal loss and microglial activation, with additionally extensive zones of 

necrosis within neural tissue). The presence of vascular lesions in each region was 

recorded as follows: a: endothelial hypertrophy; b: perivascular extracellular matrix 

deposition, c: perivascular edema, d: disorganized vascular morphology. The assessor 

was blinded to the irradiation status of the animals.  
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Molecular assessment of cerebral gene expression 

Relative gene expression was evaluated by RT-qPCR within 3 brain regions 

[dorsolateral prefrontal cortex (Brodmann area 46), hippocampus and temporal white 

matter] from all animals. Ribonucleic acid (RNA) was isolated by homogenization of 60-

120 mg of brain tissue in TRI Reagent (Molecular Research Center, Inc.; Cincinnati, OH, 

USA), followed by phase separation with 1–bromo–3–chloropropane (BCP). RNA was 

purified by RNeasy Mini kit (Qiagen; Valencia, CA, USA). RNA content and purity was 

determined at 260 nm, and with 260/280 ratios between 2.0 and 2.2, as obtained by 

Nanodrop spectrophotometry (Thermo Scientific, Wilmington, DE, USA). Absence of 

genomic DNA contamination was confirmed during RT-qPCR by RT² qPCR Primer 

Assay for Rhesus Macaque Genomic DNA (gDNA) Contamination, (Qiagen), and run 

concurrently with all samples. Amplification for all samples was absent or below the 

limit of detection (>35 Ct). cDNA was synthesized by RT
2
 First Strand kit (Qiagen; 

Valencia, CA, USA); reaction efficiency was confirmed by Reverse Transcriptase 

Control within each plate and run concurrently with all samples.  

RT-qPCR was performed on an ABI 7500 Fast system (Applied Biosystems, 

USA), using a Qiagen Custom RT2 Profiler Array utilizing Rhesus macaque specific 

primers.  Plates were designed to assess 92 target genes, selected for their roles in 

inflammation, angiogenesis, blood-brain-barrier integrity, extracellular matrix deposition, 

neurotransmission, hypoxia and DNA damage repair (Table I). Standard nomenclature as 

designated by the HUGO Gene Nomenclature Committee (HGCN) (25) is utilized.  
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Table I: Classification of selected markers in RT-qPCR profiler gene expression array 

 Blood-Brain 

Barrier 

Structural 

Integrity and 

Transporters 

Angiogenesis, 

Vascular 

Maturation 

and Stability 

Neuro- 

inflammation 

Hypoxia DNA  

Damage 

Neurons 

and Neuro-

transmission 

Extracellular 

Matrix 

Deposition 

and 

Remodeling 

HGNC 

Symbol 

ABCB1 ANGPT1 AIF1 ADM CHEK1 DCX FN1 

ABCC9 ANGPT2 CCL2 ARNT CHEK2 GRIA2 HSPG2 

AGRN DLL4 CD34 EPAS1 H2AFX GRIA4 LAMA4 

AQP4 FIGF CD3G EPO NBN GRIN2A LAMA5 

CDH5 FLT1 CD68 FAS  GRIN2B LAMB2 

CLDN12 KDR IFNG HIF1A  SYP LAMC1 

CLDN3 MDK IL10 HMOX1   MMP10 

CLDN5 NOTCH3 IL1B HMOX2   MMP12 

CTNNB1 PDGFB IL6 LDHA   MMP2 

F11R PDGFRB MS4A1    MMP3 

GFAP S1PR1 NFKB1    NID1 

GJA1 S1PR2 NOS2    PLAT 

JAMB S1PR3 PECAM1    SERPINE1 

JAMC S1PR4 PTGS2    TGFB1 

KCNJ10 S1PR5 TFRC    TIMP2 

KCNJ8 TEK TNF    TIMP3 

OCLN TNFSF15      

SLC2A1 VEGFA      

TJP1 VEGFB      

ZO-2 VEGFC      

 WNT1      
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Calculation of Changes in Gene Expression 

For each sample, the threshold cycle (Cts) for genes of interest and housekeeping 

genes were determined., the limit of detection was 35 Ct. Claudin-3 and S1PR4 were 

excluded from analyses as Ct values were below the threshold of detection for all 

samples. Target gene expression was normalized to the geometric mean of two control 

genes (β-actin and hypoxanthine-guanine phosphoribosyltransferase) in each sample; the 

∆Ct [Ct (target gene)-Ct (housekeeping gene(s))] was calculated to quantitate relative 

gene expression. Fold change (2
-∆∆Ct 

) was calculated by as described by Livak (26).  

Statistics 

  Statistical analyses were performed under the guidance of a professional 

statistician (JAT) and in Statistica 13 (StataCorp, College Station, TX: StataCorp LP) 

unless noted. ∆Ct values were used for all comparisons. The effect of brain region on 

relative gene expression was evaluated by Friedman’s test in GraphPad Prism (version 

6.07 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com) 

followed by paired T-tests or Wilcoxon Signed Rank for parametrically and non-

parametrically distributed data, respectively.  Gene expression with respect to irradiation 

status was stratified by region and evaluated as follows: Normality and equality of 

variances were assessed by Shapiro-Wilk and Levene’s tests respectively. Non-

parametric data were compared by Mann Whitney U. Parametric data were compared by 

Student’s T and Welch’s tests for data with equal and unequal variances, respectively. 

Fold changes ≥ ±2 and p values < 0.01 were considered significant to adjust for the small 

sample size. As these data were considered preliminary analyses, no adjustments for 

multiple comparisons were made.  

http://www.graphpad.com/
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RESULTS 

Clinical Parameters 

  All four whole brain irradiated animals were euthanized during the study period 

(4.3-6.6 months post-irradiation, mean: 5.6 months) due to the development of severe 

neurologic signs (Table II). Concurrent unilateral inner ear infection precluded 

interpretation of the clinical signs in NHP1, as impaired vestibular function secondary to 

otitis media/interna could not be clearly distinguished from a central nervous system 

lesion affecting the vestibular system. Neurologic deficits in the remaining three animals 

were attributed to late-delayed radiation-induced brain injury, as no other inciting cause 

or evidence of local or systemic disease was identified clinically or histopathologically.  

 

Table II: Summary of clinical neurological deficits in irradiated NHP 

Subject 

Age 

(years) 
Onset  
(post-irradiation) Neurologic Signs 

Survival interval 
(post-irradiation) 

NHP1 10.7 4.4 months Ataxia, dysphagia 

Concurrent mastoiditis and otitis 

media/interna 

5.3 months 

NHP2 5.7 4.0 months 

 

 

Visual impairment (incomplete menace 

response and impaired object tracking) 

Progressive ataxia and lethargy 

4.3 months 

NHP3 6.8 5.0 months Ataxia, weakness and intermittent head-

pressing 

6.0 months 

NHP4 5.6 5.5months Decreased dexterity, progressive ataxia 6.6 months 

  

As control comparators had received single, high dose thoracic irradiation as part 

of a previous study, clinical data regarding cardiac and respiratory function were 

reviewed prior to use of archived tissues. Neurologically these animals were normal. 

Respiratory rate, heart rate, pulse oximetry and ejection fraction as determined by 

echocardiography were within normal limits until euthanasia.  
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Histopathology 

  All fWBI treated animals demonstrated histopathologic lesions consistent with 

late-delayed RIBI, including white matter degeneration, necrosis and cerebrovascular 

injury consisting of perivascular edema with or without protein deposition, perivascular 

fibrosis, endothelial hypertrophy and disorganized angiogenesis (Fig 1). Individual 

animals differed in lesion severity and distribution of vascular morphologic abnormality 

(Table III), although forebrain white matter was affected in all animals examined.   

Figure 1: Cerebrovascular pathology in late-delayed radiation-induced brain injury. 

Histopathology illustrating the spectrum of vascular injury in animals with late-delayed radiation-induced 

brain injury. A) Normal arteriole from an non-irradiated animal. B) Perivascular accumulation of brightly 

eosinophilic protein and fibrin. C) Disorganized angiogenesis characterized by haphazardly arranged, 

tortuous small caliber vessels, often lacking distinct lumina. Endothelial nuclei are enlarged with prominent 

nucleoli. D) Accumulation of fibrous extracellular matrix surrounding arterioles. Reactive (gemistocytic) 

astrocytes are numerous within the surrounding parenchyma. E) Pericapillary fibrous extracellular matrix, 

similar to that in D. 
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Table III: Assessment of white matter necrosis and cerebrovascular remodeling in late-

delayed radiation induced brain injury 

ANIMAL ID NHP1 NHP2 NHP3 NHP4 

Lesion Type Necrosis Vascular Necrosis Vascular Necrosis Vascular Necrosis Vascular 

Region/Structure 

            Forebrain:  

    White matter 
+++ a,b,d ++ a,b ++++ a,b,d ++ b,c 

    Forebrain:  

    Cortical grey matter 
++ a,d + a,b,d ++ a,d - - 

    Prefrontal cortex - - - - ++ a,d - - 

    Basal ganglia/striatum + - - - - - - - 

    Hippocampus - - + a,b,d - - - - 

    Thalamus na na ++++ a,b,c,d ++++ a,b,d - - 

    Midbrain ++++ b ++ a,d ++ a,b,d - - 

    Cerebellum + - - - + - - - 

    Brainstem +++ - ++ a,b +++ b na na 

    Spinal cord na na + b + - - - 

a
 endothelial hypertrophy 

b 
perivascular extracellular matrix deposition 

c 
perivascular edema 

d 
disorganized vascular morphology 

na: not assessed, tissue unavailable for analysis 

 

Regional Effects of Irradiation on Gene Expression 

The effect of irradiation on relative gene expression differed with respect to 

region (p < 0.0001, Friedman’s test); further analyses were stratified by region. No 

significant change in hippocampal gene expression (p > 0.01 for all genes examined) was 
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associated with late-delayed RIBI. Mean fold changes were of the greatest magnitude 

within temporal white matter (-19 to 49 fold).  

Deposition of Extracellular Matrix 

 RIBI was associated with increased expression of fibronectin 1 (FN1: DLPFC: 3.2 

fold up-regulated, p < 0.01; WM: 4.6 fold up-regulated, p < 0.0001), Serpin E1 

(SERPINE1: WM: 20.8 fold up-regulated, p < 0.0006) and matrix metallopeptidase 2 

(MMP2: DLPFC: 6.5 fold up-regulated, p < 0.003; WM: 34.6 fold up-regulated, p < 

0.001), factors associated with extracellular matrix deposition and remodeling (Fig. 2). 

No significant changes were observed in expression of TGFB1, nidogen 1, HSPG2, tissue 

plasminogen activator, or any of the laminins, tissue inhibitors of matrix 

metalloproteinases, and other matrix metalloproteinases evaluated.  

Figure 2: Gene expression changes associated with extracellular matrix deposition.  

 

 

 

 

Late-delayed radiation-induced brain injury was associated with up-regulated expression of MMP2 (35 

fold), SERPINE1 (21 fold) and fibronectin1 (3 fold) within white matter and MMP2 (6 fold) and 

fibronectin1 (3 fold) within dorsolateral prefrontal cortex. Bars denote mean fold change, individual points 

represent gene expression values for each animal. Dashed line indicates 2 fold-expression change. DLPFC: 

Dorsolateral prefrontal cortex, HC: Hippocampus, WM: Temporal white matter. * p-value indicates with 

the effect of radiation on relative-gene expression; # p-value signifies differences in regional gene 

expression with respect to irradiation status. 
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Angiogenesis, Vascular Maturation and Stabilization 

The relative expression of factors associated with vascular stability and survival 

(tumor necrosis factor super family member 15 (TNFSF15: 44.4 fold up-regulated, p < 

0.003) and vascular endothelial cell growth factor beta (VEGFB: 2.3 fold up-regulated, p 

< 0.002)) was increased within white matter in late-delayed RIBI (Fig. 3). 

Figure 3: Increased expression of vascular maturation and stability-assosciated factors  

 

 

 

 

 

 

 

 

Expression of TNFSF15 and VEGFB mRNAs was up-regulated within temporal WM in late-delayed RIBI, 

44 and 2 fold respectively. Bars denote mean fold change, individual points represent gene expression 

values for each animal. Dashed line indicates 2 fold-expression change. DLPFC: Dorsolateral prefrontal 

cortex, HC: Hippocampus, WM: Temporal white matter. *p-value indicates with the effect of radiation on 

relative-gene expression; # p-value signifies differences in regional gene expression with respect to 

irradiation status. 
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ANGPT2), DLL4, FIGF, midkine (MDK), NOTCH3, PDGFB, PDGFRB, sphingosine-1-

phosphate receptors 1-5, TEK, or WNT1].   

Neuroinflammation 

 Relative expression of macrophage/microglia associated CD68 and CCL2 was up-

regulated within both DLPFC (CCL2: 30.5 fold up-regulated, p < 0.002) and temporal 

WM (CCL2: 49.0 fold up-regulated, p < 0.003; CD68: 27.8 fold up-regulated, p < 0.005) 

(Fig 4B). Endothelial associated PECAM1 and lymphocyte associated CD3G expression 

was also increased within temporal WM (PECAM1: 4.8 fold up-regulated, p < 0.0005; 

CD3G: 23.2 fold up-regulated, p < 0.0003) (Fig. 5A-B). fWBI had no significant effect 

on the relative gene expression of inflammatory mediators IL6, AIF1, IFNG, TNF, 

COX2, NOS2, IL10, NFKB1, transferrin (TFRC) or B-cell associated MS4A1.  

Figure 4: Evidence of macrophage/microglial mediated neuroinflammation. 

 
A) Focal white matter necrosis with axonal degeneration, mineralization and infiltration by 

macrophages/microglia. B) Late-delayed RIBI was associated with increased gene expression of CD68 (28 

fold) and CCL2 (49 fold) within temporal white matter. Expression of CCL2 was also increased within 

dorsolateral prefrontal cortex CCL2 (31 fold up-regulated). Bars denote mean fold change, individual 

points represent gene expression values for each animal. Dashed line indicates 2 fold-expression change. 

DLPFC: Dorsolateral prefrontal cortex, HC: Hippocampus, WM: Temporal white matter. p-value indicates 

with the effect of radiation on relative-gene expression; # p-value signifies differences in regional gene 

expression with respect to irradiation status' 
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Hypoxia 

Expression of LDHA (2.9 fold up-regulated, p < 0.004) and FAS (12.7 fold-

upregulated, p < 0.0004) was increased within WM in irradiated animals (Fig. 5C-D).  No 

significant changes were observed in the relative expression of hypoxia-inducible factor 

family members (HIF1a, EPAS1, ARNT), erythropoietin (EPO), or heme oxygenase 1 or 

2 (HMOX1, HMOX2).  

 Figure 5: Additional changes in gene expression. 

 

 

 

 

 

 

 

 

A) Gene expression of endothelial inflammation associated PECAM1 was 4.8 fold increased within 

temporal WM. B) Expression of T-lymphocyte associated CD3G was 23.2 increased within WM. C) 

Hypoxia associated LDHA expression was 2.9 fold increased within temporal WM. D) Late-delayed RIBI 

was associated with a 12.7 fold increase in gene expression of cell surface death receptor FAS in temporal 

WM. Bars denote mean fold change, individual points represent gene expression values for each animal. 

Dashed line indicates 2 fold-expression change. DLPFC: Dorsolateral prefrontal cortex, HC: Hippocampus, 

WM: Temporal white matter. *p-value indicates with the effect of radiation on relative-gene expression; # 

p-value signifies differences in regional gene expression with respect to irradiation status. 
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Neurotransmission 

 RIBI was associated with decreased expression of neurotransmission associated 

synaptophysin (SYP: 3.4 fold down-regulated, p < 0.004), glutamate receptor, ionotropic, 

AMPA4 (GRIA4: 6.7 fold down-regulated, p < 0.007) and glutamate ionotropic receptor 

NMDA type subunit 2A (GRIN2A: 6.7 fold down-regulated, p < 0.01) in white matter 

(Fig. 6). There was no significant effect on the expression of GRIA2 and GRIN2B.  

Figure 6: Decreases in gene expression associated with neurotransmission.  

 

 

 

 

Late-delayed radiation-induced brain injury was associated with decreased expression of neurotransmission 

associated synaptophysin (-3.4 fold) , and glutamatergic neurotransmitter receptor mRNAs for GRIA4 (-6.7 

fold) and GRIN2A (-6.7 fold) within white matter. Bars denote mean fold change, individual points 

represent gene expression values for each animal. Dashed line indicates 2 fold-expression change. DLPFC: 

Dorsolateral prefrontal cortex, HC: Hippocampus, WM: Temporal white matter.*p-value indicates with the 

effect of radiation on relative-gene expression; # p-value signifies differences in regional gene expression 

with respect to irradiation status 
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molecules 1, 2 and 3. Expression of claudin 3 was below the level of detection in all 

samples. fWBI did not affect the relative gene expression of channel associated KCNJ10, 

KCNJ8, ABCB1 or ABCC9.  

DNA Damage 

No significant changes were observed in any of the markers examined associated 

with DNA damage and repair [CHEK1, CHEK2, Nibrin (NBN), and H2AFX].  
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DISCUSSION 

 These data reaffirm that non-human primates develop multifocal cerebrovascular 

and white matter lesions in late-delayed RIBI that are consistent with those observed in 

human patients. As the primary clinical manifestation of late-delayed RIBI in patients is 

progressive cognitive decline (2, 3), the parent study for all whole brain irradiated 

animals (n=4) included daily cognitive assessment as used previously (20). As 

neurological decline necessitated humane euthanasia prior to experimental endpoint, 

cognitive data were incomplete and full statistical analysis of cognition for the animals in 

the present cohort was not possible. Task measured cognitive decline preceded ataxia 

observations; however, as the ataxia developed, animals stopped working the task. 

Previous data have demonstrated working memory impairment beginning four months 

post-irradiation (20).   

Performance on this DMS task is reliant on processing by both the prefrontal 

cortex (rule based) and hippocampus (working and/or short-term); thus the impaired 

cognitive function cannot be localized to either brain region solely on the basis of DMS 

task outcome. Rather, impaired performance on this task necessitates error analysis of the 

behavioral task and/or further experimental manipulations to determine the mechanism of 

impaired performance. In other studies, extra-hippocampal injury (prefrontal cortical 

lesioning) alone is sufficient to impair performance on the DMS task (27), and 

electrophysiology demonstrates that inter-laminar processing by the DLPFC is required 

for successful execution of the task (28). These injuries suggest that NHPs err when 

following the wrong task rule, as directed by the DLPFC, rather than incorrectly 

remembering due to hippocampal processing. This, in conjunction with our demonstrated 
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regional patterns in gene expression, challenges the postulation that hippocampal-sparing 

irradiation alone will be sufficient to spare cognitive function after fWBI (29, 30).   

Our gene expression data reveal that whole brain irradiation does not result in 

significant changes in hippocampal gene expression for our selected targets. Rather, 

fWBI results in patterns of gene expression indicating that cerebrovascular remodeling, 

neuroinflammation and alterations in neurotransmission contribute to late-delayed RIBI, 

and that these changes most prominently affect white matter. 

 Our molecular data indicate that fibronectin 1, MMP2 and SERPINE1 may 

contribute to vascular remodeling in RIBI and influence the deposition of perivascular 

extracellular matrix. Fibronectin, exuded in soluble form from the vascular compartment 

as a component of blood plasma or secreted by endothelial cells, is a major component of 

extracellular matrix following cell-mediated assembly, and its expression is up-regulated 

in a number of fibrotic diseases (31, 32). Additionally, fibronectin triggers the activation 

of microglia in vitro (33), and thus may stimulate macrophage/microglial activation in 

RIBI. Fibronectin is also increased in the cortex(34) and plasma(35) of  humans with 

clinical and subclinical Alzheimer’s disease. The cortical deposition of fibronectin may 

play a role in the pathology of cognitive dysfunction.  

Both fibronectin and SERPINE1 expression may be influenced by Rho\ROCK 

signaling (36, 37), suggesting a common pathway of induction. Increased SERPINE1 

expression in late-delayed radiation-induced brain injury is known to contribute to 

perivascular fibrosis through the inhibition of fibrinolysis (38, 39) and stimulation of 

fibronectin matrix assembly through interaction with αvβ5 and α5β1 integrins (40). 
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Furthermore, endothelial cell death in radiation-induced intestinal injury is dependent on 

SERPINE1 expression (41), which serves as a potential explanation for the decreases in 

microvascular density observed following fWBI in rat studies (16, 42).  

Increased expression of the gelatinase MMP2 is associated with blood-brain 

barrier disruption in rodent models of focal transient cerebral ischemia (43), leukemia 

(44), and pneumococcal meningitis (45), and in human brain tissue affected by cerebral 

amyloid angiopathy-associated hemorrhagic stroke (46). Additionally, MMP2 expression 

and activity is increased in rodents receiving high, single dose whole-brain irradiation (10 

Gy) and fWBI (40 Gy, 8 fractions x 5 Gy/fraction) and associated with the degradation of 

type IV collagen (47), which may contribute to blood-brain barrier breakdown and 

perivascular edema in RIBI. In addition to the potential of MMP2 to degrade extracellular 

matrix, increased expression and activation contributes to cardiac, hepatic and renal 

fibrosis (48-50). We postulate that MMP2 contributes to perivascular fibrosis in RIBI by 

remodeling the deposited substrate.   

The perivascular deposition of extracellular matrix components, including 

fibronectin, may create a diffusion barrier and induces ischemic injury to the dependent 

brain parenchyma. We propose that cerebral white matter is most vulnerable to this 

ischemic injury, as the cerebrovascular architecture transitions from larger bore 

penetrating arterioles and venules to a predominately capillary network within white 

matter (51) and capillary density is decreased relative to grey matter(52). Our hypothesis 

is supported by the white matter-specific increased relative expression of LDHA, an 

enzyme which catalyzes the conversion of L-lactate to pyruvate in the final step of 

anaerobic glycolysis. While there were no significant changes in relative gene expression 
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amongst members of the hypoxia-inducible factor family (HIF1A, EPAS, ARNT), 

regulation of these factors most commonly occurs at the protein level (53, 54), which 

may explain lack of change at the transcriptomic level. Additionally, hypoxia induces the 

expression of both SERPINE1 (55) and fibronectin (56, 57), and thus hypoxia may 

potentiate perivascular fibrosis in radiation-induced brain injury. Hypoxia is known to 

induce the expression of cell-surface death receptor Fas (58), however the white matter-

specific up-regulation of Fas is difficult to interpret as it is involved in many physiologic 

processes necessitating apoptosis.  

 As histologic evaluation of tissue revealed disorganized vasculature with reactive 

nuclei, reminiscent of endothelial proliferation, we anticipated increased expression of 

markers associated with the induction of angiogenesis. On the contrary, we found no 

increase in markers associated with new blood vessel formation, but increased expression 

of VEGFB and TNFSF15, factors involved in vascular quiescence and stability. VEGFB, 

unlike other members of the vascular endothelial growth factor (VEGF) family, does not 

induce the formation of new blood vessels, but is critical for the survival and 

maintenance of newly formed and pre-existing vasculature (59). Additional evidence 

from rodent studies suggests that VEGFB participates in vascular repair following brain 

injury (60). Circulating TNFSF15 also increased following brain injury, and greater 

blood levels of TNFSF15 as compared to VEGFA was associated with higher rates of 

recovery in patients (61). Furthermore, rodent studies demonstrated that administration of 

TNFSF15 to mice in an experimental model of traumatic brain injury resulted in 

decreased neuroinflammation, and increased blood-brain barrier integrity with decreased 

permeability (62). Further characterization of these tissues including assessment of 
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microvascular area fraction is required to meaningfully interpret the alterations in 

angiogenic gene expression; however, we postulate that increased expression of VEGFB 

and TNFSF15 may represent an adaptive response to ongoing cerebrovascular injury.   

Neurotransmission-associated synaptophysin, GRIA4 and GRIN2A are most 

prominently decreased within irradiated white matter. This finding contradicted our 

initial hypothesis that decreases in markers associated with synapses and 

neurotransmission would be most prominent within the cortex and hippocampus, where 

the neuron soma and synapses themselves reside. We propose these decreases in 

expression reflect a loss of deep white matter synapses, sites in which axons 

communicate directly to NG2+ oligodendrocyte progenitor cells (OPCs) via vesicular 

release of the neurotransmitter glutamate (63-65). Whether the observed reduction in 

GRIN2A and GRIA4 mRNAs is a reflection of axonal loss or a reduction in number of 

NG2+ precursor cells requires further investigation, particularly in non-human primates. 

Rodent data are conflicting. Studies completed in rats demonstrate that following initial 

depletion, NG2+ OPC populations in irradiated spinal cord begin proliferating by 2 

weeks following high single dose irradiation (66), with recovery to near normal numbers 

by 6 weeks (66, 67) to 6 months (68). In contrast, studies in mice demonstrate that OPC 

populations are less severely affected following irradiation, but lack the capacity to 

repopulate the irradiated area (69). While both astrocytes and NG2+ precursors express 

GRIA4 (70, 71), the observed decreased relative expression is not presumed to be 

associated with decreases in total astrocyte number, as GFAP, AQP4 and AGRN were 

not significantly altered. We additionally infer from these data that disruption of the 
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blood-brain barrier is less likely to be due to transcriptionally mediated alterations of 

astrocyte associated integrity.  

Instead, the increased expression of CCL2 and CD68, in conjunction with the 

aggregates of macrophages/microglia observed on histopathology and infiltration of 

parenchyma by IBA-1 positive cells in our previous work (19), indicates that RIBI occurs 

in an environment of macrophage/microglial mediated neuroinflammation. Increased 

expression of CCL2 directly induces the proliferation and activation of microglia (72, 

73), and further drives neuroinflammation by stimulating the recruitment of circulating 

monocytes into the CNS parenchyma (73). CD68 expression, in addition to its historical 

use as a marker of macrophages and microglia, is also associated with the phagocytic 

capacity of a cell (74). Accordingly, the white matter specific increase in CD68 

expression may correlate to the histologically observed necrosis, a process necessitating 

phagocytosis and debris removal. Furthermore, enhanced phagocytic capacity is 

associated with microglial activation (75) that in turn produces a number of pro-

inflammatory cytokines (76-78), which may contribute to a sustained pro-inflammatory 

milieu.  

In addition to macrophage/microglial activation and monocyte recruitment, CCL2 

increases the expression and surface localization of PECAM1 within endothelial cells 

(79). Further studies in cell culture and mouse models demonstrate that PECAM1 

facilitates the endothelial transmigration of leukocytes, including CD3+ T-lymphocytes 

(80-82). Thus, increased expression of PECAM1 may contribute to the lymphocytic 

perivascular aggregates observed histologically in RIBI (83, 84), which we believe 

correspond to the increased expression of CD3G observed in this study. We do not 
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believe that the concurrent otitis media/interna in one animal affected neuroinflammatory 

gene expression, as the infection did not extend within the cranial vault and no outliers 

were detected during statistical analysis. Further characterization of the 

neuroinflammatory contributors, including localization, quantification and 

immunophenotyping is pending and will be the focus of our future studies.  

 While these data provide insight into transcriptional changes in radiation-induced 

brain injury, further characterization of these factors at both the transcriptional and 

protein level is required to determine cell of origin and tissue compartment distribution. 

Additionally, we acknowledge that these analyses are correlative and do not necessarily 

indicate causation, but indicate potential molecular effectors and provide insight on 

possible pathogenic mechanism. Further study is required to elucidate the complex role 

of these molecules in radiation-induced brain injury; however the factors presented may 

represent potential targets for therapeutic intervention.  

We also acknowledge that the tissues in the present study were acquired from 

young adult NHP and do not fully recapitulate the aged patient population (approximate 

age: 60 years) (85-87) receiving fWBI. Retrospective analysis of patient populations 

indicate that aged patients receiving fWBI have poorer survival than younger patient 

subpopulations (88, 89), although these results are confounded by tumor progression, 

treatment regimen, concurrent medical illness, and neurologic comorbidity. Data 

regarding the neuroinflammatory effects of fWBI on the aging brain are conflicting (15, 

90-92), and warrant additional study.  
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Finally, although gene targets were categorized according to function, we 

recognize that the selected targets do not behave independently and may contribute to 

several physiologic processes. Nonetheless, these are the first reported cerebral gene 

expression changes from NHP receiving a clinically-relevant course of fractionated 

whole brain irradiation, and set the groundwork for future studies into the molecular 

mechanisms underlying RIBI and associated cognitive impairment. 
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ABSTRACT 

 Late-delayed radiation-induced brain injury (RIBI) is a major adverse effect of 

fractionated whole-brain irradiation (fWBI). Characterized by progressive cognitive 

dysfunction, and associated cerebrovascular and white matter injury, RIBI deleteriously 

impacts quality of life for cancer patients. Despite extensive morphological 

characterization of the injury, the pathogenesis is unclear, thus limiting the development 

of effective therapeutics.  

 We previously reported that RIBI is associated with increased gene expression of 

the extracellular matrix (ECM) protein fibronectin (FN1). We hypothesized fibronectin 

contributes to perivascular ECM, which may impair diffusion to the dependent 

parenchyma, thus contributing to the observed cognitive decline. Herein, we sought to 

determine the localization of fibronectin in RIBI and further characterize the composition 

of perivascular ECM, as well as identify the cell of origin for FN1 by in situ 

hybridization.  Briefly, fibronectin localized to the vascular basement membrane of 

morphologically normal blood vessels from control comparators and animals receiving 

fWBI, and to the perivascular space of edematous and fibrotic vascular phenotypes of 

animals receiving fWBI. Additional mild diffuse parenchymal staining in areas of 

vascular injury suggested blood-brain-barrier disruption and plasma fibronectin 

extravasation. Perivascular ECM lacked amyloid and contained lesser amounts of 

collagens I and IV, which localized to the basement membrane. These changes occurred 

in the absence of alterations in microvascular area fraction or microvessel density. 

Fibronectin transcripts were rarely expressed in control comparators, and were most 
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strongly induced within cerebrovascular endothelial and vascular smooth muscle cells 

following fWBI.    

Our results demonstrate that fibronectin is produced by cerebrovascular 

endothelial and smooth muscle cells in late-delayed RIBI and contributes to perivascular 

ECM, which we postulate may contribute to diffusion barrier formation. We propose that 

pathways that antagonize fibronectin deposition and matrix assembly or enhance 

degradation may serve as potential therapeutic targets in RIBI. 
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INTRODUCTION 

Approximately 200,000 patients per year receive fractionated whole-brain 

irradiation (fWBI) for the treatment of intracranial neoplasia (1). Of patients that survive 

long enough to develop late-delayed radiation-induced brain injury [RIBI, (> six 

months)], 50-90% will demonstrate higher order cognitive dysfunction which adversely 

affects patient day-to-day function and quality of life (2-4). This loss of function is 

associated with progressive cerebrovascular and white matter injury (5, 6). 

Cerebrovascular manifestations of injury include perivascular edema suggestive of 

ongoing injury, as well as perivascular extracellular matrix (ECM) accumulation 

(fibrosis) indicative of chronicity. Despite numerous studies characterizing the 

morphology of RIBI (7-12), the pathogenesis and contributing mechanisms remain 

unclear, thus limiting the development of effective therapies for affected patients.  

Studies investigating the pathogenesis of RIBI in humans are confounded by the 

concurrent presence of neoplasia or other comorbid conditions such as diabetes mellitus 

and hypertension (13, 14). We and others have shown that rhesus macaques (Macaca 

mulatta) that receive fWBI (total dose of 40-80 Gy, 2-5 Gy per fraction) recapitulate the 

histologic features and progressive cognitive impairment (7, 8, 15-17) observed in 

humans with RIBI. While rodent models have been used to investigate the pathogenesis 

and mitigation of RIBI, rodents differ in neuroanatomic (18) and cerebrovascular 

structure (19) compared to primates. Moreover, rodents do not develop white matter 

necrosis following fWBI (20, 21), which may limit translatability of findings. Therefore, 

the NHP model is a reasonable alternative in which to investigate the pathogenesis of 

RIBI.  
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One of the hallmark histopathologic lesions of RIBI is multifocal, spatially 

stochastic, perivascular ECM accumulation with predilection for white matter (9, 22-24). 

Similar perivascular fibrosis is associated with impaired blood flow in heart disease (25) 

and contributes to impaired gas exchange in interstitial lung disease (26-28). Thus, we 

postulate that perivascular ECM accumulation may be a key event in the pathogenesis of 

RIBI, resulting in diffusion barrier formation and subsequent ischemic injury to 

dependent white matter. Necrosis and disruption of white matter neurotransmission 

negatively impacts cognition.   

ECM is a heterogeneous amalgamation of proteins, proteoglycans, glycoproteins 

and other molecules. Therefore, our previous gene expression study included preliminary 

screening of a several ECM contributors in a non-human primate model of RIBI (NHP) 

(29) as mechanisms of degradation, accumulation, and remodeling vary by target ECM 

molecule and implicate different signaling pathways for future analysis. Of the ECM 

components evaluated, which included several laminins, proteoglycans, and nidogen, 

only fibronectin (FN1) was differentially regulated in RIBI (29). Thus we hypothesized 

that fibronectin is a key contributor to ECM in RIBI. While the majority of fibronectin in 

the body is produced in the liver and circulates as a component of blood plasma (30), 

detection of FN1 mRNAs suggested a component of local production. We further 

hypothesized that the cell of origin would be the cerebral endothelial cell. In the present 

study we sought to localize fibronectin and further characterize the composition of 

perivascular ECM and to identify the cell of origin for FN1 transcripts. Additionally, we 

examined the gene expression of several factors which contribute to fibronectin matrix 

deposition and assembly in an effort to identify potential molecular mechanisms of RIBI.  
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MATERIALS AND METHODS 

Tissue and Subjects 

 Quantitative immunohistochemical and gene expression analyses were performed 

on the same animals as in Andrews et al. (29). Whole-brain irradiated animals (n=4, aged 

5.6-10.7 years, 7.5-8.7 kg) received 40 Gy fWBI 4-7 months prior to necropsy as part of 

a previous experiment. All four whole-brain irradiated animals were euthanized during 

the study period (4.3-6.6 months post-irradiation, mean: 5.6 months) due to the 

development of severe neurologic signs consisting of progressive ataxia, visual 

impairment, and lethargy or weakness. Late-delayed RIBI was verified by histopathology 

(29).  

Control comparators (n=3, aged 5.5-6.6 years, 5.3-8.3 kg) had been part of an 

unrelated study in which they had received single dose, 10 Gy thoracic irradiation 8 

months prior to necropsy, and subcutaneous injections of vehicle (1 mL SQ, sterile 

phosphorus-buffered saline(PBS)), twice daily for 4 months, ceasing 4 months prior to 

necropsy. Neurologically these animals were normal. Respiratory rate, heart rate, pulse 

oximetry and ejection fraction were within normal limits until euthanasia.  

Animal husbandry and experimental procedures are detailed in Hanbury et al. (7). 

All procedures were approved by the Wake Forest University School of Medicine 

Institutional Animal Care and Use Committee (IACUC) and were in accordance with 

the Guide for Care and Use of Laboratory Animals. The Wake Forest University School 

of Medicine is accredited by the Association for Assessment and Accreditation of 
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Laboratory Animal Care (AAALAC) and adheres to all state and federal animal welfare 

laws. 

Irradiation 

Irradiation procedures for both groups of animals are described in Andrews et 

al.(29). Animals receiving fWBI were administered a total of 40 Gy mid-plane (8 

fractions x 5 Gy/fraction; 2 fractions/wk x 4 wks; nominal dose rate of 4.9-5.4 Gy/min) 

using a clinical linear accelerator and opposed lateral fields of 6MV x rays. These fields 

were designed to match human whole-brain radiation fields, enclosing the cranial 

contents (nominal field size of 11 x 7 cm^2, field edge tangential to the base of skull) 

with the central axis of each lateral beam placed at the respective outer canthus. The eyes 

and olfactory region were shielded from radiation by cylindrical eye blocks. fWBI is 

further described in Hanbury et al.(7) and Robbins et al. (15). NHP receiving fWBI were 

sedated with ketamine HCl (15 mg/kg body weight, intramuscularly), and maintained on 

isoflurane gas (3% induction, 1.5% maintenance) in 100% oxygen during irradiation. 

Control comparators received 10 Gy single dose thoracic irradiation delivered to the 

anterior-posterior thoracic mid-plane as part of a previous study. The maximum dose 

administered to the brain is estimated to be less than 0.1 Gy ( < 1%). 6 MV x rays were 

delivered with parallel opposed anterior-posterior fields from a clinical linear accelerator 

at a nominal dose rate of 4 Gy/min. The field of irradiation included the heart, 

mediastinum and superior, lateral and inferior lung fields extending 4 cm below the 

xyphoid.  
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Tissue Collection and Histopathology 

Tissue collection, processing and archival procedures were the same for all 

subjects. At the time of necropsy, the animals were humanely euthanized in accordance 

with the American Veterinary Medical Association’s Guidelines on Euthanasia (31) by 

deep anesthesia with pentobarbital followed by exsanguination and perfusion of the 

vascular system with 2 liters of cold normal saline. The brain was removed intact, and 

sectioned coronally in 4 mm intervals using a stainless steel brain matrix with cutting 

guides. Once removed from the matrix, all slices were photographed. Alternating sections 

were either immediately frozen on dry ice or immersed in 4% cold paraformaldehyde for 

24 hours.  

Fixed tissues were embedded in paraffin and sectioned coronally at 4 μm, then 

stained with hematoxylin and eosin. All animals were assessed by a board certified 

veterinary pathologist (JMC) who was blinded to the irradiation status of all animals. 

Each animal received a full histopathologic assessment in accordance with the Society for 

Toxicologic Pathology’s Recommended Practices for Sampling and Processing the 

Nervous System (32) with the addition of a section of prefrontal cortex containing 

Brodmann area 46. A minimum of 8 tissue sections were reviewed, structures included 

but were not limited to: cerebral cortex, subcortical and deep white matter structures, 

striatum, hippocampus, thalamus, midbrain, cerebellum and brainstem. The presence of 

necrosis, inflammatory changes and vascular lesions was tabulated and scored. 

Histopathologic scoring is detailed in Andrews et al. 2017 (29). 
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Special Stains, Immunohistochemistry (IHC) and RNAScope ® 

Formalin fixed, paraffin embedded brain tissues containing deep white matter 

(centrum semiovale) were sectioned coronally at 4 μm. IHC and RNAScope® in situ 

hybridization assays were performed on a Leica Bond RX (Leica Biosystems, Buffalo 

Grove, IL) automated stainer.  Sections from animals receiving fWBI and control 

comparators were stained concurrently.   

The composition of perivascular ECM was evaluated by IHC for fibronectin 

(rabbit polyclonal; 1:100; catalog #ab652; Abcam), collagens I (rabbit monoclonal; 

1:1000; catalog #ab138492; Abcam) and IV (rabbit polyclonal; 1:300; catalog #ab6586; 

Abcam). Slides were air-dried overnight and loaded onto the Leica Bond RX. All 

sections were dewaxed, rinsed, and underwent heat-induced epitope retrieval for 20 

minutes at 99°C in the following solutions: fibronectin, citrate buffer pH 6.0; collagen I 

and IV, EDTA buffer pH 8.0). Endogenous peroxidase activity was blocked by 10 minute 

incubation with IHC/ISH Super Blocking Novocastra solution (catalog #PV6122, Leica 

Biosystems). All slides were incubated with the primary antibody for 15 minutes and then 

rinsed. Secondary antibody and chromagen application were as according to 

manufacturer’s specifications (Bond Polymer Refine Red Detection Kit, catalog # 

DS9390, Leica Biosystems). Slides were then removed from the instrument, dehydrated, 

cleared with xylene and coverslipped.  

Amyloid was detected with Putchler’s modification of Bennhold’s Congo Red 

stain. Paraffin embedded, formalin fixed brain tissues were sectioned coronally at 10 μm. 
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Positive identification of amyloid was defined as green birefringence under polarized 

light. 

Fibronectin transcripts were visualized by in situ hybridization RNAScope 2.5 

Assay, with concurrent visualization of the cerebral microvasculature by anti-GLUT1 

IHC. In situ hybridization was performed according to manufacturer’s specifications, 

using a RNAScope 2.5 LS Reagent Kit – Brown (Advanced Cell Diagnostics (ACD), 

catalog #: 322100) and standard Leica reagents as follows.  Slides were loaded onto the 

Leica Bond RX, then dewaxed, followed by heat-induced epitope retrieval in EDTA 

buffer pH 8.0 at 95°C for 15 minutes. Enzyme-induced epitope retrieval was completed 

in ACD protease III (catalog #322340) for 15 minutes at 40°C, followed by quenching of 

endogenous peroxidase by 10 minute incubation in hydrogen peroxide at room 

temperature. A custom-made probe optimized for the rhesus macaque FN1 sequence 

(1289-2251 of XM_015110901.1) was applied for 2 hours at 42°C followed by an 

amplification series at 42°C and subsequent probe labelling at room temperature. Slides 

were stained with Bond Polymer Refine Detection (ACD, catalog #: DS9800) for 20 

minutes then rinsed. Slides were counterstained with hematoxylin for 5 minutes and 

rinsed, followed by ACD Bluing for 2 minutes.  

Antibodies were stabilized in preparation for IHC by 10 minute incubation with 

IHC/ISH Super Blocking (Leica Biosystems, cat# PV6122). Slides were then incubated 

for 15 minutes with a rabbit polyclonal anti-glucose transporter GLUT1 antibody (rabbit 

polyclonal, 1:1000; Abcam, catalog #ab652) and rinsed. The secondary antibody and 

chromogen were visualized with the Bond Polymer Refine Red Detection Kit or when 

without concurrent in situ hybridization, Bond Polymer Refine Detection and applied 
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according to manufacturer specifications. Slides were then removed from the instrument, 

dehydrated, cleared with Xylene and coverslipped. 

Histomorphometry  

Digital images were captured using an Olympus BX61VS virtual slide 

microscope using VS120 software at 20x magnification. Microvessel density, cross-

sectional microvascular area fraction, and in situ hybridization probe density and probe 

area were quantified on the same tissue section. All parameters were quantified from a 

single tissue section within deep white matter (centrum ovale) within a rectangular region 

of interest (ROI) no less than 15 mm
2 

(equivalent
 
to a minimum of 60 40x high power 

fields). Microvessel density and cross-sectional microvascular area fraction were 

computed in VisioPharm (version 6.5.0.2303; Broomfield, CO, USA) using the following 

modifications to APP #10022 (“CD31, Tumor Neovascularization”) and an unbiased 

counting frame. The microvasculature was identified using an AEC_DAB-DAB-input 

channel refined to exclude brown objects and the recognition algorithm was thresholded 

to exclude all background objects. Microvessel density was defined as the number of 

microvascular profiles per mm
2
. Cross-sectional microvascular area fraction was defined 

as the total area occupied by blood vessels including lumina divided by the total area 

(area within blood vessels/total area of the region of interest) and expressed as percent 

area (microvascular area fraction * 100). The cross sectional area for each microvessel 

profile was also recorded, analyses are detailed in the statistical methods. 

Microvascular profiles generated by the previous analysis were converted to a 

single region of interest (vascular) with the remaining surrounding area defined as 
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parenchyma. Fibronectin in situ hybridization probe foci were identified using a Fast 

Red_DAB-DAB-input channel and the recognition algorithm was thresholded to exclude 

all non-brown objects. Probe density was calculated as the number of probe foci per mm
2
. 

Cumulative probe area was defined as (cumulative probe area / anatomic 

subcompartment ROI area) * 100) μm
2
. The cross sectional area for each probe aggregate 

was also recorded. The assessor was blinded to the irradiation status of the animals. 

Transmission Electron Microscopy (TEM) 

The cerebral microvasculature was visualized in archived, formalin fixed, 4-mm 

coronal sections of brain tissue by trans-illumination on a dissecting microscope. The 

surrounding 3 mm
3 

were
 
sub-dissected then post-fixed in 2% osmium tetroxide in 

phosphate buffer for one hour, followed by dehydration in EtOH. Samples were prepared 

for resin infiltration by incubation in propylene oxide then gradually infiltrated with 1:1, 

1:2, and pure solutions of Spurr’s resin, and cured 70° C oven overnight. 90 nm sections 

were obtained with a Reichert-Jung Ultracut E ultramicrotome (Reichert-Jung; Vienna, 

Austria), stained with lead citrate and uranyl acetate and viewed with a FEI Tecnai Spirit 

TEM (FEI Company; Hillsboro, OR, USA) operating at 80 kV. Images were acquired 

with an AMT 2Vu CCD camera (Advanced Microscopy Techniques; Woburn, MA, 

USA).  

Gene Expression Analyses 

Relative gene expression was evaluated by RT-qPCR within 3 brain regions 

[dorsolateral prefrontal cortex (Brodmann area 46), hippocampus, and deep temporal 

white matter (centrum semiovale)] from all animals and conducted on the same samples 
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as in Andrews et al. (29).  Additional factors were selected for their involvement in ECM 

deposition and remodeling, and RAAS or Rho/ROCK signaling (Table 1). Gene names 

are reported in accordance with the recommendations of the HUGO Gene Nomenclature 

Committee (HGNC).  

 

 

 

 

 

RNA was extracted via a modified Qiagen RNeasy Mini kit, purification, quality 

control and RT-qPCR procedures are detailed in Andrews et al. (29). RT-qPCR was 

performed on an ABI 7500 Fast system (Applied Biosystems, USA) using a Qiagen 

Custom RT2 Profiler Array utilizing Rhesus macaque specific primers. Cycle thresholds 

(Ct) were acquired for all target and housekeeping genes per sample; the limit of 

detection was set to 35 Ct. Relative gene expression (∆Ct) for each target gene was 

determined by normalization of the target gene Ct to the geometric mean of two 

housekeeping genes (β-actin and hypoxanthine-guanine phosphoribosyltransferase).  

Relative expression was calculated as 2
-(Target gene – geometric mean of housekeeping genes)

. Calculation 

of fold change (2
-∆∆Ct

) was as described by Livak (33).  

  

Table I: Classification of markers in RT-qPCR profiler gene expression array 

  Renin-Angiotensin 

System 
Rho/ROCK 

Extracellular Matrix 

Deposition and Remodeling 

HGNC ACE ROCK1 MMP9 

Symbol ACE2 ROCK2 CTGF 

 AGT RHOA ITGAV 

 AGTR1 CDC42 ITGB1 

 MME RAC1 ACTA2 

 MAS1 
 

COL1A1 
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Statistical Analyses 

 Statistical analyses were performed under the guidance of a statistician (JAT) and 

in GraphPad v. 7.03 (StataCorp, College Station, TX: StataCorp LP) unless noted. 

Normality and equality of variance were assessed by Shapiro-Wilk and Levene’s tests, 

respectively.  

The effect of fWBI on cumulative microvascular area fraction and microvessel 

density was compared by Student’s T-test. 

 Two separate, 2x2 repeated-measures ANOVA were conducted to compare the 

main effects of irradiation status and anatomic location (vascular and parenchymal) and 

the interaction effect between irradiation status and anatomic location on in situ 

hybridization probe focus density and cumulative probe focus area, respectively. Samples 

were matched by subject with respect to anatomic location (e.g.; vascular and 

parenchymal compartments were measured within the same animal). Post-hoc 

comparisons were performed to assess the effect of irradiation within regions using 

Bonferroni’s procedure. Multiplicity adjusted p-values are reported, and p < 0.05 was 

considered significant.  

As values for individual subjects were similarly distributed within irradiation 

groups, individual probe focus areas and individual microvascular profile areas were 

pooled within groups with respect to irradiation status.  Differences in distribution 

between groups were confirmed by Kolmogorov-Smirnov test. The effect of radiation 

was compared between groups by Mann-Whitney U due to right-skew. Individual probe 

focus area data were stratified by region. P values < 0.05 were considered significant. 
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Individual probe focus areas and individual microvascular profiles are reported as 

median with 95% confidence intervals (CI). Microvascular area fraction, microvessel 

density and cumulative probe focus area are reported as mean with 95% CI. Probe focus 

density data were square-root transformed to achieve normality, then back-transformed. 

Geometric mean and 95% CI are reported. 

Gene expression analyses with respect to irradiation status were stratified by 

region and were evaluated as follows: Non-parametric data were compared by Mann 

Whitney U. Normally distributed data were compared by Student’s T and Welch’s tests 

for data with equal and unequal variances, respectively. Significance determined at p < 

0.01.  
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RESULTS 

Histopathology 

 All animals receiving fWBI developed multifocal cerebrovascular and white 

matter injury consistent with late-delayed RIBI. Notable lesions included perivascular 

edema with serum protein extravasation, perivascular ECM aggregation and white matter 

necrosis. The cerebrovascular lesions were multifocal, spatially-stochastic and occurred 

primarily within white matter.  Multifocal accumulation of perivascular ECM was 

observed in all animals receiving fWBI. These lesions were noted in the white matter (4/4 

animals), cortical grey matter (1/4 animals), hippocampus (1/4 animals), thalamus (2/3 

animals), midbrain (2/4 animals), brainstem (2/3 animals) and spinal cord (1/3 animals); a 

denominator less than 4 indicates the tissue section was not available for analysis. Full 

histopathologic assessment is detailed in Andrews et al (29). No significant lesions were 

present in control comparators.  

Characterization of Perivascular ECM 

Fibronectin preferentially localized to the pia mater, arachnoid mater, and 

basement membrane zone of morphologically normal blood vessels in both groups 

(Figures 1A-B and 2D). Additional irregular, regionally-extensive parenchymal 

fibronectin immunoreactivity was observed in areas of vascular injury in animals 

receiving fWBI (Figure 1B), and interpreted as vascular leakage. Fibronectin was a major 

contributor to the perivascular material in edematous (Figure 2E) and fibrotic vascular 

morphologies (Figure 2F). In edematous vascular morphologies, the material within the 
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perivascular space was also immunoreactive for collagen-I (Figure 2H), and collagen-IV 

(Figure 2K).  

Figure 1: Distribution of perivascular ECM contributors in radiation-induced brain injury 

(low magnification).  

A) Fibronectin IHC; control: Frontal cortex and subtending white matter. Fibronectin (red) localized to the 

vascular basement membrane zone, pia and arachnoid. B)  Fibronectin IHC; fWBI: Frontal cortex and 

subtending white matter. The distribution of fibronectin (red) was similar to that in the control animals (A), 

with additional regionally extensive parenchymal staining adjacent to foci of necrosis and associated 

abnormal vasculature (black arrows). C) Collagen-I IHC; control: Subcortical white matter, temporal 

cortex: The microvasculature lacked collagen-I (red).  D) Collagen-I IHC; fWBI: Subcortical white matter, 

temporal cortex. Collagen-I (red) localized to the basement membrane and wall of occasional small caliber 

arterioles and capillaries (black arrows), and was absent in others (white arrows). E) Collagen-IV IHC; 

control and F) Collagen-IV IHC; fWBI: Subcortical white matter, temporal cortex. Collagen-IV (red) 

localized to the basement membrane zone of the cerebral microvasculature, the distribution was 

comparable between control and WBI groups. All slides were counterstained with Hematoxylin.  
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Figure 2: Distribution of perivascular ECM contributors in vascular pathomorphologies 

in radiation-induced brain injury (high magnification) 

 

 

Column 1: Morphologically normal microvessels, control. Column 2: Edematous vascular 

pathomorphology, fWBI.  Material within the perivascular space was immunoreactive for fibronectin (E), 

collagen-I (H) and collagen-IV (K). Column 3: Perivascular fibrosis, fWBI. Row 1: Morphology of 

vascular injury in RIBI; hematoxylin and eosin. A) Minimal expansion of the perivascular space (black 

arrows, glia limitans). B) Prominent expansion of the perivascular space (black arrows, glia limitans) by 

eosinophilic material interpreted as plasma extravasation. The adjacent neuropil is edematous and contains 

several reactive (gemistocytic) astrocytes (asterix). C) Prominent expansion of the perivascular space 

(black arrows, glia limitans) by loose, fibrillar extracellular matrix. Row 2: Fibronectin 

immunohistochemistry. Fibronectin (red) localized to the basement membrane zone in morphologically 

normal microvessels (D) and was present throughout the perivascular space in edematous (E) and fibrotic 

vascular phenotypes (F) in animals receiving fWBI. Row 3: Collagen-I immunohistochemistry. 

Collagen-I (red) localized adjacent to the basement membrane; it was scant to absent in control 

comparators (G) and diffuse in animals receiving fWBI (I). Row 4: Collagen-IV immunohistochemistry. 

Collagen-IV localized to the vascular wall and basement membrane in all vascular phenotypes (J-L); 

distribution was comparable between fWBI animals and control comparators. 
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Collagen-I localized adjacent to the basement membrane zone and was scant to 

absent in the subcortical white matter of control animals (Figures 1C and 2G). Diffuse, 

basement membrane zone staining for collagen-I was present in scattered, otherwise  

normal appearing small caliber arterioles and capillaries (Figure 1D), and fibrotic 

vascular phenotypes (Figure 2I) of animals receiving fWBI.  

 Figure 3: Expansion of Virchow-Robin space by perivascular ECM.  

A) Transmission electron micrograph indicating abundant fibrillar extracellular material surrounding a 

blood vessel (*). This material lacks the regular periodicity of type I collagen. Virchow-Robbin’s space 

also contains a few lymphocytes and macrophages containing phagocytosed debris consistent with 

hemosiderin (M). B) Hematoxylin and Eosin stain, corresponding histopathology indicating aggregated 

perivascular ECM, as well as perivascular inflammatory cells, as in (A). Black arrows indicate the glia 

limitans. 

Collagen-IV localized to the microvascular wall and basement membrane zone of 

the cerebral vasculature in both groups (Figures 1E-F and 2J,L). The distribution was 
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comparable between both groups. TEM of affected vessels demonstrated medium 

electron dense, fibrillar material without regular periodicity within Virchow-Robbin’s 

space (Figure 3).  This material did not stain for amyloid. 

Localization of Fibronectin mRNAs by In Situ Hybridization 

fWBI resulted in a prominent induction of FN1 expression in the vascular 

compartment (endothelial and vascular smooth muscle cells; Figure 4B-C) with a 1259-

fold increase in anatomic sub-compartment fractional area ( p < 0.006), a 206-fold 

increase in mean probe focus density ( p < 0.005 ) and a 2-fold individual probe 

aggregate area (p < 0.002; Figure 4D ). FN1 expression was also increased within in the 

parenchyma (glia) following fWBI, albeit to a lesser extent, with increases in mean probe 

focus density ( 18-fold increase, p < 0.03; Figure 4D ) and median probe aggregate area  

( 1.3-fold increase, p < 0.0001; Figure 4D), but no difference in cumulative anatomic sub-

compartment fractional area. There was a significant interaction effect between 

irradiation status and anatomic sub-region for both probe focus number ( p < 0.03 ) and 

cumulative percent area ( p < 0.04 ).  

Transcript aggregates greater than 40 μm
2 

were present only in animals receiving 

fWBI and largest within the vascular compartment (median: 1.901 μm
2
, range: 0.2 - 

321.1 μm
2
;  p < 0.0001).  Fibronectin transcripts were rarely expressed in non-irradiated 

cerebrovascular cells (geometric mean: 0.4 foci per mm
2
; 95% CI 0.0-1.2) and glia 

(gemometric mean: 2.4 foci per mm
2
; 95% CI: 1.3-3.8).  
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Figure 4: fWBI was associated with prominent induction of FN1 expression with predilection for the vascular compartment. 

A) Control comparator: normal microvessels.  Fibronectin transcripts were rare within control animals. B) fWBI-receiving animal: Fibronectin transcripts 

primarily localized to the vascular compartment.  C) fWBI receiving animal: Fibronectin was expressed within endothelial (white arrow) and vascular smooth 

muscle cells (black arrow). D) Within the vascular compartment, fWBI was associated with a 1259-fold increase in fibronectin transcript fractional area due to an 

18-fold increase in probe density and 1.3-fold increase in median individual probe focus area. Expression following fWBI was lesser within the parenchymal 

compartment (glia), with an 18-fold increase in mean probe focus density and 1.3-fold increase in median individual probe focus area. Chromogen, Vector Red: 

Endothelial cells, anti-GLUT1 IHC. Chromogen, DAB: Fibronectin transcripts, in-situ hybridization probe foci 



110 

 

Figure 5: fWBI was associated with an increase in median vessel diameter.  

 

 

 

 

 

 

 

 

 

 

 

fWBI resulted in a shift in microvessel cross-sectional area distribution (A); histologically manifested an increase in dilated small caliber vessels in animals 

receiving fWBI (C), as compared to control animals (B). Correspondingly, there was a 57.4% increase in median cross-sectional microvessel area per vascular 

profile, cumulative microvascular area fraction and microvessel density did not differ between groups (D). Due to marked right skew, panel A was truncated at 

360 um
2
 (range: 0.2 – 7284.6 um2). Bars indicate the mean for microvascular area fraction and microvessel density, and median for microvessel profile area.  

Error bars: 95% CI; KS: Kolmogorov-Smirnov test
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Microvascular Area Quantification  

RIBI was associated with a shift in microvessel cross-sectional area distribution ( 

p < 0.0001; Kolmogorov-Smirnov test, Figure 5A), resulting in a 57.4% increase in 

median microvessel cross-sectional profile area (p < 0.0001, Figure 5D). This 

corresponded to dilated small caliber blood vessels on histopathology (Figure 5B-C). 

There was no significant different in cumulative microvascular area fraction or 

microvessel density between groups.  

 

Figure 6: Late-delayed RIBI was associated with an 88-fold increase in MMP9 

expression within temporal white matter (centrum semiovale).  

 

 

 

 

 

  

The center line denotes the median relative expression value; bar limits denote 25
th

 and 75
th
 percentiles. 

Error bars represent minimum and maximum values. Relative expression was defined as
 2-[(MMP9 – Geometric 

Mean of Housekeeping Genes (ACTB and HPRT1)] 
. * p-value indicates with the effect of radiation on relative-gene 

expression; # p-value signifies differences in regional gene expression with respect to irradiation status 
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Gene Expression Assessment of Contributing Molecular Pathways  

 Late-delayed RIBI was associated with an 88-fold increase in MMP9 expression 

within temporal white matter ( p < 0.002 , Figure 6 ). There were no differences in gene 

expression in members of the Rho/ROCK (ROCK1, ROCK2, RHOA, CDC42 or RAC1) 

or RAAS signaling pathways (ACE, ACE2, AGT, AGTR1, MME or MAS1) or other 

ECM-associated molecules (CTGF, ITGAV, ITGB1, ACTA2 or COL1A1) within any 

region examined.  
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DISCUSSION 

Herein, we have demonstrated that fibronectin is a significant contributor to 

perivascular ECM in late-delayed RIBI and following fWBI, expression of the encoding 

gene FN1 is strongly induced within cerebrovascular endothelial and smooth muscle cells 

following irradiation.  

Fibronectin is an approximately 440 kiloDalton glycoprotein and major 

component of ECM. The majority of fibronectin is produced by the liver and circulates in 

the plasma as dimeric, soluble fibronectin. Fibronectin may also be secreted locally by 

endothelial cells, fibroblasts, chondrocytes, synovial cells and myocytes (34, 35). 

Assembly into an insoluble fibrous matrix is a cell-mediated process, facilitated by 

binding of fibronectin to integrin α5β1 with subsequent induction of cytoskeletal 

contraction (36, 37). Resultant clustering of integrins on the cell-surface brings multiple 

fibronectin dimers into close proximity, promoting fibronectin-fibronectin interactions, 

self-association, fibril elongation and matrix assembly. The assembled fibronectin matrix 

may then further promote fibrosis through association with collagen fibrils, other ECM 

contributors, and resultant cell-ECM interactions (38). Spontaneous folding and 

rearrangement of secondary elements within assembled fibronectin matrix intermittently 

exposes additional binding sites (39, 40), thus providing opportunity to modify deposited 

ECM and represents an appealing target for interventional therapies.  

Fibronectin transcripts were identified with cerebrovascular endothelial cells, 

vascular smooth muscle, and glia. A significant interaction effect between irradiation 

status and anatomic sub-compartment was detected for both fibronectin probe density and 
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fractional area. As the magnitude of change in expression was greatest within the 

vascular sub-compartment, we infer that up-regulation of fibronectin occurs with 

predilection for the cerebral microvasculature (within endothelial cells and vascular 

smooth muscle cells). This is supportive of a differing radiobiology between the two 

anatomic sub-compartments. Cellular morphology and proximity to areas of necrosis 

suggest that the parenchymal (glial) contributor to fibronectin expression is the activated 

microglia/macrophage. Definitive identification of the cell of origin is the focus of future 

studies. Others have demonstrated that activated macrophages produce fibronectin  

(41, 42) and that fibronectin induces microglial activation (43, 44). We theorize that 

fibronectin-induced macrophage/microglial activation may contribute to the persistent 

neuroinflammation in RIBI via an autocrine signaling loop.   

 In the present study, we establish that fibronectin is a major contributor to 

perivascular fibrous ECM with lesser amounts of perivascular collagen-I and IV, as 

evidenced by immunohistochemistry and supported by TEM. The differential expression 

of perivascular collagen-I and collagen-IV immunoreactivity between edematous and 

fibrotic vascular phenotypes suggest transient accumulation of pre-fibrillar collagen 

precursors during lesion progression. Clearance of these contributors is presumed 

partially mediated by radiation-induced matrix metalloprotease expression, particularly 

MMP2 and MMP9 (29, 45-48), a matrix metalloprotease which is induced by fibronectin 

(49, 50), and functions to degrade collagen IV (51). 

Previous studies in rodent and cell culture models indicate MMP9 expression is 

increased at four hours to one week following single doses of irradiation (45-48).We 

reaffirm that radiation exposure induces the expression of MMP9, and furthermore, 
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translate these findings to a clinically relevant, non-human primate model of fractionated 

whole-brain radiotherapy.  

Kyrkanides et. al.,(47) have shown that COX2-selective inhibition prior to and 

following irradiation reduces MMP9 expression. Therefore, persistent neuroinflammation 

may contribute to ECM remodeling through MMP9-mediated effects. We also 

hypothesize that MMP9-mediated basement membrane degradation facilitates 

extravasation of soluble fibronectin, providing additional substrate for matrix assembly. 

Blood-brain-barrier insufficiency as a consequence of fWBI has been demonstrated 

previously (52-55). While the proportion of extravasated soluble fibronectin to locally 

produced cellular fibronectin remains undetermined, both are presumed to contribute to 

perivascular fibronectin accumulation and thus play a role in the pathogenesis of RIBI.  

We also affirm that perivascular ECM deposition occurs without corresponding 

increase in white matter microvascular density, indicating increased accumulation of 

matrix, rather than a reflection of enhanced microvascular investiture. Interestingly, while 

overall microvascular area fraction did not differ between irradiation and control 

comparators, there was a shift in individual microvascular profile distribution, resulting 

in a greater median individual microvessel profile area. This was unexpected as 

fibronectin matrix assembly is typically associated with cytoskeletal contracture rather 

than dilation, as contraction is necessary for integrin clustering, which facilitates 

fibronectin-fibronectin interactions and subsequent assembly.  Artefactual vasodilatation 

due to perfusion of the vascular system with saline at the time of necropsy is unlikely, as 

the necropsy procedure for animals receiving fWBI and control comparators was 

identical. We postulate that the difference in vessel size may reflect defects in 
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cytoskeletal coordination or contractile ability within endothelial cells or their adjacent 

mural contributors (vascular smooth muscle, pericytes), or a vasodilatory compensatory 

response to a hypoxic environment. Selective capillary loss may also contribute to the 

shift in microvessel profile area. 

Additional irregular, regionally extensive background staining for fibronectin in 

irradiated animals was suggestive of blood-brain barrier insufficiency and exudation of 

plasma containing fibronectin into the adjacent parenchyma, as mentioned previously. In 

addition to MMP9-mediated basement membrane degradation, other studies have 

indicated that radiation-induced cytoskeletal rearrangement and concomitant contraction 

of the cell membrane results in disruption of junctional apposition (56-58), a mechanical 

process which may not be reflected at the transcriptional level. Previous studies suggest 

that radiation-induced cytoskeletal contracture may be mediated by activation of the 

Rho/ROCK pathway as part of the acute endothelial radiation response (57, 59-62). 

Radiation-modulated endothelial-fibronectin interactions occur in a RhoA/ROCK-

dependent manner (63). While our gene expression analyses did not detect changes in the 

Rho/ROCK family member mRNAs, activation of RhoA is primarily regulated at the 

protein level by phosphorylation. Thus functional alterations may not have been 

detectable by our transcriptional analyses. A recent study demonstrated decreased 

phosphorylated RhoGDI in irradiated endothelial cells (0.5 Gy, 1-7 days post-irradiation) 

(59). RhoGDI functions to sequester RhoA and prevent its activation, and may be a 

promising target for future mechanistic analyses.  

 The role of fibronectin in RIBI may be particularly relevant in the tumor bearing 

brain. Increased fibronectin extravasation due to the permeability of tumor-associated 
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vasculature (64-68), and local production by glioma cells (69-71) may lead to increased 

fibronectin substrate available for matrix assembly. This could potentially exacerbate 

RIBI. Data regarding the influence of fibronectin on glioma cell migration are conflicting 

(71-75), however short hairpin RNA (shRNA)-mediated fibronectin knockdown results in 

delayed tumor growth in a mouse glioma model (76). These data suggest that signaling 

mechanisms which modulate fibronectin deposition and matrix assembly may be relevant 

targets for therapeutic intervention.   

Although control comparators received 10 Gy thoracic irradiation 8 months prior 

to necropsy as part of a separate study, the estimated dose to the brain is far lower ( < 0.1 

Gy ). There is little information regarding the long-term consequences of single, low dose 

irradiation in the adult brain. Studies in rodents suggest that doses of < 0.1 Gy do not 

significantly impair spatial learning or memory (77) and that cerebrovascular 

permeability returns to normal by 1 month post-irradiation (78). Retrospective analyses 

of the Chernobyl and atomic bomb survivor cohorts suggest that increased risk of 

cerebrovascular injury occurs at doses > 0.15 – 0.5 Sieverts (79-82). The cerebral 

consequences of radiation-induced cardiopulmonary injury in these animals are presumed 

minimal. Clinical data regarding cardiac and respiratory function prior to death were 

carefully reviewed prior to use of archived tissue. Respiratory rate, heart rate, pulse 

oximetry and ejection fraction were within normal limits until euthanasia.  

 The young adult NHP used in this study may not fully recapitulate the aged 

patient population (approximate age: 60 years) (83-85) receiving fWBI. Survival is 

poorer in aged patient subpopulations than younger comparators; however these findings 

are confounded by comorbid neurologic and systemic health conditions, tumor 
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progression and treatment regimen. Data regarding the role of fibronectin in the aging 

brain are conflicting (86-88) and warrant additional study in the context of 

neurodegenerative diseases generally. 

In conclusion, we have demonstrated the fibronectin is preferentially produced by 

cerebrovascular endothelial and smooth muscle cells, and is a major component of 

perivascular fibrous ECM in late-delayed RIBI. The dynamic nature of the fibronectin 

extracellular scaffold (39, 40) suggests that even chronically established ECM containing 

fibronectin may be susceptible to remodeling. Thus, we propose that altering the cellular 

and molecular dynamics of fibronectin matrix assembly to favor degradation may 

represent a potential therapeutic target for late-delayed RIBI and other fibrotic conditions 

in which fibronectin is a contributor.  
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CHAPTER FOUR 

 

Transcriptomic profiling reveals neuroinflammation, complement system involvement, 

and impaired glutamatergic neurotransmission in white matter years post total body 

irradiation and months post fractionated whole brain irradiation 

 

Rachel N. Andrews, D.V.M.    
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ABSTRACT 

Fractionated whole-brain irradiation, as used for the treatment of intracranial 

neoplasia, is associated with progressive neurodegeneration and neuroinflammation 

however the long-term consequences of high dose cerebral irradiation, as may occur 

during a nuclear accident or malicious exposure, are unknown.  

In order to assess the long-term consequences of single high dose cerebral 

irradiation, we have compared RNA sequencing obtained transcriptomic profiles from 

Rhesus macaques (Macaca mulatta) receiving single dose total body irradiation (TBI: 

n=5, 6.75 - 8.05 Gy, 6-9 years prior to necropsy) to those which had received a prior 

course of fractionated whole brain radiotherapy with a biologically effective dose (BED) 

similar to that used in human brain cancer treatment (fWBI: n=5, 40 Gy, 8x5 Gy 

fractions; 12 months prior to necropsy) and control comparators (n=5). Gene expression 

profiles from the dorsolateral prefrontal cortex (DLPFC), hippocampus (HC), and deep 

white matter (centrum semiovale, WM) were compared.  

Stratified analyses by treatment and region revealed radiation-induced 

transcriptomic alterations were most prominent in fWBI animals, and within treatment 

groups, primarily affected white matter. Canonical pathway, ontologic molecular 

function, and supervised analyses revealed that TBI and fWBI animals demonstrated 

shared patterns of injury including white matter neuroinflammation, increased expression 

of complement factors, and evidence of T-cell activation. Both irradiated groups also 

demonstrated evidence of impaired glutamatergic neurotransmission and signal 

transduction within white matter, but not within the DLPFC or HC. Signaling pathways 
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involved in extracellular matrix deposition and remodeling, and changes in ECM 

components were noted within the WM of fWBI animals, but not TBI animals.  

 Thus it appears that animals receiving TBI are susceptible to neurological injury 

similar to that observed following fWBI, and these changes persist years post-irradiation. 

Transcriptomic profiling reaffirmed that macrophage/microglial-mediated 

neuroinflammation is present in RIBI and our data provides novel evidence that the 

complement system may contribute to the pathogenesis of RIBI. Finally, these data also 

challenge the assumption that the hippocampus is the predilection site of injury in RIBI, 

and present evidence that alteration in glutamatergic neurotransmission and neuronal 

signal transduction is a manifestation of white matter injury.  
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INTRODUCTION 

 There have been 57 major nuclear accidents since the Chernobyl disaster (1), 

despite safety regulations to limit radiation exposure, and occupational, medical and 

malicious exposure poses a significant threat to public health and safety. Those that 

survive the acute radiation syndrome are at risk of developing late-delayed sequelae 

which may not appear until several years post-irradiation; including pulmonary and 

cardiac fibrosis, cataracts, muscle wasting, and cancer (2-6). While the brain is 

considered relatively radioresistant [ED50 12-14 Gray (Gy)] (7); recent studies in non-

human primate long-term radiation survivors indicate that late-delayed radiation injury 

occurs in other organs at doses lower than anticipated (4, 8). Clear understanding of the 

molecular mechanisms of radiation injury is necessary to mitigate the health risks 

associated with radiation exposure, however little is known regarding the long-term 

consequences of single, high dose, cerebral radiation exposure. 

A progressive, neuroinflammatory and neurodegenerative brain disease occurs in 

patients receiving fractionated whole brain irradiation (fWBI) for the treatment of 

intracranial neoplasia. Characterized by multifocal cerebrovascular injury and white 

matter necrosis (9-24), late-delayed radiation-induced brain injury (RIBI) results in 

cognitive dysfunction and memory impairment which negatively impacts patient quality 

of life (25-27). A subset of patients will develop profound dementia, incontinence and 

ataxia (28). 

  Studies investigating the long-term consequences of single, high dose irradiation 

in humans are confounded by variations in radiation source, dose rate, shielding and the 
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effects of concomitant thermal and mechanical trauma (5, 29). Additionally, large scale 

tissue repositories of these cohorts have not been established. While rodent models have 

been used to investigate the late-effects of radiation exposure, the radiation biology and 

dose response of rodents differs from humans. Further dissimilarities in cerebrovascular 

structure and white matter investiture (e.g.; rodents have a lower white:grey matter ratio) 

(30) may limit the translatability of findings. Finally, rodents do not develop white matter 

necrosis as a component of RIBI following fWBI (31-34); thus lacking a key histologic 

feature of the disease. Alternatively, non-human primates possess greater genomic 

homology to humans; and recapitulate the histopathologic manifestations of late-delayed 

RIBI following fWBI (9, 11, 12). Therefore, non-human primates are a more human-like 

alternative in which it is appropriate to study RIBI.  

We hypothesized that non-human primates receiving single, high dose total body 

irradiation (TBI) develop similar patterns of brain injury as seen in fWBI, albeit of lesser 

severity and may take longer to develop. Herein, we investigate patterns of change in the 

cerebral transcriptome from animals receiving single, high dose TBI; and compare them 

to animals with histologically confirmed radiation-induced brain injury, as well as thorax-

only irradiated control comparators.  As our previous targeted gene expression analysis 

(35) indicated evidence of macrophage/microglial-mediated neuroinflammation, 

extracellular matrix (ECM) deposition, evidence of hypoxia, impaired glutamatergic 

neurotransmission within white matter, and factors associated with vascular maturation 

and increased stability, we anticipated that RNA sequencing would reveal similar patterns 

of injury.  
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METHODS 

 Animals 

Archived frozen and formalin fixed paraffin embedded brain tissues from three 

groups of young adult, post-pubertal, male Rhesus macaques (n=5 per group) were 

compared to evaluate changes in the cerebral transcriptome following radiation exposure.  

Five animals (aged: 10-13 years; 6.9-19.7 kg) received high dose TBI (median: 

7.2 Gy; range: 6.75-8.05 Gy) a median of 7.8 years prior to necropsy (6.2 - 8.8 years). 3-4 

months post-irradiation, these animals were enrolled into a cohort of long-term irradiation 

survivors. These animals were monitored closely for sequelae associated with prior 

irradiation. Procedures included: cerebral and cardiac magnetic resonance imaging 

(MRI), annual thoracic CT, bronchoalveolar lavage and cytology, bone marrow 

aspiration, annual echocardiographic and electrocardiographic examination.  

Whole brain irradiated animals (n=5; aged: 7-13 years; 8.3-9.5 kg) received 40 Gy 

fWBI, 12-15 months prior to necropsy as part of a separate experiment.  As the parent 

study included cognitive assessment for which the award for performance was sip of 

juice, these animals were water regulated and hydration status was monitored daily. 

Additional experimental procedures are described in detail in Robbins et. al., 2011 (36) 

and Hanbury et. al, 2015 (12). 

Control comparators (n=5; aged: 5-7 years, 5.5-8.3 kg) received 10 Gy thoracic-

only irradiation as part of previous experiments.  
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All animals received daily clinical observations by trained veterinary personnel. 

All procedures were performed in accordance with the Guide for Care and Use of 

Laboratory Animals, and approved by the Wake Forest University School of Medicine 

(WFUSM) Institutional Animal Care and Use Committee (IACUC). The Wake Forest 

University School of Medicine is accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) and adheres to all state and federal 

animal welfare laws. 

Diet 

TBI animals and control comparators were fed a Typical American Primate diet 

[(TAD); Diet #5L0P; LabDiet, Land O’Lakes Inc.; St. Louis, MO], which is designed to 

approximate the macronutrients of a western dietary profile. Animals T2 and T5 were 

maintained on TAD for 3 and 2 years respectively, and then transitioned back to 

commercially available monkey chow (diet #5038, LabDiet) for the management of Type 

2 diabetes mellitus [(T2DM), hemoglobin A1C > 6.5%]. Additional detail is provided in 

DeBo et. al., 2016 (4). fWBI animals were fed diet #5038. 

Irradiation  

 Irradiation procedures for control comparators and fWBI animals are described in 

Andrews et. al. (35), fWBI is further detailed in Hanbury et. al. (12) and Robbins et. al. 

(36). The irradiation procedure for animals receiving TBI is described in Yu et. al (37). 

 Briefly, animals receiving fWBI were given a total of 40 Gy mid-plane (8 

fractions x 5 Gy/fraction, 2 fractions/wk x 4 wks) of 6 MV x rays at a nominal dose rate 

of 4.9-5.4 Gy/min from a clinical linear accelerator (LINAC) at the WFUSM. The 
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biologically effective dose (BED) of this regimen is 106.7 Gy, and thus comparable to a 

brain tumor treatment of 30 fractions of 2 Gy in 6 weeks (BED: 100.2) (38). The opposed 

lateral fields were designed to match human whole-brain irradiation fields, enclosing the 

cranial contents (nominal field size: 11 x 7 cm
2
, with the field edge tangential to the base 

of the skull). The central axis of each lateral beam was placed at the respective outer 

canthus, and the eyes and olfactory region were shielded from radiation by cylindrical 

eye blocks. NHP receiving fWBI were sedated with ketamine HCl (15 mg/kg body 

weight, intramuscularly), and maintained on isoflurane gas (3% induction, 1.5% 

maintenance) in 100% oxygen during irradiation.  

TBI animals received 6.75-8.05 Gy (median: 7.2 Gy; range: 6.75-8.05 Gy) total 

body irradiation administered via a 6 MV LINAC a nominal dose rate of 0.8 +/- .025 

Gy/min. 50% of the dose was delivered from the anterior-posterior direction, and the 

remaining dose was delivered from the posterior-anterior direction. 

Control comparators received 10 Gy thoracic irradiation to the anterior-posterior 

thoracic mid-plane. 6 MV x rays were delivered with parallel opposed anterior-posterior 

fields from a clinical linear accelerator at a nominal dose rate of 4 Gy/min. The field of 

irradiation included the heart, mediastinum and lung fields extending up to 4 cm caudal 

to the xyphoid. The maximum dose to the brain is estimated to be 0.1 Gy.  

Tissue Collection and Histopathology 

Tissue collection, processing, archival and histopathology procedures were the 

same for all subjects. At the time of necropsy, the animals were humanely euthanized in 

accordance with the American Veterinary Medical Association’s Guidelines on 
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Euthanasia (39) by deep anesthesia with pentobarbital, followed by exsanguination and 

perfusion of the vascular system with 2 liters of cold normal saline. The brain was 

removed intact, and sectioned coronally in 4 mm intervals using a stainless steel brain 

matrix with cutting guides. Once removed from the matrix, all slices were photographed. 

Alternating sections either immediately frozen on dry ice or immersed in 4% cold 

paraformaldehyde for 24 hours.  

Fixed tissues were embedded in paraffin and sectioned coronally at 4 μm; then 

stained with hematoxylin and eosin. All animals were assessed by a board certified 

veterinary pathologist (JMC) and received a full histopathologic assessment in 

accordance with the Society for Toxicologic Pathology’s Recommended Practices for 

Sampling and Processing the Nervous System (40), with the addition of a section of 

prefrontal cortex containing Brodmann area 46. Lesions were scored as described 

previously (12, 35); absent (0), minimal (1 = inflammatory or vascular changes without 

disruption of the neuropil or clear neuronal loss); mild (2 = focal vascular injury and 

inflammation with loss of neuropil or neurons and microglial activation); moderate (3 = 

extensive or multifocal vascular injury, hemorrhage, disruption of the neuropil, neuronal 

loss and microglial activation); or severe (4 = extensive or multifocal vascular injury, 

hemorrhage, disruption of the neuropil, neuronal loss and microglial activation, with 

additionally extensive zones of necrosis within neural tissue). The presence of vascular 

lesions in each region was recorded as follows: a: endothelial hypertrophy; b: 

perivascular ECM deposition, c: perivascular edema, d: disorganized vascular 

morphology. The assessor was blinded to the irradiation status of the animals.  
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RNA Extraction Methods 

Total mRNA was extracted from 100 mg of brain tissue from three brain regions 

[(Dorsolateral prefrontal cortex (Brodmann area 46), hippocampus (HC) and deep white 

matter (centrum semiovale)] for all animals.  Tissue was placed into a 1.4 mm ceramic 

bead tube with 1 ml QIAzol lysis reagent, and homogenized using a Bead Ruptor 24 

(Omni International). The tissue sample tube was processed on the Bead Ruptor for 1 

cycle at a speed of 4.7 m/s for 20 sec; and repeated up to three times until sample was 

completely homogenized. Aliquots of homogenized lysates equivalent to 40 mg tissue 

were extracted for total RNA using the RNeasy Microarray Tissue Mini kit (Qiagen). 

Extracted RNA was DNase-treated and purified using the RNA Clean and Concentrator-5 

kit (Zymo Research), then assessed for RNA quality using an Agilent 2100 Bioanalyzer 

and the RNA 6000 Nano Kit (Agilent Technologies). 

cDNA Library Preparation and Sequencing Methods 

Total RNA from 45 samples was used to prepare cDNA libraries using the 

Illumina® TruSeq Stranded Total RNA with Ribo-Zero Gold Preparation kit (Illumina 

Inc.) and the SciClone NGS Work Station (Perkin Elmer). RIN values for the RNA 

samples ranged from 7.1 to 9.3. Briefly, 750 ng of total RNA was rRNA depleted 

followed by enzymatic fragmentation, reverse-transcription and double-stranded cDNA 

purification using AMPure XP magnetic beads. The cDNA was end repaired, 3′ 

adenylated, with Illumina sequencing adaptors ligated onto the fragment ends, and the 

stranded libraries were pre-amplified with PCR.  The library size distribution was 

validated and quality inspected on a Bioanalyzer DNA 1000 chip (Agilent Technologies, 
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USA). The quantity of each cDNA library was measured using the Qubit 3.0 (Thermo 

Fisher, USA). Three library pools were formed, each containing 15 libraries. Library 

pools were sequenced to a target read depth of 28M reads per library using single-end 76 

cycle sequencing with the High Output 75-cycle kit (Illumina Inc.) on the Illumina 

NextSeq 500. 

Data Analysis 

Raw read quality was assessed by FASTQC analysis (Babraham Bioinformatics). 

Uniquely mapped reads ranged from 21M-36M reads per sample. Reads with >Q20 

quality score were aligned to the Ensembl Macaca mulatta genome build Mmul_1 using 

the STAR aligner (41) and gene counts determined by featureCounts software (42). 

Differentially expressed genes (DEGs) were assessed by DESeq2 (43). Significant DEGs 

were conservatively defined as log2fold change ratios ≥ ±1 and p < 0.05 after adjustment 

for false discovery (Benjamini-Hochberg). Genes identities were preliminarily mapped in 

Ingenuity Pathway Analysis (IPA)(44) using Ensembl identification numbers for the 

Rhesus macaque and assigned the corresponding HGNC identifier. Genes which did not 

map in IPA were identified by secondary screening in PANTHER (45, 46) and UniProt 

(47), then backmapped to the encoding gene by the corresponding HGNC identifier. 

Ensembl ID which did not correspond to an identified gene were recorded, and excluded 

from pathway analysis.  

DEGs were analyzed for significant enrichment of biological pathways and 

signaling networks using IPA. Gene ontologies were evaluated using the GO Enrichment 

Analysis tool powered by PANTHER (45, 46) using a Fisher’s Exact test with False 
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Discovery Rate (FDR) correction for multiple comparisons. Biological process and 

molecular function analyses were hierarchically clustered and the most specific subclass 

is reported. Hierarchies were sorted by fold-enrichment value, and the 10 greatest fold-

enriched hierarchies are reported. FDR corrected p values < 0.05 were considered 

significant. 
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RESULTS 

Demographics 

 Control comparators were younger than fWBI ( mean difference: 4.18 years; p < 

0.002 ) and TBI groups ( mean difference: 6.06 years; p < 0.0001 ) (Figure 1A). The ages 

of animals receiving fWBI and TBI were comparable ( p = 0.18 ). There was no 

difference in animal weight between groups (Figure 1B), the TBI animals weighing > 15 

kg were diagnosed with T2DM (Figure 1B, white triangles). Differences in radiation dose 

(Figure 1C) and survival interval between groups (Figure 1D) were due to differences in 

experimental design.  

Figure 1, Table I: Subject Demographics  

 

Group Age (years) Weight (kg) Dose to Brain (Gy) Survival Interval (years) 

Control 5.5 ± 0.7 6.66 ± 1.24 0.1 0.7 

TBI 11.5 ± 1 11.84 ± 5.47 7.19 ± 0.53 7.8 ± 1.1 

fWBI 9.7 ± 2.2 8.6 ± 0.80 40 1.2 ± 0.1 

Mean ± standard deviation, ∆:Animal with type 2 diabetes 
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 Clinical Findings 

Causes of death and comorbid conditions are summarized in Table 2. 

Neurologically, all animals (n=15) were normal. Four out of five (4/5) TBI animals 

developed neoplasia during the study period. Three out of four (3/4) tumors were of 

Table II: Subject Causes of Death and Comorbid Illness 

Group Animal ID Cause of Death/Comorbid Illness 

Control C1 Experimental euthanasia 

C2 Experimental euthanasia 

C3 Experimental euthanasia 

C4 Experimental euthanasia 

C5 Experimental euthanasia 

fWBI F1 Experimental euthanasia 

F2 Experimental euthanasia 

F3 Experimental euthanasia 

F4 Experimental euthanasia 

F5 Experimental euthanasia 

TBI T1 Clinical euthanasia 

Pulmonary bullous emphysema; with rupture and pneumothorax 

Neoplasia, hemangiosarcoma, pulmonary 

T2 Clinical euthanasia 

Fatal fasting syndrome of obese macaques 

T2DM 

T3 Clinical euthanasia 

Pulmonary bullous emphysema; with rupture and pneumothorax 

Neoplasia, seminal vesicle, poorly-differentiated neuroendocrine 

tumor 

 

T4 Clinical euthanasia 

Neoplasia, renal tubular carcinoma with polycythemia 

Neoplasia, subcutis, chrondrolipoma 

Neoplasia, subcutis, poorly-differentiated neuroendocrine tumor 

T5 Clinical euthanasia 

T2DM 

Bacterial pneumonia 

Chronic renal disease 

Hypertension 

Neoplasia, neuroendocrine tumor, heart base 
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neuroendocrine origin, and the remaining neoplasm was a hemangiosarcoma (n=1); there 

was no evidence of intracranial metastasis for any animal. Pulmonary bullous 

emphysema, with bulla rupture and resultant pneumothorax necessitated the euthanasia of 

two out of five (2/5) TBI animals. Two out of five (2/5) TBI animals developed T2DM, 4 

years post-irradiation.  

As control comparators had received high dose thoracic irradiation as part of a 

previous study, clinical data regarding respiratory and cardiac function were reviewed 

prior to selection as control comparators. Respiratory rate, heart rate, and pulse oximetry 

were within normal limits until euthanasia.  

Histopathology 

All animals receiving fWBI (5/5) developed multifocal white matter necrosis and 

cerebrovascular injury (Table III).  

There were no significant lesions within control comparators. There was no 

evidence of white matter necrosis in animals receiving TBI. In Animal T002, perivascular 

spaces surrounding penetrating arterioles in the rostral frontal cortex contained multifocal 

aggregates of hemosiderin. A few arterioles within the caudal caudate nucleus were 

surrounded by homogeneous eosinophilic ECM.  

 Animal T004 was humanely euthanized due to multiple neoplasia (Table 2), 8 

years post-irradiation. Histopathologic evaluation revealed a focal vascular malformation 

consistent with a cavernous hemangioma within the subcortical white matter of the right 

inferior occipital lobe (Appendix C, Figure 3).  
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Table III: Histopathologic grading of RIBI in animals receiving fWBI 

 
WHITE MATTER NECROSIS 

 

F1 F2 F3 F4 F5 

Forebrain: White matter + ++++ ++ +++ +++ 

Forebrain: Cortical grey matter – +++ + + ++ 

Prefrontal cortex – – – + ++ 

Basal ganglia/striatum – +++ – – – 

Hippocampus – – – – – 

Thalamus – ++ – ++ ++ 

Midbrain – ++ – + +++ 

Cerebellum – + – ++ ++ 

Brainstem – ++ – + – 

Spinal cord – ++ na + – 

 
     

 
VASCULAR 

 

F1 F2 F3 F4 F5 

Forebrain: White matter a, c a,b,d - a, b, d b,d 

Forebrain: Cortical grey matter - a, d d a, d b 

Prefrontal cortex - - - - - 

Basal ganglia/striatum - - a - - 

Hippocampus c - - - - 

Thalamus - - - - - 

Midbrain - a, d - - b 

Cerebellum - - - - b 

Brainstem - a,d - - - 

Spinal cord - - - - - 
a
 endothelial hypertrophy 

b 
perivascular extracellular matrix deposition 

c 
perivascular edema 

d 
disorganized vascular morphology 

 

Transcriptomic Profiling 

 DEGs were stratified by region and treatment group, and quantified (Figure 2). In 

any region examined, the number of DEGs was greatest in fWBI animals. White matter 
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contained the greatest number of DEGs within treatment groups, followed by the DLPFC, 

and then HC. 133 DEGs were expressed within the white matter of both fWBI and TBI 

groups. 2 DEGs (MEIS3, SCEL) were expressed within the DLPFC of both fWBI and 

TBI groups (Figure 3).  

Figure 2: Venn-diagram of regional differences in differential gene expression by region, 

across irradiation groups.  

 

Both fWBI and TBI treatment groups are normalized to the expression values of the control group. A 

greater number of genes were differentially regulated in all regions in animals receiving fWBI, than 

comparable regions in TBI animals. White matter contained the highest number of DEGs within both 

treatment groups.  
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Figure 3: MEIS3 and SCEL are differentially expressed within the DLPFC of both fWBI 

and TBI animals. 

 

 

 

 

 

 

 

 

 

Canonical Pathway Analysis 

DEGs were imported into Ingenuity Pathway Analysis for canonical pathway 

identification; the top 10 enriched canonical pathways are reported in order of decreasing 

statistical significance, all pathways p <  0.05 (Figure 4). Shared canonical pathways 

were detected between regions and treatments (Figure 5A-B). As overall patterns 

suggested shared processes involving inflammation, ECM remodeling, and 

neurotransmission/signal transduction; for further analysis the contributing genes were 

grouped by broader function (Table IV).  

MEIS3 was down-regulated within the 

DLPFC (log2fold-change: -1.02) and 

WM (log2fold-change: -1.67) of fWBI 

animals, and the DLPFC (log2fold-

change: -1.12) of TBI animals.  

 

SCEL was up-regulated within the 

DLPFC in animals receiving fWBI 

(log2fold-change: 1.01) and animals 

receiving TBI (log2fold-change: 1.01).  

 

Bars denote mean log2fold-change, 

error bars are set to log2fold standard 

error. Dashed line indicates log2fold-

change of ±1.0.  

 

DLPFC: Dorsolateral prefrontal 

cortex, HC: Hippocampus, WM: 

Temporal white matter.  

*FDR adjusted p-value < 0.05 
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Figure 4: Top 10 Enriched Canonical Pathways in Ingenuity Pathway Analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

All comparisons are normalized to the expression values of the matching region from the control group. Pathways are listed in descending order of 

decreasing statistical significance, all FDR adjusted p-values were < 0.05. The stacked bars indicate the percentage of up-regulated (red) or down-

regulated (blue) DEGs out of a reference gene set curated by IPA.  Data are not shown for DLPFC or HC comparisons as zero (0) enriched canonical 

pathways were detected.
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 Figure 5: Overlapping canonical pathways across brain regions and irradiation groups. 

 

 

 

 

 

 

 

 

 

 

 

Patterns in canonical pathway expression were shared across regions, and across treatments. A) Shared and exclusive pathways are quantitated, and 

displayed by region and treatment. B) Boxes are color coded to the corresponding Venn-diagram sector. White indicates that the following canonical 

pathway was not within the top 10 enriched pathways for that region and treatment.

fWBI 

DLPFC

fWBI 

HC

fWBI 

WM

TBI 

WM

0 

0 

5 

6 

1 1 

1 

2 3 1 

0 0 

1 
1 0 

fW
B
I D

LPFC

fW
B
I H

C

fW
B
I W

M

TB
I W

M

Calcium signaling

Hypercytokinemia/Hyperchemokinemia

T-helper cell differentiation

ALS signaling

Complement system

Granulocyte adhesion and diapedesis

Neuroinflammation

TREM1 signaling

Glutamate receptor signaling

T1DM

Hepatic fibrosis / Hepatic stellate cell activation

Dendritic cell maturation

Atherosclerosis signaling

B cell development

CDC42 signaling

OX40 signaling pathway

Th1 pathway

Th2 pathway

Autoimmune thyroid disease signaling

Th1 and Th2 activation

Allograft rejection signaling

Antigen presentation

A B 



151 

 

 

Table IV: Functional grouping of canonical pathways 

Inflammation ECM 

Neurotransmission 

&  

Signal Transduction 

Neuroinflammation CDC42 signaling Calcium signaling 

Granulocyte adhesion and diapedesis Atherosclerosis signaling ALS signaling 

Hepatic fibrosis / hepatic stellate cell 

activation 

Hepatic fibrosis / hepatic 

stellate cell activation 

Glutamate receptor 

signaling 

Complement system 

  TREM1 signaling 

  Antigen presentation pathway 

  Th1 and Th2 activation pathway 

  Type I diabetes mellitus signaling 

  Allograft rejection signaling 

  OX40 signaling 

  Th1 pathway 

  Th2 pathway 

  B Cell development 

  Dendritic cell maturation 

  Autoimmune thyroid disease signaling 

  T-Helper cell differentiation 

  Role of hypercytokinemia / 

hyperchemokinemia in the 

pathogenesis of influenza     

 

Canonical pathway analysis indicated enrichment of inflammation and 

immunologic signaling patterns within all regions in fWBI animals and within the WM of 

TBI animals. ECM-associated pathways were enriched within fWBI animals only. 

Neurotransmission and signal transduction-associated pathways were enriched within the 

WM of fWBI and TBI animals. Comparisons with the greatest numbers of shared 

pathways were between the DLPFC and HC of fWBI animals (significantly enriched 

pathways n=6), and the WM of fWBI and TBI animals (significantly enriched pathways 

n=5), suggesting that the radiation response in RIBI is differentially regulated by region.  
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19 genes were implicated in the top 10 canonical pathways within fWBI DLPFC, 

10 in fWBI HC, and 192 in fWBI WM. 31 contributing genes were identified in the TBI 

WM, and there were no enriched canonical pathways detected within the TBI DLPFC or 

HC.  

Gene Ontology  

Genes which contributed to the top 10 canonical pathways were evaluated for 

contributing molecular functions in Gene Ontology. As there were no enriched canonical 

pathways detected within the DLPFC or HC of TBI animals, these regions were omitted 

from ontologic analysis. 

Inflammation-associated canonical pathways were identified in all brain regions 

from fWBI animals and the WM of TBI animals. The contributing DEGs (fWBI DLPFC: 

15 DEGs, fWBI HC: 6 DEGs, fWBI WM: 172 DEGs and TBI WM: 22 DEGs) were 

evaluated for patterns in molecular function (Table V). Evidence of complement system 

activity was identified in the WM of both irradiated groups. Functions common to major 

histocompatibility complex (MHC) class II-mediated peptide antigen presentation were 

noted in the fWBI DLPFC, fWBI HC and TBI WM. Ontologic patterns suggesting pro-

inflammatory chemokine signaling were present in the WM of both irradiated groups. 

Functions consistent with modulation of neurotransmission noted in the fWBI WM 

(glutamate-gated calcium ion channel activity, NMDA glutamate receptor activity and 

calcium-dependent protein kinase C activity) illustrate the cross-talk between 

neuroinflammatory signaling pathways and neurotransmission.  
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Table V: Molecular function analysis of neuroinflammatory genes in irradiated brain. 

 

fWBI, DLPFC Fold Enrichment p value 

MHC class II receptor activity > 100.00 1.50E-04 

platelet-derived growth factor binding > 100.00 1.50E-04 

MHC class II protein complex binding > 100.00 2.66E-04 

peptide antigen binding > 100.00 5.29E-05 

integrin binding 34.91 3.63E-02 

   fWBI, Hippocampus Fold Enrichment p value 

MHC class II receptor activity > 100.00 1.26E-05 

peptide antigen binding > 100.00 1.03E-06 

MHC class II protein complex binding > 100.00 1.11E-02 

   fWBI, White Matter Fold Enrichment p value 

opsonin receptor activity 89.16 1.20E-03 

tumor necrosis factor binding 79.25 2.78E-02 

ICAM-3 receptor activity 79.25 2.75E-02 

glutamate-gated calcium ion channel activity 71.33 1.76E-03 

NMDA glutamate receptor activity 67.93 1.42E-04 

calcium-dependent protein kinase C activity 59.44 3.81E-02 

complement component C3b binding 59.44 3.78E-02 

benzodiazepine receptor activity 59.44 2.39E-03 

lipoteichoic acid binding 59.44 3.75E-02 

CCR2 chemokine receptor binding 59.44 3.72E-02 

   TBI, White Matter Fold Enrichment p value 

MHC class II receptor activity > 100.00 2.78E-02 

platelet-derived growth factor receptor binding > 100.00 4.06E-02 

CXCR chemokine receptor binding > 100.00 4.13E-02 

chemokine activity 53.68 1.06E-02 

cytokine binding 34.38 5.49E-03 

cytokine receptor activity 28.28 3.99E-02 

serine-type endopeptidase activity 16.99 7.86E-03 

peptide binding 13.13 4.87E-02 

Analyses completed in Gene Ontology enrichment analysis tool. Maximum fold-enrichment values are 

truncated at 100. The top 10 enriched ontologies are reported in order of decreasing fold-enrichment and 

statistical significance, multiplicity adjusted p < 0.05 were considered significant.  Pathways in orange are 

associated with complement; pathways in blue are associated with MHC class II peptide antigen 

presentation. 

Complement MHC Class II, peptide antigen 
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 ECM-associated canonical pathways were detected in all regions of fWBI animals 

and none from TBI animals. The contributing genes (fWBI DLPFC: 12 DEGs, fWBI HC: 

4 DEGs, fWBI WM: 43) were evaluated or patterns in molecular function (Table VI). 

Enriched ECM-pertinent molecular functions were not detected in the HC of fWBI 

animals. Platelet derived growth factor signaling was implicated in both regions, and 

functions which contribute to ECM deposition and remodeling were detected in the fWBI 

WM. Notably, PDGF signaling was partially indicated due to differential regulation of 

platelet derived growth factor receptor alpha (PDGFRA) expression (DLPFC: log2fold 

change: -1.743, p value: 8.01E-28; WM: log2fold change: -5.88, p value: 9.79E-78 ). This 

is most likely associated with oligodendrocyte progenitor depletion, however  

Table VI: Molecular function analysis of extracellular matrix and remodeling-associated 

genes in fWBI brain.  

fWBI, DLPFC Fold Enrichment p value 

platelet-derived growth factor binding > 100.00 2.96E-04 

   fWBI, White Matter Fold Enrichment p value 

tumor necrosis factor binding > 100.00 5.93E-03 

platelet-derived growth factor binding > 100.00 6.18E-06 

interleukin-1 receptor activity > 100.00 1.80E-02 

tumor necrosis factor-activated receptor activity 99.63 1.50E-06 

platelet-derived growth factor receptor binding 95.65 1.16E-03 

phosphatidylinositol-4,5-bisphosphate 3-kinase activity 43.48 2.51E-06 

extracellular matrix structural constituent 42.92 5.27E-07 

integrin binding 29.62 1.85E-06 

protease binding 24.98 3.89E-06 

collagen binding 22.77 3.80E-02 

Analyses completed in Gene Ontology enrichment analysis tool. Maximum fold-enrichment values are 

truncated at 100. The top 10 enriched ontologies are reported in order of decreasing fold-enrichment and 

statistical significance, multiplicity adjusted p < 0.05 were considered significant.  Pathways in orange are 

associated with extracellular matrix remodeling; pathways in blue are associated with platelet derived 

growth factor signaling.  

ECM remodeling PDGF 
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expression of collagen 1 and 3 subunits  (COL3A1, COL1A1) in the DLPFC and WM, 

and epidermal growth factor (EGF), epidermal growth factor receptor (EGFR), fibroblast 

growth factor 1 (FGF1), platelet derived growth factor beta (PDGFB) and hepatocyte 

growth factor (HGF) in WM implicate a role for this pathway in ECM deposition. 

Alteration of canonical pathways involved in neurotransmission and signal 

transduction were detected within the white matter of both irradiated groups.  

Table VII: Molecular function analysis of neurotransmission and signal transduction 

associated genes in white matter. 

fWBI, White Matter Fold Enrichment p value 

neurotransmitter receptor activity involved in regulation of 

postsynaptic cytosolic calcium ion concentration 

> 100.00 2.64E-03 

glutamate-gated calcium ion channel activity > 100.00 4.11E-05 

NMDA glutamate receptor activity > 100.00 2.13E-06 

adenylate cyclase inhibiting G-protein coupled glutamate receptor 

activity 

> 100.00 4.97E-03 

glutamate binding > 100.00 2.05E-04 

extracellularly glutamate-gated ion channel activity > 100.00 7.71E-07 

high voltage-gated calcium channel activity > 100.00 2.34E-04 

glycine binding > 100.00 3.94E-04 

L-glutamate transmembrane transporter activity 88.41 2.30E-02 

calcium channel regulator activity 53.05 3.19E-03 

 

Fold Enrichment 

 

TBI, White Matter p value 

ionotropic glutamate receptor activity > 100.00 6.99E-03 

extracellularly glutamate-gated ion channel activity > 100.00 6.75E-03 

ligand-gated calcium channel activity > 100.00 1.01E-02 

actinin binding 97.87 2.87E-02 

neurotransmitter binding 80.93 4.01E-02 

Analyses completed in Gene Ontology enrichment analysis tool. Maximum fold-enrichment values are 

truncated at 100. The top 10 enriched ontologies are reported in order of decreasing fold-enrichment and 

statistical significance, multiplicity adjusted p < 0.05 were considered significant.  Pathways in orange are 

associated with calcium ion regulation; pathways in blue are associated with glutamatergic 

neurotransmission and glutamate regulation.  

Ca++ Glutamate 
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  Analysis of the contributing genes to neurotransmission and signal transduction-

associated canonical pathways (32 fWBI DEGs, 10 TBI DEGs) primarily demonstrated 

alteration in mechanisms modulating glutamatergic neurotransmission and calcium 

channel activity (Table VII). 

Supervised Analyses 

 Neuroinflammatory analyses indicated that MHC class II peptide antigen 

presentation and the complement system play a role in RIBI. As antigen presentation may 

lead to T-cell activation, and the adaptive immune system may regulate complement 

activation, T-cell activation and differentiation gene were also assessed. 

 Gene expression associated with MHC class II antigen presenting molecules 

(HLA-DPB1, HLA-DQA1, HLA-DMA) was increased within all brain regions in fWBI 

and WM in TBI (Figure 6A). HLA-DPA1 and HLA-DRB5 were also expressed within all 

brain regions in fWBI animals, and HLA-DMB within the DLPFC and WM of fWBI 

animals.  

Complement factor associated gene expression was increased within the WM of 

fWBI and TBI animals (Figure 6B). CFB and C7 were also expressed within the fWBI 

DLPFC, and C3AR within the fWBI HC. Complement regulatory proteins CD59, C4BP, 

SERPING1, and CR1 were differentially regulated in fWBI, but not in TBI.  

C4+ T-cell activation is a consequence of antigen presentation by MHC class II 

molecules on antigen presenting cells (microglia), thus pathways associated with T-cell 

differentiation were assessed (Figure 6C).  
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Figure 6: Differentially regulated neuroinflammatory genes in RIBI
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Differentially regulated gene contributors to canonically-enriched pathways of neuroinflammation: antigen 

presentation, the complement system and T-cell activation. Gene lists were curated by Ingenuity Pathway 

Analysis. Gene IDs are HGCN identifiers. Red: Up-regulation, Green: Down-regulation. White boxes 

containing ‘x’ indicate the gene was not differentially regulated within that region. All log2fold changes 

were < ±1 and multiplicity adjusted p values (Benjamini-Hochberg) < 0.05.   
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Gene expression related to T-cell activation and differentiation was most 

prominent within the WM of fWBI animals. CD3D and CD3E expression was increased 

within the WM of fWBI animals (data not shown). RAR-related orphan gamma receptor 

(RORyt), a molecule involved in chronic inflammatory signaling through Th17 cells, was 

up-regulated within the WM of fWBI and TBI animals. STAT6, involved in Th2 

differentiation, was up-regulated in the WM of fWBI animals. Co-stimulatory molecules 

essential for the activation of antigen-presenting cells (CD86), T-cell (CD86) and B-cells 

(CD40) were up-regulated within fWBI WM. These data provide preliminary evidence 

that MHC class II antigen presentation may induce T-cell activation in RIBI.  

Ontologic evaluation suggested that ECM deposition and remodeling in the white 

matter may contribute to RIBI in fWBI animals.  A comprehensive list of ECM 

contributors was compiled by literature review (47-55). Of several classes of ECM 

molecules, differential gene regulation was noted in basement membrane contributors, 

proteoglycans, fibrous proteins, glycoproteins and ECM molecules generally enriched in 

CNS, bone, cartilage and teeth (Figure 7). No changes were noted in any of the keratan 

sulfate proteoglycans, vascular-associated fibrinogen chains, vitronectin or von 

Willebrand factor, small interstitial proteoglycans (decorin, biglycan, asporin), laminins, 

agrin, aggrecan or nidogen.  

As previous analyses suggested that radiation exposure alters neurotransmission 

and signal transduction pathways in white matter, we completed a supervised review of 

DEGs in the WM of TBI and fWBI animals for contributing molecular functions. The 

oligodendrocyte precursor marker platelet derived growth factor alpha (PDGFRA) was  
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Figure 7: Differentially regulated ECM transcripts in white matter following fWBI
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Supervised analysis of differentially expressed extracellular matrix genes in WM in RIBI post-fWBI. Gene 

IDs are HGCN identifiers. Red: Up-regulation, Green: Down-regulation. All log2fold changes were < ±1 

and multiplicity adjusted p values (Benjamini-Hochberg) < 0.05.   

decreased in all regions following fWBI but not TBI (Figure 8; DLPFC  log2fold change: 

-1.74, p value: 8.01E-28; HC log2fold change: -1.75, p value: 1.80E-21; WM log2fold 

change: -5.88, p value: 9.79E-78). Glutamatergic NMDA receptor subunit GRIN2B 
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(fWBI log2fold change: -1.74, p value: 0.002; TBI log2fold change: -1.22, p value: 0.04) 

and AMPA receptor subunit GRIA3 (fWBI log2fold change: -2.52, p value: 1.50E-08; 

TBI: log2fold change: -1.24, p value: 0.02) were decreased in WM but not DLPFC or HC 

in both irradiated groups 

Figure 8: Decreases in glutamatergic neurotransmitter receptor subunits in RIBI occurs 

independently of PDGFRA expression 
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 Supervised analysis of oligodendrocyte precursor marker, platelet derived growth factor alpha (PDGFRA) 

and glutamatergic neurotransmitter receptor subunits GRIN2B and GRIA3. PDGFRA was decreased in 

DLPFC, HC and WM 12 months post-fWBI but not 6-9 years post-TBI. Glutamatergic NMDA receptor 

subunit GRIN2B and AMPA receptor subunit GRIA3 expression were decreased in white matter in both 

fWBI and TBI groups. Bar: Mean log2fold change. Error bars: log fold change standard error. Log2 fold 

changes < ±1 and multiplicity adjusted p values (Benjamini-Hochberg) < 0.05 were considered significant.  

 Additional down-regulated neurotransmission-associated genes detected in WM 

of both irradiated groups were bassoon presynaptic cytomatrix protein (BSN), calcium 

voltage-gate channel subunit alpha 1 G (CACNA1G), CACNA1I, calcium voltage-gated 

channel auxillary subunit beta 1 (CACNB1), calcium/calmodulin-dependent protein 

kinase 2 beta (CAMK2B), potassium voltage-gated channel subfamily B member 1 

(KCNB1), potassium two pore domain channel subfamily K member (KCNK5), 

potassium calcium-activated channel subfamily M alpha 1 (KCNMA1), potassium 

sodium-activated channel subfamily T member 1 (KCNT1), synaptotagamin 2 (SYT2), 
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SYT5 and SYT6. CACNA1D, KCNK12, synaptic Ras-GTPase activating protein 1 

(SYNGAP1), sodium voltage-gated channel beta subunit 2 (SCN2B) were differentially 

regulated in TBI WM. The gene encoding glutamate transporter excitatory amino acid 

transporter 2 (EAAT2; gene: SLC1A2) was down-regulated in the WM of fWBI animals.  

DISCUSSION 

 Herein, we have characterized the transcriptomic signature of radiation-induced 

brain injury in the Rhesus macaque and demonstrate that fWBI and TBI manifest shared 

patterns of injury months and years post-irradiation, respectively. Our analyses reaffirm 

that RIBI is associated with microglial/macrophage mediated-neuroinflammation, and 

present novel evidence that the complement system may contribute to injury. We also 

demonstrate that ECM deposition and remodeling appear to play a role in RIBI following 

fWBI but not TBI, and characterize radiation-induced changes in the matrixome. 

Furthermore, we also present data which challenge the existing hypothesis that radiation-

induced brain injury is primarily due to perturbation of hippocampal function and 

structure.  

In the present study, regional stratification of DEGs demonstrates a relative 

paucity of gene expression changes within the hippocampus as compared to white matter 

(55 HC DEGs vs. 1815 WM DEGs in fWBI, 2 HC DEGs vs. 172 WM DEGs in TBI). 

These findings are consistent with our previous gene expression analyses (35). Given the 

integral role of the hippocampus in memory and cognition, and numerous preceding 

studies which demonstrate radiation-induced effects on hippocampal structure and 

function (32, 57-76), hippocampal gene expression patterns data were carefully reviewed 
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for the involvement of neurotransmission, signal transduction and stem cell signaling 

pathways. The involved signaling pathways were consistent with inflammatory processes 

and we did not detect alteration in neurogenic or synapse markers. These data refute the 

claim that radiation-induced changes in neurotransmission are solely due to altered 

hippocampal function. Our data are transcriptional and structural and proteomic studies 

are needed to confirm this hypothesis, however these data suggest that hippocampal-

mediated dysfunction may contribute less to RIBI in primate than in rodents. These data 

also suggest that hippocampal-sparing irradiation strategies may prove insufficient to 

prevent radiation-induced cognitive dysfunction in patients receiving fWBI. 

Hippocampal protection is not feasible in malicious or accidental exposure scenarios. 

Thus, there is a need to develop mitigation strategies of radiation-induced brain injury, 

which do not rely solely on hippocampal protection.  

The present study also provides evidence that the brain is vulnerable to injury 

from single doses of total body irradiation (6.05-8.5 Gy), which are much lower than the 

previously assumed threshold for CNS injury (7). This suggests that even patients that do 

not develop the acute radiation CNS syndrome (77) following an accidental or malicious 

exposure may still be at risk of developing more subtle neurologic injury. The functional 

ramifications of this injury are currently unknown, but preliminary cognitive test in this 

same cohort of animals suggests that animals receiving high dose TBI may demonstrate 

less cognitive flexibility (78). Thus, ARS survivors may benefit from more aggressive 

surveillance and monitoring of cognitive function.  

 Contrary to our initial assumption, modulation of ECM deposition and 

remodeling-associated pathways were noted in fWBI WM but not in TBI WM. This 
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suggests an inherent difference in the radiation response to fractionated vs single dose 

irradiation. In an effort to further understanding of radiation-induced alterations in the 

matrixome, we have provided an unbiased assessment of all differentially regulated ECM 

contributors to fWBI WM (Figure 7). Notably, fWBI is associated with cognitive 

impairment and in some patients, dementia, progressive neurodegeneration and 

neurological impairment; while the animals in our study receiving TBI are neurologically 

normal. Thus, we postulate that the deposition and remodeling of ECM may play a role in 

the enhanced pathogenicity of RIBI following fWBI. These data are preliminary and 

additional study is warranted.  

As the rhesus gene identifiers were transcribed to human identifiers for analysis, 

the MHC class II molecules referred to herein as HLA-transcripts should be referred to as 

MAMU-transcripts. Our data reaffirm that irradiation induces microglial activation (75, 

79-84), a process which leads to up-regulation MHC class II antigen presentation 

molecules (85-88). These molecules are responsible for the presentation of 

extracellularly-derived peptide antigens derived from the phagocytosis and processing of 

cellular debris.  The ultimate purpose of this process is to present antigens to helper T-

cells, which results in their activation (89).  In the absence of exogenous sources of 

foreign antigens, we presume that MHC class II molecules must be presenting 

endogenously derived antigens which we hypothesize are acquired from the phagocytosis 

of necrotic debris (exposed intracellular antigens) or proteins altered by radiation (90). 

Therefore, we propose the novel hypothesis that sustained microglial activation following 

irradiation may induce auto-sensitization and self-reactivity leading to long-term 

perpetuation of injury. 
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Furthermore, antibody-mediated immunity, as results from auto-sensitization, 

may induce complement activation via the classical pathway (C1 complex-associated). 

As our data demonstrate increased expression of C1 complement factors, we hypothesize 

that a portion of complement activation in RIBI be due to auto-antibody production. 

While complement is known to mediate radiation-induced cell-killing (91-93), we are the 

first to demonstrate that complement activation may play a role in the pathogenesis of 

RIBI.  

Complement activation may also to synaptic degeneration and loss. Complement-

mediated synaptic pruning is responsible for the development of efficient neuronal 

circuitry during development (94). In adults, complement may play a role in the synaptic 

loss associated with neurodegenerative diseases.  In transgenic mouse models of 

Alzheimer’s disease, complement factor C1q is required for the induction of amyloid-

beta oligomer-mediated synaptic loss (95, 96). C3 knockout mice are protected against 

age-related synaptic loss and cognitive decline (97) and demonstrate enhanced spatial 

learning (98).  These findings suggest that neuroinflammation may modulate impairment 

in neurotransmission and signal transduction in RIBI.   

Canonical pathway and ontologic analysis demonstrated differential expression of 

glutamatergic neurotransmission and signal transduction-associated mRNAs in the WM 

of fWBI and TBI animals.  This finding was unexpected, as alteration of 

neurotransmitter-associated, stem cell, or signal transduction-associated transcripts was 

noticed in the hippocampus of fWBI or TBI animals, as mentioned previously.  
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Within the white matter, both glia and axons possess the cellular machinery 

required for synaptic vesicular neurotransmission, including NMDA, AMPA and kainate 

receptors, and glutamate transporters. Unmyelinated axons communicate with adjacent 

NG2+ oligodendroglial progenitor cells via action potential-induced vesicular glutamate 

release, which may facilitate myelination (99-102). We propose the novel hypothesis that 

the reductions in neurotransmission-associated transcripts within white matter are due to 

radiation-induced loss or dysfunction of these deep white matter synapses. Radiation-

induced oligodendrocyte progenitor suppression (103-106) or ischemic injury (99-102) 

may both contribute to loss of PDGFRA+ oligodendroglial precursors, thus reducing the 

number of deep white matter synapses. However, in TBI animals we observed reduction 

in glutamatergic neurotransmitter receptors (GRIN2B and GRIA3) in the face of normal 

levels of PDGFRA, suggesting that deep white matter synaptic impairment may occur 

independently of oligodendrocyte progenitor cell loss.  

Additionally, the scavenging of extracellular glutamate by astrocytes and 

oligodendrocytes via glutamate transporters is essential to maintaining normal glutamate 

homeostasis (107). Impaired scavenging may contribute to glutamate excess, which may 

thus result in excitotoxic injury to oligodendrocytes via glutamatergic receptor binding 

induced calcium influx (108-110). Indeed, inhibition of glutamate scavenging by 

administration of dihydrokainate results in oligodendroglial loss, massive demyelination 

and severe axonal damage in optic nerves of rats (111). As our data demonstrate 

decreased expression of the encoding gene for EAAT2, SLC1A2, in the WM of fWBI 

animals, it is possible that excitotoxic injury may contribute to cognitive dysfunction in 

RIBI by contributing to demyelination and white matter injury. Sustained 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3130160/#b73
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3130160/#b4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3130160/#b23
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neuroinflammation may exacerbate these effects, as the pro-inflammatory cytokine TNF-

a reduces glutamate transporter expression in oligodendrocytes (112), and enhances 

glutamate synthesis in microglia (113). The significance of differential regulation of 

MEIS3 and SCEL in the DLPFC of fWBI and TBI animals is unclear. MEIS3 encodes a 

homeobox protein presumed to play a role in transcriptional regulation (114, 115). SCEL 

is a component of the cornified envelope of keratinocytes (116-120). 

While we acknowledge that differing diet, age and comorbidities between groups 

may have affected cerebral gene expression, we nonetheless report the first cerebral 

transcriptomic data from NHP years following single high dose TBI. In the event of a 

large scale nuclear accident or malicious exposure, anatomic sites of radiation exposure 

and extent of shielding within the exposed population will be heterogeneous, often with 

multiple organ systems affected as demonstrated by studies of the Hiroshima and 

Chernobyl survivors, and the NHP RSC (4, 8). Therefore, radiation-associated 

comorbidities are anticipated in survivor populations, and related alterations in cerebral 

gene expression are relevant to consider for long-term radiation survivors.  

The Typical American Diet (TAD) is pro-inflammatory, atherogenic and 

obesogenic and models the dietary contributions to chronic disease present in western 

populations. As control comparators were also maintained on TAD, comparisons between 

groups are considered valid and may underestimate the magnitude of change in animals 

receiving maintained on typical monkey chow.  

Despite statistical differences in age, all groups of animals were within similar life 

stages (young adult, post-pubertal), and biologically comparable. As previous studies 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3130160/#b70
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3130160/#b96


167 

 

have demonstrated age and development-associated changes in hippocampal gene 

expression in rodents (121-123) and rhesus macaques (124) the agreement in 

hippocampal gene expression between TBI and control animals (0 DEGs, mean age 

difference 6.01 years) supports that these animals were in similar life stages. 

In summary, we are the first to report whole transcriptomic profiling from a non-

human primate model of RIBI following fWBI, and to assess transcriptomic alterations in 

non-human primate survivors of single high dose total body irradiation (6.75-8.05 Gy). 

We present novel evidence that these animals manifest evidence of CNS injury years 

post-irradiation, with similarities to the more characterized RIBI following fWBI. These 

analyses reaffirm the involvement of macrophage/microglial-mediated 

neuroinflammation in RIBI, and suggest that long-term impairment in glutamatergic 

neurotransmission and neuronal signal transduction may mediate RIBI following fWBI 

and TBI. Furthermore, due to unbiased survey of the entire transcriptome, these data 

provide insight into the pathogenesis of RIBI, and we have identified novel signaling 

pathways, including involvement of complement and the acquired-immune system which 

may contribute to injury months and years post-irradiation. Finally, these data challenge 

the assumption that alterations in hippocampal structure and function are primarily 

responsible for cognitive impairment in RIBI, and provide evidence that alterations in 

neurotransmission pathways may be more prominently affected in white matter.  
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DISCUSSION 

Summary 

 In summary, we have further characterized the molecular manifestations of RIBI 

in a non-human primate model, the Rhesus macaque, and reaffirm data acquired from 

rodent studies that macrophage/microglial-mediated neuroinflammation may contribute 

to the pathogenesis of RIBI (1-7). We have also identified preliminary evidence of 

potential novel mechanisms of RIBI including complement-mediated injury and self-

reactivity, deep-white matter synaptic dysfunction, and Rho\ROCK-mediated 

perivascular fibronectin accumulation. Additional study is warranted to assess the 

contribution of these pathways to RIBI. Finally, we reaffirm that the Rhesus macaque is a 

reasonable model in which to study the pathogenesis of RIBI as it recapitulates the 

histopathologic (8-12) and functional features (13) of RIBI.  

Proposed Mechanism 

 From these findings, we propose a novel mechanism of radiation-induced brain 

injury which accounts for the perpetuation of injury months post-irradiation. Others have 

shown that exposure to ionizing radiation results in immediate activation of RhoA/ROCK 

signaling (14-17) in endothelial cells, cytoskeletal contraction and stress fiber formation 

(14, 18, 19). This abrupt endothelial cell contracture leads to mechanical rupture of inter-

endothelial cell junctions (14, 18-20). Resultant disruption of blood-brain-barrier 

integrity permits the extravasation of plasma containing fibronectin into the perivascular 

space and adjacent parenchyma (21). Fibronectin binding to cell surface α5β1 integrins 

sustains endothelial cell contraction (22-24), and a combination of stress fiber formation 
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and reduction in cell surface area facilitates integrin clustering. This clustering brings 

multiple fibronectin dimers into proximity and promotes fibronectin-fibronectin 

interactions, self-association, fibril elongation and matrix assembly. 

Figure 1: Proposed novel mechanisms of radiation-induced brain injury 

 

Perivascular fibronectin matrix accumulation increases the diffusion distance, and 

the resulting diffusion barrier results in ischemia and subsequent necrosis. White matter 

is susceptible to this injury (25) due to its neurovascular architecture (lesser 

microvascular investiture, fewer anastomoses and relative lack of penetrating arterioles 

compared to grey matter)(Chapter 1, Table I; (26). Ischemic tissues are then bound by 

self-reactive IgM molecules, which leads to classical complement activation and fixation, 
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and further necrosis (27-29). Although a single IgM molecule is capable of activating 

complement efficiently, several IgG molecules may also activate complement (30) which 

suggests the capacity for a component of self-reactivity in RIBI.  

 Irradiation also induces microglial activation (1-7), which leads to up-regulation 

MHC class II antigen presentation molecules (31-34). Microglial phagocytosis of 

necrotic cellular debris leads to the processing of exposed intracellular antigens or 

proteins altered by radiation (35). These microglia may then present processed antigens 

to T-cells, leading to effector T-cell induction (36).  Stimulated effector T-cells may then 

activate B-cells which lead to the production of auto-antibodies in RIBI, thus leading to 

sustained complement activation and long-term perpetuation of injury.  

 Finally, due to radiation-induced oligodendrocyte progenitor suppression (37-40) 

or ischemic injury (41, 42), radiation results in persistent loss or reduced function of deep 

white matter synapses. These unique structures are pathways of communication between 

oligodendrocyte precursors and unmyelinated axons, characterized by vesicular 

glutamatergic neurotransmission (41-44), may play an integral role in coordinating 

myelination.  Furthermore, persistent neuroinflammation may potentiate further 

cerebrovascular and white matter injury as microglial activation and impaired astrocytic 

glutamate uptake result in an excess of extracellular glutamate, leading to excitotoxic 

cellular injury (45-49). Ultimately, disruption of white matter tract integrity, whether by 

ischemic injury, immune-modulated mechanisms, or impaired excitatory 

neurotransmission, may negatively impact cognition via slowed impulse transmission due 

to demyelination and axonal damage (50, 51). Others have demonstrated that white 

matter injury results in decreased coherence in patterns detectable by 



190 

 

electroencephalography (EEG), and is associated with cognitive impairment (52, 53). 

Several neurologic disorders characterized by prominent white matter injury also result in 

cognitive impairment, including toluene leukoencephalopathy, Binswanger’s disease, 

chronic traumatic encephalopathy, multiple sclerosis and metachromic leukodystrophy 

(51, 54, 55). This suggests that white matter injury, as occurs in RIBI, may be sufficient 

to negatively impact cognitive function.  

Thus, we present a novel mechanism of RIBI which accounts for multiple interactions 

between glial, neural and vascular contributors, and provides direction for further 

research.  

IMPACT  

Previous research has emphasized the importance of alterations in hippocampal 

structure and function in RIBI. The regional gene expression data presented in chapters 2 

and 4 challenge the hypothesis that the hippocampus is the primary site of injury in RIBI. 

While we acknowledge that the absence of transcriptional alteration does not preclude 

structural or functional change in neurons or neurogenic precursors, our data suggest that 

the assumption that radiation-induced impairment in neurotransmission is restricted to the 

hippocampus is erroneous. Therefore we presume that hippocampal-sparing irradiation 

techniques will be insufficient to result in full neuroprotection. Thus there is a need to 

identify additional therapies and mitigation strategies.  

As mentioned briefly, our work in Chapters 2 and 4 unexpectedly demonstrates 

that reductions in neurotransmission and signal transduction-associated transcripts occur 

most prominently within white matter. We propose the novel hypothesis that this is due 
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to radiation-induced loss or dysfunction in deep-white matter synapses, structures 

essential for communication between oligodendrocyte precursors and unmyelinated 

axons (41, 42). This represents a new research direction into the pathogenesis of RIBI 

and may further elucidate the role of oligodendrocyte progenitors in radiation-induced 

brain injury.  Although it is premature to suggest modulation of deep white matter 

synaptic transmission is a viable therapy for RIBI, it is a new area of study to identify 

therapeutic targets. Furthermore, identification of the role of deep-white matter synapses 

in impaired neurotransmission and the development of assays to detect changes in deep 

white matter synapses may translate to other models of neurodegenerative disease. 

Another impact of this work is our identification of another potential mechanism 

of RIBI: complement activation and self-reactivity. Although others have previously 

demonstrated the contribution of macrophage/microglial-mediated neuroinflammation to 

radiation-induced brain injury, the precise mechanism by which microglial potentiate 

RIBI is unclear. In the absence of neoplasia and exogenous sources of foreign antigens 

(infection) recruitment of the complement system suggests self-reactivity. This 

mechanism, outlined briefly in the previous section, suggests a novel role for 

microglia/macrophages in RIBI as antigen-presenting cells which drive autosensitization. 

The suggestion that inhibition of antigen presentation or complement antagonism are 

viable treatments for RIBI is premature; however assessment of the role of these 

pathways and related self-reactivity is a promising new direction for future research.   

Potential Radioprotectants, Mitigators and Treatments of Radiation-Induced Brain 

Injury 



192 

 

Based on the pathways indicated by our molecular analyses, we propose that the 

following compounds are promising potential interventions for RIBI. Evaluation of these 

compounds in translation models of RIBI will provide mechanistic insight into the 

pathogenesis, and potentially, develop novel therapies for the treatment of RIBI. Efficacy 

and safety testing of these compounds in translational models will be essential prior to 

assessment in human patients.  

 Fasudil hydrochloride is a potent, selective RhoA/Rho-kinase (ROCK) inhibitor 

approved for the treatment of cerebral vasospasm and ischemic stroke in China and 

Japan. It has also been used in rodent studies to improve memory and learning in aged 

rats (56), reduce infarct area following middle cerebral artery occlusion (57), and provide 

neuroprotection in models of Alzheimer’s (58), amyotrophic lateral sclerosis (ALS) (59), 

and Parkinson’s disease (60). Similar compounds protect hippocampal neurons from 

excitotoxicity-induced death (61).  

Supervised analysis of our transcriptomic data from Chapter 4 indicates several 

regulators of Rho activity (62) are differentially regulated following fWBI (Table I). 

Alterations in the gene expression of Rho-assosciated coiled-coil-containing protein 

kinases (ROCK1 and ROCK2) and the majority of Rho-family small GTPases were not 

detected by differential gene expression analysis. However, as these molecules are 

regulated by phosphorylation and protein level interactions (63-65), differential 

expression at the transcript level is presumed unlikely. Proteomic analysis is necessary to 

confirm phosphorylation of Rho, and will be the focus of future study. Interestingly, Rho 

family GTPase 1 (Rnd1), a protein which decreases stress fiber formation and focal 

adhesions, was down-regulated (log2fold change: -1.567, p value: 0.01). Up-regulation of 
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Rac2 (log2fold change: 3.216, p = 8.45 E-13) another Rho-GTPase, may be related to 

phagocytosis and reactive oxygen species (66) production in RIBI.  

Figure 2: Differentially Expressed Regulators of Rho-family Small GTPases in fWBI 

White Matter 

 

 

 

 

Supervised analysis revealed differential 

expression of several Rho-family small 

GTPase regulators in white matter 

following fWBI. Functions are as 

follows: Rho GTPase Activating Proteins 

(ARHGAPs): Dephosphorylation 

(inhibition) of Rho; Rho Guanine 

Nucleotide Exchange Factors 

(ARHGEFs): Phosporylation (activation) 

of Rho; Rho Dissosication Inhibitors 

(ARHGDIs): Sequestration (inhibition of 

Rho). Data were stratified by function, 

and sorted from highest to lowest 

log2fold changes. Log2Fold Changes > 

±2 and p < 0.05 were considered 

significant. 

 

 

Due to variation in directionality of log2fold changes, directionality of effect on 

Rho-family activation cannot be inferred; however these data suggest a role for 

modulation of Rho signaling pathways in RIBI. Others have demonstrated radiation-

induced Rho-GTPase activation (14), decreased levels of the RhoA inhibitor p-Rho GDI 

(15), and differential gene expression of several Rho family small GTPases in human 
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tissues with radiation induced intestinal fibrosis (67). Thus Rho\ROCK inhibition appears 

to be a reasonable therapeutic target in RIBI.  

One potential limitation to assessing Fasudil as a treatment in RIBI is route of 

administration. The recommended dosage for the treatment of cerebral vasospasm and 

ischemic stroke in humans is 30 mg delivered via intravenous infusion over 30 minutes 2-

3 times daily. However, once daily subcutaneous injection in aged rats (56) was effective 

in improving learning and working memory, and oral administration in drinking water in 

mice attains therapeutic levels and was well tolerated when administered long-term (4-5 

weeks) (59, 68). These data suggest that alternative routes of administration may still be 

effective. The potential for long-term, oral administration increases the likelihood that 

Fasudil could be incorporated as a treatment option in RIBI. We hypothesize that Fasudil 

will be most effective as a radioprotectant by counteracting radiation-induced endothelial 

cell contracture (14, 16, 17, 69), however it may also be effective as a mitigator or 

treatment. We hypothesize that at later time periods, Fasudil may improve cognition by 

preventing or reversing perivascular fibrosis by inhibiting RhoA/ROCK dependent 

endothelial-fibronectin interactions (70). 

Tiplasinin is a first-generation, orally active, plasminogen-activator inhibitor 

(PAI-1) antagonist. PAI-1 is a pro-thrombotic, pro-inflammatory and pro-fibrotic 

compound which contributes to a variety of fibrotic conditions in the lung (71-74), 

gastrointestinal tract (75), vasculature (76, 77), and kidney (78-81). We and others have 

demonstrated that irradiation induces increased expression of PAI-1 and its encoding 

gene, SERPINE1 (75, 79, 80, 82-85). Increased expression of PAI-1 is also associated 

with poor prognosis, increased metastasis, and radioresistance in cancer (86-90), thus 
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inhibition of PAI-1 may be beneficial in the treatment of both cancer and RIBI. 

Tiplasinin reduces airway fibrosis in a mouse model of asthma (71) and aortic modeling 

in a rat model of hypertension (77). We hypothesize that it will be effective in reducing 

perivascular extracellular matrix deposition in RIBI by reducing fibronectin matrix 

assembly (91). 

As genetic PAI-1 deficiency in humans is associated with mild to moderate 

hemorrhagic diathesis (92), careful dose titration will be required with the goal of 

reducing PAI-1 excess without completely eradicating PAI-1 activity. Although a Phase-I 

clinical trial evaluating Tiplasinin for the treatment of thrombosis in humans was halted 

due to similar concerns, safety testing in rodents showed no toxic effects at up to 2000 

mg/kg per day, 1500 times the efficacious dose (93). Dogs administered 10 mg/kg and 

rats administered up to 100 mg/kg had no abnormalities in bleeding time, activated partial 

thromboplastin time, prothrombin time or platelet aggregation (94, 95). Although 

preclinical studies seem to indicate a wide safety margin, due to increased risk of 

hemorrhage in the acute and late phases of the cerebral radiation response (96-99), 

Tiplasinin would likely be most suitable as a mitigator in RIBI. Assessment of safety in 

preclinical trials is essential. 

FUTURE DIRECTIONS 

 The majority of the work contained within this dissertation has used gene 

expression analysis for the screening of potential novel pathways and molecular effects of 

RIBI. Subsequent structural and functional assessment of the identified targets and 

related structures will be essential to confirm the contribution of these pathways to the 
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pathogenesis in RIBI. In particular, studies are warranted investigating the role of white 

matter ischemia, complement activation and deep-white matter synapses in RIBI. We 

also propose that evaluation of the effects of low dose total body irradiation will be 

beneficial for public health and risk assessment, particularly for large scale accidental or 

malicious exposure scenarios.  

 We and others have developed the working hypothesis that radiation-induced 

cerebrovascular injury, and subsequent vascular remodeling and extracellular matrix 

deposition lead to diffusion barrier formation and resultant ischemia. This assumption is 

pivotal, as different mitigation strategies are indicated for vascular protection versus other 

mechanisms of injury. Despite its importance, the assumption that cerebrovascular injury 

and hypoxia precede the formation of white matter necrosis has not been definitively 

proven. Prospective studies interrogating the temporal and spatial relationship between 

hypoxia and necrosis in RIBI would be indispensable in evaluating mechanisms of RIBI. 

2,3,5-Triphenyltetrazolium chloride (TTC) or pimonidazole hydrochloride assays permit 

post-mortem evaluation of tissue ischemia and hypoxia respectively, however are limited 

to a single time point and require sacrifice of the animal.  

 Alternatively, longitudinal assessment of in vivo hypoxia markers such as the 

positron emission tomography ligand [18F]fluoromisonidazole (18F-MISO), with time 

matched susceptibility weighted imaging (SWI) magnetic resonance imaging (MRI) to 

assess necrosis and hemorrhage may provide insight into this relationship. Unfortunately, 

in vivo assessment of such markers and the cerebral vasculature are limited by various 

technological constraints including the resolution of the imager, relative scarcity of 

extremely high resolution imagers, and the size of the animal that a given imager can 
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accommodate. Computer tomography angiography would provide structural assessment 

of the vasculature, however would not provide sufficient resolution to assess 

microvascular injury and structural perturbation. As the initial injury likely occurs at the 

microvascular level, readily accessible imaging technologies may not be capable of 

dissecting the intricate temporospatial relationship between vascular injury, ischemia and 

necrosis.  

Our transcriptomic analyses demonstrate that increased gene expression of 

complement factors is associated with previous cerebral irradiation. The functional 

consequences of this up-regulation are unknown. The majority of complement factors in 

the body are produced by the liver and circulate in plasma as inactive precursors. Our 

detection of transcripts suggests a component of local cerebral complement production. A 

number of studies investigating the role of complement in RIBI need to be performed.  

Although the up-regulation of complement factors in Chapter 4 suggests that 

complement activation may contribute to RIBI, complement factors are inactive until 

proteolytically cleaved. Thus, determination of whether complement activation and 

fixation occur in brain tissue in RIBI is essential and logical next steps. 

Immunohistochemical characterization complement proteins and activation products will 

provide assessment of sub-pathway involvement [classical (antibody-mediated), 

alternative or lectin], activation status, and identification of fixation targets (100, 101).  

C4d immunohistochemistry is used as a marker of allograft rejection in humans (102-

104), as C4d covalently binds to the fixation target, thus persisting in tissue longer than 

other complement markers. Interestingly, Chernobyl liquidators diagnosed with post-

radiation encephalopathy (105) produced autoantibodies against neuron specific enolase 
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(NSE), further supporting our hypothesis that self-reactivity may play a role in the 

pathogenesis of RIBI.  

If complement activation is determined to occur in RIBI, identification of the 

inciting antigens is essential. This will identify which cell types and structures to protect 

against self-reactive injury. Early intervention will be necessary to prevent epitope-

spreading. This phenomenon occurs in many autoimmune diseases, in which persistent 

tissue destruction and immune activation against a single dominant target antigen results 

in furthered antigen presentation and sensitization against secondary targets (106, 107). 

Should shared dominant antigens be recognized across the majority of patients with RIBI, 

design of antigen-specific treatments and implementation early in the course of disease 

may more effectively mitigate injury.  

However, given the complex role of the immune system in cancer, careful 

consideration should be given to immunomodulatory therapies in tumor-bearing patients 

as to avoid impairment of the anti-tumoral response. Assessment of complement 

inhibiting and antigen-presentation inhibiting drugs in tumor-bearing translational models 

will be of particular importance.  

Complement activation may also contribute to RIBI by mediating synaptic 

degeneration and loss. During development, complement-mediated synaptic elimination 

is required to refine projection pathways and form efficient neuronal circuitry (108). In 

adults, complement may mediate synaptic loss and cognitive dysfunction, as C3 knockout 

mice demonstrate enhanced spatial learning (109) and are protected against age-related 

synaptic loss and cognitive decline (110). As complement fixation may mediate synaptic 
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loss in RIBI, further characterization of this neuroimmune response is a prospective 

target for future study. 

Assessment of sex differences in the response to RIBI was not possible in these 

retrospective studies, as tissues from male animals only were available for analyses.  Data 

regarding the effect of sex in radiation response are conflicting. Although estrogen is 

radioprotective in mice (111-113), cerebral irradiation in young mice results in greater 

impairment of white matter development in females than in males (114). In humans, the 

overall lethality risk for total body irradiation in women is approximately 35% greater 

than that for men (115). Although it may seem reasonable to hypothesize that women are 

at a greater risk of developing radiation-induced brain injury, this does not appear to be 

supported by clinical data in patients with RIBI.   

Retrospective analyses indicate that sex had no effect on the incidence of cerebral 

radiation necrosis, cognitive function, clinical outcome, and self-reported anxiety and 

depression in patients treated for nasopharyngeal carcinoma with intensity modulated 

radiotherapy in which the temporal lobe was irradiated (116-118). Sex had no effect on 

the incidence of late cerebrovascular complications in survivors of childhood treatment 

for primary central nervous system cancer (119, 120). Interestingly, males treated with 

whole-brain irradiation and motexafin gadolinium had shorter survival intervals than 

female counterparts (121). However, it is important to consider that studies investigating 

sex-differences in RIBI sensitivity and progression in humans are confounded by 

differences in primary tumor origin [(<1% of breast cancer cases occur in males (122)], 

the incidence of metastatic disease [males are more likely than female to develop brain 

metastases for any given tumor type with the exception of sex-specific cancers (123,124)] 
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and concurrent treatment regimens [subsequent chemotherapy with certain agents 

increases the risk of radiation necrosis (125, 126)]. Although sex does not appear to play 

a role in the development of RIBI, the non-human primate model would provide the 

opportunity to definitively assess sex differences in the cerebral radiation response in the 

absence of concurrent neoplasia or confounding chemotherapeutic regimens.  

The Cerebral Effects of Low Single Dose Total Body Irradiation 

While we have explored the long-term consequences of single, high dose radiation 

exposure (6.75 - 8.05 Gy), the long-term ramifications of lower doses requires evaluation. 

Following a nuclear detonation, concussive forces and conflagration result in significant 

mortality near the hypocenter (127). Thus, persons near enough to receive an acute lethal 

dose of radiation ( > 4 Gy) (128) are likely to have died in the initial explosion (129), or 

succumb to combined injury (130-132). This relationship strengthens with increasing 

device size, as the conflagration radius scales more rapidly than the lethal ionizing 

radiation dose radius (133-135). For devices > 10 kilotons, the thermal injury radius 

exceeds that of the radius of lethal ionizing radiation exposure (129).  

Accordingly, evaluation of the Life Span Study cohort (LSS)(136) reveals that the 

dose distribution to survivors of the Hiroshima and Nagasaki atomic bombs is highly 

right skewed, with a mean dose of 0.2 Gy. Analyses exclude survivors who received 

doses < 0.005 Gy.  Less than 0.6% (564 / 105,427) of LSS enrollees received >2 Gy 

(137). The average absorbed doses in Chernobyl survivors are lower, with 96% of those 

exposed (evacuees, contaminated area residents) receiving 0.01 - 0.05 Sv (138). Less than 

0.005% of exposed persons received doses of 1 – 16 Sv (139). Despite receiving 
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relatively low doses of radiation, retrospective studies have demonstrated survivors 

receiving > 0.15 - 0.5 Sv may be at risk of developing cerebrovascular pathology 

including stroke and dyscirculatory encephalopathy (140-143). Chernobyl liquidators 

receiving > 0.3 Sv have demonstrated EEG abnormalities and seizure activity (144-150), 

cognitive impairment (151-153), PET, CT and MRI evidence of cerebral atrophy (154) 

and autoimmunity to NSE (105). These data suggest that single low doses of radiation ( 0 

– 2 Gy ) may have deleterious effects on the central nervous system, and additional study 

is warranted.   

Radiation-Induced Brain Injury: A Potential Model of Microvascular Dementia and 

Synaptic Dysfunction in Neurodegenerative Disease 

Approximately 50 million people world-wide currently have dementia (155), an 

abnormal decrease in memory and cognitive ability of severity sufficient to impair quality 

of life. Although increasing age is associated with increased risk, dementia is not a 

normal process of aging, but due to various neurodegenerative diseases or conditions. 

Dementia health care related costs totaled 818 billion dollars in 2015 (155), and the aging 

population is expected to nearly triple by 2050 (156). In most cases, there are no effective 

treatments to or stop disease progression. There are no current animal models which fully 

recapitulate all features of dementias (157, 158). Thus, there is a profound need to 

develop translational models of AD and other dementias to facilitate the development of 

therapies.  

60-80% of dementia cases are due to Alzheimer’s disease (AD) (159). This 

progressive and incurable neurodegenerative condition is characterized by accumulation 
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of proteins with the brain: amyloid-beta plaques in the parenchyma (160), and 

abnormally phosphorylated tau within neurons which form neurofibrillary tangles (161, 

162). The pathogenesis remains unclear, which has hampered the development of 

effective therapies.  

Others have shown that exposure to ionizing radiation increases tau-phosporylation in 

cultured neurons (163), as well as parenchymal and vascular amyloid-beta deposition 

[cerebral amyloid angiopathy (CAA)] in human patients receiving fWBI (164).  

Furthermore, synaptic loss and white matter injury both are noted in early AD and 

correlate with rapidity and extent of cognitive decline (165-173). In particular, white 

matter hyperintensities (WMH) or leukoariosis, are thought to modulate disease 

progression in AD (165, 166, 170, 173-178). These magnetic resonance findings are 

generally accepted to represent microvascular injury and secondary ischemic damage to 

white matter (173). Therefore, RIBI in non-human primates and AD in humans may 

share common features.  

Finally, complement activation and up-regulation of C1q are observed in the human 

brain in Alzheimer’s disease (AD) (179, 180). In mouse models of Alzheimer’s disease 

[amyloid precursor protein (APP) over expressing, and APP/mutant presenilin], C1q-

deficiency decreased synaptic loss despite comparable levels of amyloid-beta to C1q-

competent mice (181).  Furthermore, injection of amyloid-beta oligomers into wild type 

mice induced C1q localization at synapses, and synaptic loss was prevented when these 

mice were administered an antibody against C1q (182).  Although further 

characterization of complement-mediated synaptic loss in RIBI is required, RIBI may 
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serve as an inducible model in which it is feasible to evaluate early contributing events to 

AD including microvascular and white matter injury and neuroinflammatory contributors.  

Vascular dementia alone accounts for approximately 10% dementia cases, but 

may be comorbid in up to 50% of Alzheimer’s disease patients (183). As mentioned 

briefly, microvascular injury is associated with white matter hyperintensities (WMH) on 

MRI. A 2010 metanalysis of 46 studies in human patients revealed that risk of dementia 

is significantly associated with WMH (184).  Furthermore, WMH were significantly 

associated with incident vascular dementia with WMH (185-187). Thus, as fWBI reliably 

induces multifocal cerebral microvascular injury and associated white matter necrosis, we 

and other propose (188) that RIBI be a viable translational model of vascular dementia. 

Conclusion 

 In conclusion, we have reaffirmed that the rhesus macaque is an anatomically and 

physiologically translational model in which it is appropriate to study the effects of RIBI. 

We also have provided insight into the pathogenesis of RIBI, which is presumed 

multifactorial and likely involves interaction between vascular, glial, neuronal and 

immune system contributors. In part, the perivascular deposition of fibronectin likely 

plays a role in cerebrovascular dysfunction following fWBI. We have also identified 

novel potential contributors to RIBI which warrant additional study, including assessment 

of deep white matter synaptic impairment, and complement activation and self-reactivity 

following fWBI. We have also identified several novel prospective treatments for RIBI 

which require future preclinical assessment.  

  



204 

 

REFERENCES 

 

1. Mizumatsu S, Monje ML, Morhardt DR, Rola R, Palmer TD, Fike JR. Extreme 

sensitivity of adult neurogenesis to low doses of X-irradiation. Cancer research. 

2003;63(14):4021-7. 

2. Chiang CS, McBride WH, Withers HR. Radiation-induced astrocytic and 

microglial responses in mouse brain. Radiotherapy and oncology : journal of the 

European Society for Therapeutic Radiology and Oncology. 1993;29(1):60-8. 

3. Schnegg CI, Kooshki M, Hsu FC, Sui G, Robbins ME. PPARdelta prevents 

radiation-induced proinflammatory responses in microglia via transrepression of NF-

kappaB and inhibition of the PKCalpha/MEK1/2/ERK1/2/AP-1 pathway. Free radical 

biology & medicine. 2012;52(9):1734-43. 

4. Hwang SY, Jung JS, Kim TH, Lim SJ, Oh ES, Kim JY, et al. Ionizing radiation 

induces astrocyte gliosis through microglia activation. Neurobiology of disease. 

2006;21(3):457-67. 

5. Kyrkanides S, Moore AH, Olschowka JA, Daeschner JC, Williams JP, Hansen 

JT, et al. Cyclooxygenase-2 modulates brain inflammation-related gene expression in 

central nervous system radiation injury. Brain research Molecular brain research. 

2002;104(2):159-69. 

6. Zhou K, Bostrom M, Ek CJ, Li T, Xie C, Xu Y, et al. Radiation induces 

progenitor cell death, microglia activation, and blood-brain barrier damage in the juvenile 

rat cerebellum. Scientific reports. 2017;7:46181. 



205 

 

7. Ramanan S, Kooshki M, Zhao W, Hsu F-C, Robbins ME. PPARα ligands inhibit 

radiation-induced microglial inflammatory responses by negatively regulating NF-κB and 

AP-1 pathways. Free Radical Biology and Medicine. 2008;45(12):1695-704. 

8. Caveness WF. Pathology of radiation damage to the normal brain of the monkey. 

National Cancer Institute monograph. 1977;46:57-76. 

9. Kemper TL, O'Neill R, Caveness WF. Effects of single dose supervoltage whole 

brain radiation in Macaca mulatta. Journal of neuropathology and experimental 

neurology. 1977;36(6):916-40. 

10. Nakagaki H, Brunhart G, Kemper TL, Caveness WF. Monkey brain damage from 

radiation in the therapeutic range. Journal of neurosurgery. 1976;44(1):3-11. 

11. Wakisaka S, O'Neill RR, Kemper TL, Verrelli DM, Caveness WF. Delayed brain 

damage in adult monkeys from radiation in the therapeutic range. Radiation research. 

1979;80(2):277-91. 

12. Hanbury DB, Robbins ME, Bourland JD, Wheeler KT, Peiffer AM, Mitchell EL, 

et al. Pathology of Fractionated Whole-Brain Irradiation in Rhesus Monkeys ( Macaca 

mulatta ). Radiation research. 2015. 

13. Robbins ME, Bourland JD, Cline JM, Wheeler KT, Deadwyler SA. A model for 

assessing cognitive impairment after fractionated whole-brain irradiation in nonhuman 

primates. Radiation research. 2011;175(4):519-25. 

14. Gabrys D, Greco O, Patel G, Prise KM, Tozer GM, Kanthou C. Radiation effects 

on the cytoskeleton of endothelial cells and endothelial monolayer permeability. 

International journal of radiation oncology, biology, physics. 2007;69(5):1553-62. 



206 

 

15. Azimzadeh O, Subramanian V, Stander S, Merl-Pham J, Lowe D, Barjaktarovic 

Z, et al. Proteome analysis of irradiated endothelial cells reveals persistent alteration in 

protein degradation and the RhoGDI and NO signalling pathways. International journal 

of radiation biology. 2017;93(9):920-8. 

16. Sriharshan A, Boldt K, Sarioglu H, Barjaktarovic Z, Azimzadeh O, Hieber L, et 

al. Proteomic analysis by SILAC and 2D-DIGE reveals radiation-induced endothelial 

response: four key pathways. J Proteomics. 2012;75(8):2319-30. 

17. Pluder F, Barjaktarovic Z, Azimzadeh O, Mortl S, Kramer A, Steininger S, et al. 

Low-dose irradiation causes rapid alterations to the proteome of the human endothelial 

cell line EA.hy926. Radiation and environmental biophysics. 2011;50(1):155-66. 

18. Onoda JM, Kantak SS, Diglio CA. Radiation Induced Endothelial Cell Retraction 

in vitro: Correlation with Acute Pulmonary Edema. Pathology and Oncology Research. 

1999;5(1):49-55. 

19. Onoda JM, Kantak SS, Diglio CA. Extracellular Matrix Regulates Endothelial 

Cell Morphology, Receptor Expression and Reponse to Low-Dose Radiation. In: Rubin 

DB, editor. The Radiation Biology of the Vascular Endothelium: Taylor & Francis; 1997. 

20. Kantak SS, Diglio CA, Onoda JM. Low dose radiation-induced endothelial cell 

retraction. International journal of radiation biology. 1993;64(3):319-28. 

21. Norton NS. Cerebral Edema.  xPharm: The Comprehensive Pharmacology 

Reference. New York: Elsevier; 2007. p. 1-4. 

22. Ruoslahti E, Obrink B. Common principles in cell adhesion. Experimental cell 

research. 1996;227(1):1-11. 



207 

 

23. Danen EH, Sonneveld P, Brakebusch C, Fassler R, Sonnenberg A. The 

fibronectin-binding integrins alpha5beta1 and alphavbeta3 differentially modulate RhoA-

GTP loading, organization of cell matrix adhesions, and fibronectin fibrillogenesis. The 

Journal of cell biology. 2002;159(6):1071-86. 

24. Roca-Cusachs P, Gauthier NC, del Rio A, Sheetz MP. Clustering of α5β1 

integrins determines adhesion strength whereas αvβ3 and talin enable 

mechanotransduction. Proceedings of the National Academy of Sciences. 

2009;106(38):16245-50. 

25. Pantoni L, Garcia JH, Gutierrez JA. Cerebral White Matter Is Highly Vulnerable 

to Ischemia. Stroke; a journal of cerebral circulation. 1996;27(9):1641-7. 

26. Ranson BR, Acharya AB, Goldberg MP. Chapter 44 - Molecular Pathophysiology 

of White Matter Anoxic-Ischemic Injury A2 - Mohr, J.P. In: Choi DW, Grotta JC, Weir 

B, Wolf PA, editors. Stroke (Fourth Edition). Philadelphia: Churchill Livingstone; 2004. 

p. 867-81. 

27. Chan RK, Ding G, Verna N, Ibrahim S, Oakes S, Austen WG, Jr., et al. IgM 

binding to injured tissue precedes complement activation during skeletal muscle 

ischemia-reperfusion. The Journal of surgical research. 2004;122(1):29-35. 

28. Zhang M, Alicot EM, Carroll MC. Human natural IgM can induce 

ischemia/reperfusion injury in a murine intestinal model. Molecular immunology. 

2008;45(15):4036-9. 

29. Zhang M, Austen WG, Chiu I, Alicot EM, Hung R, Ma M, et al. Identification of 

a specific self-reactive IgM antibody that initiates intestinal ischemia/reperfusion injury. 



208 

 

Proceedings of the National Academy of Sciences of the United States of America. 

2004;101(11):3886-91. 

30. Janeway CJ, Travers P, Walport M. The distribution and functions of 

immunoglobulin isotypes.  Immunobiology: The Immune System in Health and Disease 

5th ed. New York: Garland Science; 2001. 

31. Schmitt AB, Brook GA, Buss A, Nacimiento W, Noth J, Kreutzberg GW. 

Dynamics of microglial activation in the spinal cord after cerebral infarction are revealed 

by expression of MHC class II antigen. Neuropathology and applied neurobiology. 

1998;24(3):167-76. 

32. Nikodemova M, Watters JJ, Jackson SJ, Yang SK, Duncan ID. Minocycline 

down-regulates MHC II expression in microglia and macrophages through inhibition of 

IRF-1 and protein kinase C (PKC)alpha/betaII. The Journal of biological chemistry. 

2007;282(20):15208-16. 

33. Hayes GM, Woodroofe MN, Cuzner ML. Microglia are the major cell type 

expressing MHC class II in human white matter. Journal of the neurological sciences. 

1987;80(1):25-37. 

34. Perlmutter LS, Scott SA, Barron E, Chui HC. MHC class II-positive microglia in 

human brain: association with Alzheimer lesions. Journal of neuroscience research. 

1992;33(4):549-58. 

35. Moghaddam AE, Gartlan KH, Kong L, Sattentau QJ. Reactive Carbonyls Are a 

Major Th2-Inducing Damage-Associated Molecular Pattern Generated by Oxidative 

Stress. The Journal of Immunology. 2011;187(4):1626-33. 



209 

 

36. Ebner F, Brandt C, Thiele P, Richter D, Schliesser U, Siffrin V, et al. Microglial 

activation milieu controls regulatory T cell responses. Journal of immunology. 

2013;191(11):5594-602. 

37. Panagiotakos G, Alshamy G, Chan B, Abrams R, Greenberg E, Saxena A, et al. 

Long-term impact of radiation on the stem cell and oligodendrocyte precursors in the 

brain. PloS one. 2007;2(7):e588. 

38. Chari DM, Gilson JM, Franklin RJM, Blakemore WF. Oligodendrocyte 

progenitor cell (OPC) transplantation is unlikely to offer a means of preventing X-

irradiation induced damage in the CNS. Experimental neurology. 2006;198(1):145-53. 

39. Irvine KA, Blakemore WF. A different regional response by mouse 

oligodendrocyte progenitor cells (OPCs) to high-dose X-irradiation has consequences for 

repopulating OPC-depleted normal tissue. The European journal of neuroscience. 

2007;25(2):417-24. 

40. Begolly S, Shrager PG, Olschowka JA, Williams JP, O'Banion MK. Fractionation 

Spares Mice From Radiation-Induced Reductions in Weight Gain But Does Not Prevent 

Late Oligodendrocyte Lineage Side Effects. International journal of radiation oncology, 

biology, physics. 2016;96(2):449-57. 

41. Alix JJ, Domingues AM. White matter synapses: form, function, and dysfunction. 

Neurology. 2011;76(4):397-404. 

42. Gallo V. Surprising synapses deep in the brain. Nature neuroscience. 

2007;10(3):267-9. 



210 

 

43.  Kukley M, Capetillo-Zarate E, Dietrich D. Vesicular glutamate release from 

axons in white matter. Nat Neurosci. 2007 Mar;10(3):311-20. Epub 2007 Feb 11. 

PubMed PMID: 17293860. 

44.  Ziskin JL, Nishiyama A, Rubio M, Fukaya M, Bergles DE. Vesicular release of 

glutamate from unmyelinated axons in white matter. Nat Neurosci. 2007 Mar;10(3):321-

30. Epub 2007 Feb 11. PubMed PMID: 17293857; PubMed Central PMCID: 

PMC2140234. 

45. Werner P, Pitt D, Raine CS. Multiple sclerosis: altered glutamate homeostasis in 

lesions correlates with oligodendrocyte and axonal damage. Ann Neurol. 2001 

Aug;50(2):169-80. PubMed PMID: 11506399. 

46.  Pitt D, Nagelmeier IE, Wilson HC, Raine CS. Glutamate uptake by 

oligodendrocytes: Implications for excitotoxicity in multiple sclerosis. Neurology. 2003 

Oct 28;61(8):1113-20. PubMed PMID: 14581674. 

47. Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl RW, Kanai 

Y, Hediger MA, Wang Y, Schielke JP, Welty DF. Knockout of glutamate transporters 

reveals a major role for astroglial transport in excitotoxicity and clearance of  glutamate. 

Neuron. 1996 Mar;16(3):675-86. PubMed PMID: 8785064. 

48.  Bakiri Y, Attwell D, Káradóttir R. Electrical signalling properties of 

oligodendrocyte precursor cells. Neuron Glia Biol. 2009 May;5(1-2):3-11. doi: 

10.1017/S1740925X09990202. Epub 2009 Aug 13. Review. PubMed PMID: 19674511. 

49.  Matute C, Domercq M, Sánchez-Gómez MV. Glutamate-mediated glial injury: 

mechanisms and clinical importance. Glia. 2006 Jan 15;53(2):212-24. Review. Erratum 

in: Glia. 2006 Apr 15;53(6):675. PubMed PMID: 16206168.  



211 

 

50.  Filley CM, Fields RD. White matter and cognition: making the connection. J 

Neurophysiol. 2016 Nov 1;116(5):2093-2104. doi: 10.1152/jn.00221.2016. Epub 2016  

Aug 10. Review. PubMed PMID: 27512019; PubMed Central PMCID: PMC5102321. 

51.  Filley CM. The Behavioral Neurology of White Matter (2nd ed). New York: 

Oxford Univ. Press, 2012. 

52. Nunez PL, Srinivasan R, Fields RD. EEG functional connectivity, axon delays 

and white matter disease. Clin Neurophysiol. 2015 Jan;126(1):110-20. doi: 

10.1016/j.clinph.2014.04.003. Epub 2014 Apr 13. Review. PubMed PMID: 24815984; 

PubMed Central PMCID: PMC5018992. 

53.  Pajevic S, Basser PJ, Fields RD. Role of myelin plasticity in oscillations and 

synchrony of neuronal activity. Neuroscience. 2014 Sep 12;276:135-47. doi: 

10.1016/j.neuroscience.2013.11.007. Epub 2013 Nov 28. PubMed PMID: 24291730; 

PubMed Central PMCID: PMC4037390. 

54.  Thurtell MJ, Bala E, Yaniglos SS, Rucker JC, Peachey NS, Leigh RJ. Evaluation  

of optic neuropathy in multiple sclerosis using low-contrast visual evoked 

potentials. Neurology. 2009 Dec 1;73(22):1849-57. doi: 

10.1212/WNL.0b013e3181c3fd43. PubMed PMID: 19949031; PubMed Central PMCID: 

PMC2788801. 

55.  Schmahmann JD, Smith EE, Eichler FS, Filley CM. Cerebral white matter: 

neuroanatomy, clinical neurology, and neurobehavioral correlates. Ann N Y Acad 

Sci. 2008 Oct;1142:266-309. doi: 10.1196/annals.1444.017. Review. PubMed PMID: 

18990132; PubMed Central PMCID: PMC3753195. 



212 

 

56. Huentelman MJ, Stephan DA, Talboom J, Corneveaux JJ, Reiman DM, Gerber 

JD, et al. Peripheral Delivery of a ROCK Inhibitor Improves Learning and Working 

Memory. Behavioral neuroscience. 2009;123(1):218-23. 

57. Yamashita K, Kotani Y, Nakajima Y, Shimazawa M, Yoshimura S-i, Nakashima 

S, et al. Fasudil, a Rho kinase (ROCK) inhibitor, protects against ischemic neuronal 

damage in vitro and in vivo by acting directly on neurons. Brain research. 

2007;1154:215-24. 

58. Hou Y, Zhou L, Yang QD, Du XP, Li M, Yuan M, et al. Changes in hippocampal 

synapses and learning-memory abilities in a streptozotocin-treated rat model and 

intervention by using fasudil hydrochloride. Neuroscience. 2012;200:120-9. 

59. Takata M, Tanaka H, Kimura M, Nagahara Y, Tanaka K, Kawasaki K, et al. 

Fasudil, a rho kinase inhibitor, limits motor neuron loss in experimental models of 

amyotrophic lateral sclerosis. British journal of pharmacology. 2013;170(2):341-51. 

60. Tatenhorst L, Eckermann K, Dambeck V, Fonseca-Ornelas L, Walle H, Lopes da 

Fonseca T, et al. Fasudil attenuates aggregation of α-synuclein in models of Parkinson’s 

disease. Acta Neuropathologica Communications. 2016;4:39. 

61. Jeon BT, Jeong EA, Park S-Y, Son H, Shin HJ, Lee DH, et al. The Rho-kinase 

(ROCK) inhibitor Y-27632 protects against excitotoxicity-induced neuronal death in vivo 

and in vitro. 2013;23(3):238. 

62. Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and vesicle 

trafficking. Trends Cell Biol. 2006;16(10):522-9. 



213 

 

63. Jacobs M, Hayakawa K, Swenson L, Bellon S, Fleming M, Taslimi P, et al. The 

structure of dimeric ROCK I reveals the mechanism for ligand selectivity. The Journal of 

biological chemistry. 2006;281(1):260-8. 

64. Patel M, Karginov AV. Phosphorylation-mediated regulation of GEFs for RhoA. 

Cell Adh Migr. 2014;8(1):11-8. 

65. Gamblin SJ, Smerdon SJ. GTPase-activating proteins and their complexes. Curr 

Opin Struct Biol. 1998;8(2):195-201. 

66. Knaus UG, Heyworth PG, Evans T, Curnutte JT, Bokoch GM. Regulation of 

phagocyte oxygen radical production by the GTP-binding protein Rac 2. Science. 

1991;254(5037):1512-5. 

67. Bourgier C, Haydont V, Milliat F, François A, Holler V, Lasser P, et al. Inhibition 

of Rho kinase modulates radiation induced fibrogenic phenotype in intestinal smooth 

muscle cells through alteration of the cytoskeleton and connective tissue growth factor 

expression. Gut. 2005;54(3):336. 

68. Hattori T, Shimokawa H, Higashi M, Hiroki J, Mukai Y, Kaibuchi K, et al. Long-

term treatment with a specific Rho-kinase inhibitor suppresses cardiac allograft 

vasculopathy in mice. Circulation research. 2004;94(1):46-52. 

69. Azimzadeh O, Subramanian V, Stander S, Merl-Pham J, Lowe D, Barjaktarovic 

Z, et al. Proteome analysis of irradiated endothelial cells reveals persistent alteration in 

protein degradation and the RhoGDI and NO signalling pathways. International journal 

of radiation biology. 2017:1-9. 



214 

 

70. Rousseau M, Gaugler MH, Rodallec A, Bonnaud S, Paris F, Corre I. RhoA 

GTPase regulates radiation-induced alterations in endothelial cell adhesion and 

migration. Biochem Biophys Res Commun. 2011;414(4):750-5. 

71. Lee SH, Eren M, Vaughan DE, Schleimer RP, Cho SH. A plasminogen activator 

inhibitor-1 inhibitor reduces airway remodeling in a murine model of chronic asthma. 

Am J Respir Cell Mol Biol. 2012;46(6):842-6. 

72. Chuang-Tsai S, Sisson TH, Hattori N, Tsai CG, Subbotina NM, Hanson KE, et al. 

Reduction in fibrotic tissue formation in mice genetically deficient in plasminogen 

activator inhibitor-1. The American journal of pathology. 2003;163(2):445-52. 

73. Eitzman DT, McCoy RD, Zheng X, Fay WP, Shen T, Ginsburg D, et al. 

Bleomycin-induced pulmonary fibrosis in transgenic mice that either lack or overexpress 

the murine plasminogen activator inhibitor-1 gene. The Journal of clinical investigation. 

1996;97(1):232-7. 

74. Izuhara Y, Takahashi S, Nangaku M, Takizawa S, Ishida H, Kurokawa K, et al. 

Inhibition of plasminogen activator inhibitor-1: its mechanism and effectiveness on 

coagulation and fibrosis. Arterioscler Thromb Vasc Biol. 2008;28(4):672-7. 

75. Abderrahmani R, Francois A, Buard V, Tarlet G, Blirando K, Hneino M, et al. 

PAI-1-dependent endothelial cell death determines severity of radiation-induced 

intestinal injury. PloS one. 2012;7(4):e35740. 

76. Kaikita K, Fogo AB, Ma L, Schoenhard JA, Brown NJ, Vaughan DE. 

Plasminogen activator inhibitor-1 deficiency prevents hypertension and vascular fibrosis 

in response to long-term nitric oxide synthase inhibition. Circulation. 2001;104(7):839-

44. 



215 

 

77. Weisberg AD, Albornoz F, Griffin JP, Crandall DL, Elokdah H, Fogo AB, et al. 

Pharmacological inhibition and genetic deficiency of plasminogen activator inhibitor-1 

attenuates angiotensin II/salt-induced aortic remodeling. Arterioscler Thromb Vasc Biol. 

2005;25(2):365-71. 

78. Eddy AA. Plasminogen activator inhibitor-1 and the kidney. Am J Physiol Renal 

Physiol. 2002;283(2):F209-20. 

79. Zhao W, O'Malley Y, Robbins ME. Irradiation of rat mesangial cells alters the 

expression of gene products associated with the development of renal fibrosis. Radiation 

research. 1999;152(2):160-9. 

80. Oikawa T, Freeman M, Lo W, Vaughan DE, Fogo A. Modulation of plasminogen 

activator inhibitor-1 in vivo: A new mechanism for the anti-fibrotic effect of renin-

angiotensin inhibition. Kidney International.51(1):164-72. 

81. Brown NJ, Nakamura S, Ma L, Nakamura I, Donnert E, Freeman M, et al. 

Aldosterone modulates plasminogen activator inhibitor-1 and glomerulosclerosis in vivo. 

Kidney Int. 2000;58(3):1219-27. 

82. Andrews RN, Metheny-Barlow LJ, Peiffer AM, Hanbury DB, Tooze JA, 

Bourland JD, et al. Cerebrovascular Remodeling and Neuroinflammation is a Late Effect 

of Radiation-Induced Brain Injury in Non-Human Primates. Radiation research. 2017. 

83. Schilling D, Bayer C, Geurts-Moespot A, Sweep FCGJ, Pruschy M, Mengele K, 

et al. Induction of plasminogen activator inhibitor type-1 (PAI-1) by hypoxia and 

irradiation in human head and neck carcinoma cell lines. BMC cancer. 2007;7(1):143. 

84. Artman T, Schilling D, Gnann J, Molls M, Multhoff G, Bayer C. Irradiation-

induced regulation of plasminogen activator inhibitor type-1 and vascular endothelial 



216 

 

growth factor in six human squamous cell carcinoma lines of the head and neck. 

International journal of radiation oncology, biology, physics. 2010;76(2):574-82. 

85. Bayer C, Kielow A, Schilling D, Maftei CA, Zips D, Yaromina A, et al. 

Monitoring PAI-1 and VEGF levels in 6 human squamous cell carcinoma xenografts 

during fractionated irradiation. International journal of radiation oncology, biology, 

physics. 2012;84(3):e409-17. 

86. Kang J, Kim W, Kwon T, Youn H, Kim JS, Youn B. Plasminogen activator 

inhibitor-1 enhances radioresistance and aggressiveness of non-small cell lung cancer 

cells. Oncotarget. 2016;7(17):23961-74. 

87. Bayer C, Schilling D, Hoetzel J, Egermann HP, Zips D, Yaromina A, et al. PAI-1 

levels predict response to fractionated irradiation in 10 human squamous cell carcinoma 

lines of the head and neck. Radiotherapy and oncology : journal of the European Society 

for Therapeutic Radiology and Oncology. 2008;86(3):361-8. 

88. Dhanda J, Triantafyllou A, Liloglou T, Kalirai H, Lloyd B, Hanlon R, et al. 

SERPINE1 and SMA expression at the invasive front predict extracapsular spread and 

survival in oral squamous cell carcinoma. British journal of cancer. 2014;111(11):2114-

21. 

89. Pavon MA, Arroyo-Solera I, Tellez-Gabriel M, Leon X, Viros D, Lopez M, et al. 

Enhanced cell migration and apoptosis resistance may underlie the association between 

high SERPINE1 expression and poor outcome in head and neck carcinoma patients. 

Oncotarget. 2015;6(30):29016-33. 



217 

 

90. Bajou K, Noel A, Gerard RD, Masson V, Brunner N, Holst-Hansen C, et al. 

Absence of host plasminogen activator inhibitor 1 prevents cancer invasion and 

vascularization. Nature medicine. 1998;4(8):923-8. 

91. Vial D, McKeown-Longo PJ. PAI1 stimulates assembly of the fibronectin matrix 

in osteosarcoma cells through crosstalk between the alphavbeta5 and alpha5beta1 

integrins. Journal of cell science. 2008;121(Pt 10):1661-70. 

92. Fay WP, Parker AC, Condrey LR, Shapiro AD. Human plasminogen activator 

inhibitor-1 (PAI-1) deficiency: characterization of a large kindred with a null mutation in 

the PAI-1 gene. Blood. 1997;90(1):204-8. 

93. Elokdah H, Abou-Gharbia M, Hennan JK, McFarlane G, Mugford CP, 

Krishnamurthy G, et al. Tiplaxtinin, a novel, orally efficacious inhibitor of plasminogen 

activator inhibitor-1: design, synthesis, and preclinical characterization. Journal of 

medicinal chemistry. 2004;47(14):3491-4. 

94. Hennan JK, Morgan GA, Swillo RE, Antrilli TM, Mugford C, Vlasuk GP, et al. 

Effect of tiplaxtinin (PAI-039), an orally bioavailable PAI-1 antagonist, in a rat model of 

thrombosis. Journal of Thrombosis and Haemostasis. 2008;6(9):1558-64. 

95. Hennan JK, Elokdah H, Leal M, Ji A, Friedrichs GS, Morgan GA, et al. 

Evaluation of PAI-039 [{1-benzyl-5-[4-(trifluoromethoxy)phenyl]-1H-indol-3-

yl}(oxo)acetic acid], a novel plasminogen activator inhibitor-1 inhibitor, in a canine 

model of coronary artery thrombosis. The Journal of pharmacology and experimental 

therapeutics. 2005;314(2):710-6. 

96. Chung E, Bodensteiner J, Hogg JP. Spontaneous intracerebral hemorrhage: a very 

late delayed effect of radiation therapy. Journal of child neurology. 1992;7(3):259-63. 



218 

 

97. Cheng KM, Chan CM, Fu YT, Ho LC, Cheung FC, Law CK. Acute hemorrhage 

in late radiation necrosis of the temporal lobe: report of five cases and review of the 

literature. Journal of neuro-oncology. 2001;51(2):143-50. 

98. Rogers LR. Cerebrovascular complications in cancer patients. Neurologic clinics. 

2003;21(1):167-92. 

99. Suzuki H, Toyoda S, Muramatsu M, Shimizu T, Kojima T, Taki W. Spontaneous 

haemorrhage into metastatic brain tumours after stereotactic radiosurgery using a linear 

accelerator. Journal of Neurology, Neurosurgery &amp;amp; Psychiatry. 2003;74(7):908. 

100. Ingram G, Loveless S, Howell OW, Hakobyan S, Dancey B, Harris CL, et al. 

Complement activation in multiple sclerosis plaques: an immunohistochemical analysis. 

Acta Neuropathol Commun. 2014;2:53. 

101. Morgan BP. Complement Methods and Protocols: Humana Press; 2000. 

102. Husain AN, Mirza KM, Fedson SE. Routine C4d immunohistochemistry in 

cardiac allografts: Long-term outcomes. The Journal of Heart and Lung 

Transplantation.36(12):1329-35. 

103. Mohamedali B, Pyle J, Bhat G. Acute Cellular Rejection and C4d Positivity in 

Heart Transplantation : A Manifestation of Asymptomatic Antibody-Mediated Rejection? 

American journal of clinical pathology. 2016;145(2):238-43. 

104. Luk A, Alba AC, Butany J, Tinckam K, Delgado D, Ross HJ. C4d 

immunostaining is an independent predictor of cardiac allograft vasculopathy and death 

in heart transplant recipients. Transpl Int. 2015;28(7):857-63. 



219 

 

105. Lisianyi NI, Liubych LD, Stepanenko IV, Berezhnii HA. [Humoral link of 

autoimmune reactions to neuron-specific enolase in post-radiation encephalopathy 

patients]. Ukr Biokhim Zh (1978). 1998;70(6):76-82. 

106. Lehmann PV, Forsthuber T, Miller A, Sercarz EE. Spreading of T-cell 

autoimmunity to cryptic determinants of an autoantigen. Nature. 1992;358(6382):155-7. 

107. Lehmann PV, Sercarz EE, Forsthuber T, Dayan CM, Gammon G. Determinant 

spreading and the dynamics of the autoimmune T-cell repertoire. Immunol Today. 

1993;14(5):203-8. 

108. Stephan AH, Barres BA, Stevens B. The complement system: an unexpected role 

in synaptic pruning during development and disease. Annu Rev Neurosci. 2012;35:369-

89. 

109. Perez-Alcazar M, Daborg J, Stokowska A, Wasling P, Björefeldt A, Kalm M, et 

al. Altered cognitive performance and synaptic function in the hippocampus of mice 

lacking C3. Experimental neurology. 2014;253:154-64. 

110. Shi Q, Colodner KJ, Matousek SB, Merry K, Hong S, Kenison JE, et al. 

Complement C3-Deficient Mice Fail to Display Age-Related Hippocampal Decline. The 

Journal of Neuroscience. 2015;35(38):13029-42. 

111.  Rooks IWH, Dorfman RI. Estrogen radioprotection in mice. Endocrinology. 

1961;68(5):838-43. 

112. Furth J, Furth OB. Neoplastic Diseases Produced in Mice by General Irradiation 

with X-Rays: I. Incidence and Types of Neoplasms. The American Journal of Cancer. 

1936;28(1):54-65. 



220 

 

113  Katsh S, Edelmann A. The influence of gonadectomy, sex, and strain upon the 

survival times of x-irradiated mice. In: Carlson WD, Gassner FX, editors. Effects of 

Ionizing Radiation on the Reproductive System. New York: Pergamon Press; 1964. p. 

427-31. 

114.  Roughton K, Boström M, Kalm M, Blomgren K. Irradiation to the young mouse 

brain impaired white matter growth more in females than in males. Cell death & disease. 

2013;4(10):e897. 

115.  ICRP, 2007. The 2007 Recommendations of the International Commission on 

Radiological Protection. ICRP Publication 103. Ann. ICRP 37 (2-4). 

116.  Shen Q, Lin F, Rong X, Yang W, Li Y, Cai Z, Xu P, Xu Y, Tang Y. Temporal 

Cerebral Microbleeds Are Associated With Radiation Necrosis and Cognitive 

Dysfunction in Patients Treated for Nasopharyngeal Carcinoma. Int J Radiat Oncol Biol 

Phys. 2016 Apr 1;94(5):1113-20. doi: 10.1016/j.ijrobp.2015.11.037. Epub 2015 Dec 14. 

PubMed PMID: 27026315. 

117.  Li Y, Shi X, Rong X, Peng Y, Tang Y. Neurosurgery and prognosis in patients 

with radiation-induced brain injury after nasopharyngeal carcinoma radiotherapy: a 

follow-up study. Radiation oncology. 2013;8(1):88. 

118.  Tang Y, Luo D, Rong X, Shi X, Peng Y. Psychological disorders, cognitive 

dysfunction and quality of life in nasopharyngeal carcinoma patients with radiation-

induced brain injury. PLoS One. 2012;7(6):e36529. doi: 10.1371/journal.pone.0036529. 

Epub 2012 Jun 11. PubMed PMID: 22701557; PubMed Central PMCID: PMC3372508. 



221 

 

119.  Passos J, Nzwalo H, Marques J, Azevedo A, Netto E, Nunes S, Salgado D. Late 

Cerebrovascular Complications After Radiotherapy for Childhood Primary Central 

Nervous System Tumors. Pediatr Neurol. 2015 Sep;53(3):211-5. doi: 

10.1016/j.pediatrneurol.2015.05.015. Epub 2015 Jun 9. PubMed PMID: 26302700. 

120.  Passos J, Nzwalo H, Valente M, Marques J, Azevedo A, Netto E, et al. 

Microbleeds and cavernomas after radiotherapy for paediatric primary brain tumours. 

Journal of the neurological sciences. 2017;372:413-6. 

121.  Meyers CA, Smith JA, Bezjak A, Mehta MP, Liebmann J, Illidge T, Kunkler I, 

Caudrelier JM, Eisenberg PD, Meerwaldt J, Siemers R, Carrie C, Gaspar LE, Curran W, 

Phan SC, Miller RA, Renschler MF. Neurocognitive function and progression in patients 

with brain metastases treated with whole-brain radiation and motexafin gadolinium: 

results of a randomized phase III trial. J Clin Oncol. 2004 Jan 1;22(1):157-65. PubMed 

PMID: 14701778. 

122.  American Cancer Society. Breast Cancer Facts and Figures 2017-2018. Atlanta, 

GA: American Cancer Society, 2017. 

123.  Nayak L, Lee EQ, Wen PY. Epidemiology of brain metastases. Curr Oncol Rep. 

2012 Feb;14(1):48-54. doi: 10.1007/s11912-011-0203-y. PubMed PMID: 22012633. 

124.  Sun T, Warrington NM, Rubin JB. Why does Jack, and not Jill, break his crown? 

Sex disparity in brain tumors. Biology of Sex Differences. 2012;3:3. doi:10.1186/2042-

6410-3-3. 



222 

 

125.  Ruben JD, Dally M, Bailey M, Smith R, McLean CA, Fedele P. Cerebral 

radiation necrosis: incidence, outcomes, and risk factors with emphasis on radiation 

parameters and chemotherapy. Int J Radiat Oncol Biol Phys. 2006 Jun 1;65(2):499-508. 

Epub 2006 Mar 6. PubMed PMID: 16517093. 

126. Condit PT, Ridings GR, Coin JW, Williams GR, Mitchell D Jr, Boles GW. 

Methotrexate and radiation in the treatment of patients with cancer. Cancer Res. 1964 

Oct;24:1524-33. PubMed PMID: 14233998. 

127. Mettler Jr FA, Voelz GL. Major radiation exposure—what to expect and how to 

respond. New England Journal of Medicine. 2002;346(20):1554-61. 

128. Mole RH. The LD50 for uniform low LET irradiation of man. The British journal 

of radiology. 1984;57(677):355-69. 

129. National Council on Radiation Protection Measurements. Management of 

Terrorist Events Involving Radioactive Material: Recommendations of the National 

Council on Radiation Protection and Measurements: National Council on Radiation 

Protection and Measurements; 2001. 

130. Brooks JW, Evans EI, Ham WT, Jr., Reid JD. The influence of external body 

radiation on mortality from thermal burns. Ann Surg. 1952;136(3):533-45. 

131. Alpen EL, Sheline GE. The combined effects of thermal burns and whole body X 

irradiation on survival time and mortality. Ann Surg. 1954;140(1):113-8. 

132. Ledney GD, Elliott TB. Combined injury: factors with potential to impact 

radiation dose assessments. Health physics. 2010;98(2):145-52. 

133. Eden L. Whole World on Fire: Organizations, Knowledge, and Nuclear Weapons 

Devastation: Cornell University Press; 2006. 



223 

 

134. Glasstone S, Dolan PJ. The Effects of Nuclear Weapons: Castle House; 1980. 

135. In: Solomon F, Marston RQ, editors. The Medical Implications of Nuclear War. 

Washington (DC)1986. 

136. Francis T, Jablon S, Moore FE, Commission ABC. Report of Ad Hoc Committee 

for Appraisal of ABCC Program, 6 November 1955: Atomic Bomb Casualty 

Commission; 1959. 

137. Douple EB, Mabuchi K, Cullings HM, Preston DL, Kodama K, Shimizu Y, et al. 

Long-term Radiation-Related Health Effects in a Unique Human Population: Lessons 

Learned from the Atomic Bomb Survivors of Hiroshima and Nagasaki. Disaster medicine 

and public health preparedness. 2011;5(0 1):S122-S33. 

138. OECD Nuclear Energy Agency Organisation for Economic Co-operation 

Development. Chernobyl: Assessment of Radiological and Health Impacts : 2002 Update 

of "Chernobyl : Ten Years On.": OECD. 

139. Mettler FA, Jr., Gus'kova AK, Gusev I. Health effects in those with acute 

radiation sickness from the Chernobyl accident. Health physics. 2007;93(5):462-9. 

140. Ivanov VK, Maksioutov MA, Chekin SY, Petrov AV, Biryukov AP, Kruglova 

ZG, et al. The risk of radiation-induced cerebrovascular disease in the Chernobyl 

emergency workers. 2006;90(3):199-207. 

141. Shimizu Y, Kodama K, Nishi N, Kasagi F, Suyama A, Soda M, et al. Radiation 

exposure and circulatory disease risk: Hiroshima and Nagasaki atomic bomb survivor 

data, 1950-2003. Bmj. 2010;340:b5349. 



224 

 

142. Shimizu Y, Pierce DA, Preston DL, Mabuchi K. Studies of the mortality of 

atomic bomb survivors. Report 12, part II. Noncancer mortality: 1950-1990. Radiation 

research. 1999;152(4):374-89. 

143. Preston DL, Shimizu Y, Pierce DA, Suyama A, Mabuchi K. Studies of mortality 

of atomic bomb survivors. Report 13: Solid cancer and noncancer disease mortality: 

1950-1997. Radiation research. 2003;160(4):381-407. 

144. Danilov VM, Pozdeev VK. [The epileptiform reactions of the human brain to 

prolonged exposure to low-dose ionizing radiation]. Fiziol Zh Im I M Sechenova. 

1994;80(6):88-98. 

145. Zhavoronkova LA, Kholodova NB, Zubovskii GA, Smirnov Yu N, Koptelov Yu 

M, Ryzhov NI. Electroencephalographic correlates of neurological disturbances at remote 

periods of the effect of ionizing radiation (sequelae of the Chernobyl' NPP accident). 

Neurosci Behav Physiol. 1995;25(2):142-9. 

146. Zhavoronkova LA, Kholodova NB, Zubovsky GA, Gogitidze NV, Koptelov YM. 

EEG power mapping, dipole source and coherence analysis in Chernobyl patients. Brain 

topography. 1995;8(2):161-8. 

147. Novikov VS, Tsygan VN, Borisova ED, Rybina LA. [Changes in brain bioelectric 

activity in liquidators of sequelae of the accident at Chernobyl power plant]. Fiziol 

Cheloveka. 1997;23(5):34-9. 

148. Vyatleva OA, Katargina TA, Puchinskaya LM, Yurkin MM. Electrophysiological 

characterization of the functional state of the brain in mental disturbances in workers 

involved in the clean-up following the Chernobyl atomic energy station accident. 

Neurosci Behav Physiol. 1997;27(2):166-72. 



225 

 

149. Zhavoronkova LA, Kholodova NB, Belostocky AP, Koulikov MA. Reduced 

electroencephalographic coherence asymmetry in the Chernobyl accident survivors. Span 

J Psychol. 2008;11(2):363-73. 

150. Zhavoronkova LA, Gogitidze NV, Kholodova NB. [Postradiation changes in the 

brain asymmetry and higher mental functions of right- and left-handed subjects (the 

sequelae of the accident at the Chernobyl Atomic Electric Power Station)]. Zhurnal 

vysshei nervnoi deiatelnosti imeni I P Pavlova. 2000;50(1):68-79. 

151. Polyukhov AM, Kobsar IV, Grebelnik VI, Voitenko VP. The accelerated 

occurrence of age-related changes of organism in Chernobyl workers: a radiation-induced 

progeroid syndrome? Experimental gerontology. 2000;35(1):105-15. 

152. Turuspekova ST. [Neuropsychological functions in individuals exposed to small 

dose ionizing radiation]. Zhurnal nevrologii i psikhiatrii imeni SS Korsakova / 

Ministerstvo zdravookhraneniia i meditsinskoi promyshlennosti Rossiiskoi Federatsii, 

Vserossiiskoe obshchestvo nevrologov [i] Vserossiiskoe obshchestvo psikhiat. 

2002;102(3):16-9. 

153. Zhavoronkova LA, Lavrova TP, Belostotskii AV, Kholodova NB, Skoriatina IG, 

Voronov VP. [Impairment of space-frequency parameters of EEG coherence during 

cognitive performance (consequences of Chernobyl accident)]. Zhurnal vysshei nervnoi 

deiatelnosti imeni I P Pavlova. 2006;56(2):193-201. 

154. Kharchenko VP, Zubovskii GA, Kholodova NB. [Changes in the brain of persons 

who participated in the cleaning-up of the Chernobyl AES accident based on the data of 

radiodiagnosis (single-photon emission-computed radionuclide tomography, x-ray 



226 

 

computed tomography and magnetic resonance tomography)]. Vestn Rentgenol Radiol. 

1995(1):11-4. 

155. Price M, Wimo A, Guerchet M, Ali G, Wu Y, Prina M. World Alzheimer Report 

2015: The Global Impact of Dementia, An analysis of prevalence, incidence, cost and 

trends. London: Alzheimer's Disease International; 2015. 

156. Hebert LE, Weuve J, Scherr PA, Evans DA. Alzheimer disease in the United 

States (2010-2050) estimated using the 2010 census. Neurology. 2013;80(19):1778-83. 

157. Neha, Sodhi RK, Jaggi AS, Singh N. Animal models of dementia and cognitive 

dysfunction. Life sciences. 2014;109(2):73-86. 

158. Tayebati SK. Animal models of cognitive dysfunction. Mechanisms of ageing and 

development. 2006;127(2):100-8. 

159. 2017 Alzheimer's disease facts and figures. Alzheimer's & Dementia: The Journal 

of the Alzheimer's Association.13(4):325-73. 

160. Thal DR, Rub U, Orantes M, Braak H. Phases of A -deposition in the human 

brain and its relevance for the development of AD. Neurology. 2002;58(12):1791-800. 

161. Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K. Staging of 

Alzheimer disease-associated neurofibrillary pathology using paraffin sections and 

immunocytochemistry. Acta neuropathologica. 2006;112(4):389-404. 

162. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. 

Acta neuropathologica. 1991;82(4):239-59. 

163. Li L, Wang W, Welford S, Zhang T, Wang X, Zhu X. Ionizing radiation causes 

increased tau phosphorylation in primary neurons. Journal of neurochemistry. 

2014;131(1):86-93. 



227 

 

164. Sugihara S, Ogawa A, Nakazato Y, Yamaguchi H. Cerebral β amyloid deposition 

in patients with malignant neoplasms: its prevalence with aging and effects of radiation 

therapy on vascular amyloid. Acta neuropathologica. 1995;90(2):135-41. 

165. Brickman AM, Honig LS, Scarmeas N, Tatarina O, Sanders L, Albert MS, et al. 

Measuring cerebral atrophy and white matter hyperintensity burden to predict the rate of 

cognitive decline in Alzheimer disease. Archives of neurology. 2008;65(9):1202-8. 

166. Brickman AM. Contemplating Alzheimer’s Disease and the Contribution of 

White Matter Hyperintensities. Current neurology and neuroscience reports. 

2013;13(12):10.1007/s11910-013-0415-7. 

167. Caso F, Agosta F, Mattavelli D, Migliaccio R, Canu E, Magnani G, et al. White 

Matter Degeneration in Atypical Alzheimer Disease. Radiology. 2015;277(1):162-72. 

168. Leys D, Pruvo JP, Parent M, Vermersch P, Soetaert G, Steinling M, et al. Could 

Wallerian degeneration contribute to "leuko-araiosis" in subjects free of any vascular 

disorder? Journal of neurology, neurosurgery, and psychiatry. 1991;54(1):46-50. 

169. Yoshita M, Fletcher E, Harvey D, Ortega M, Martinez O, Mungas DM, et al. 

Extent and distribution of white matter hyperintensities in normal aging, MCI, and AD. 

Neurology. 2006;67(12):2192-8. 

170. Scheltens P, Barkhof F, Valk J, Algra PR, van der Hoop RG, Nauta J, et al. White 

matter lesions on magnetic resonance imaging in clinically diagnosed Alzheimer's 

disease. Evidence for heterogeneity. Brain : a journal of neurology. 1992;115 ( Pt 3):735-

48. 



228 

 

171. Robinson JL, Molina-Porcel L, Corrada MM, Raible K, Lee EB, Lee VMY, et al. 

Perforant path synaptic loss correlates with cognitive impairment and Alzheimer's disease 

in the oldest-old. Brain : a journal of neurology. 2014;137(9):2578-87. 

172. Hamos JE, DeGennaro LJ, Drachman DA. Synaptic loss in Alzheimer's disease 

and other dementias. Neurology. 1989;39(3):355-61. 

173. Brickman AM, Muraskin J, Zimmerman ME. Structural neuroimaging in 

Alzheimer's disease: do white matter hyperintensities matter? Dialogues in Clinical 

Neuroscience. 2009;11(2):181-90. 

174. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et al. Physical 

basis of cognitive alterations in Alzheimer's disease: synapse loss is the major correlate of 

cognitive impairment. Annals of neurology. 1991;30(4):572-80. 

175. DeKosky ST, Scheff SW, Styren SD. Structural correlates of cognition in 

dementia: quantification and assessment of synapse change. Neurodegeneration. 

1996;5(4):417-21. 

176. Coleman PD, Yao PJ. Synaptic slaughter in Alzheimer's disease. Neurobiology of 

aging. 2003;24(8):1023-7. 

177. Kalaria RN. The role of cerebral ischemia in Alzheimer’s disease. Neurobiology 

of aging. 2000;21(2):321-30. 

178. Capizzano A, Acion L, Bekinschtein T, Furman M, Gomila H, Martinez A, et al. 

White matter hyperintensities are significantly associated with cortical atrophy in 

Alzheimer's disease. Journal of neurology, neurosurgery, and psychiatry. 2004;75(6):822-

7. 



229 

 

179. Veerhuis R, Nielsen HM, Tenner AJ. Complement in the Brain. Molecular 

immunology. 2011;48(14):1592-603. 

180. Yasojima K, Schwab C, McGeer EG, McGeer PL. Up-regulated production and 

activation of the complement system in Alzheimer's disease brain. The American journal 

of pathology. 1999;154(3):927-36. 

181. Fonseca MI, Zhou J, Botto M, Tenner AJ. Absence of C1q Leads to Less 

Neuropathology in Transgenic Mouse Models of Alzheimer's Disease. The Journal of 

Neuroscience. 2004;24(29):6457-65. 

182. Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, et al. 

Complement and Microglia Mediate Early Synapse Loss in Alzheimer Mouse Models. 

Science (New York, NY). 2016;352(6286):712-6. 

183. Fernando MS, Ince PG, Function MRCC, Ageing Neuropathology Study G. 

Vascular pathologies and cognition in a population-based cohort of elderly people. 

Journal of the neurological sciences. 2004;226(1-2):13-7. 

184. Debette S, Markus HS. The clinical importance of white matter hyperintensities 

on brain magnetic resonance imaging: systematic review and meta-analysis. Bmj. 

2010;341. 

185. Kuller LH, Lopez OL, Newman A, Beauchamp NJ, Burke G, Dulberg C, et al. 

Risk factors for dementia in the cardiovascular health cognition study. 

Neuroepidemiology. 2003;22(1):13-22. 

186. Meguro K, Ishii H, Kasuya M, Akanuma K, Meguro M, Kasai M, et al. Incidence 

of dementia and associated risk factors in Japan: The Osaki-Tajiri Project. Journal of the 

neurological sciences. 2007;260(1-2):175-82. 



230 

 

187. Bombois S, Debette S, Bruandet A, Delbeuck X, Delmaire C, Leys D, et al. 

Vascular subcortical hyperintensities predict conversion to vascular and mixed dementia 

in MCI patients. Stroke; a journal of cerebral circulation. 2008;39(7):2046-51. 

188. Brown WR, Blair RM, Moody DM, Thore CR, Ahmed S, Robbins ME, et al. 

Capillary loss precedes the cognitive impairment induced by fractionated whole-brain 

irradiation: a potential rat model of vascular dementia. Journal of the neurological 

sciences. 2007;257(1-2):67-71. 

 



231 

 

APPENDICES 

DISCLAIMER: Permission was granted by Radiation Research to reprint Chapter 2 as 

part of this dissertation.  

  



232 

 

Dear Rachel, 

 

Radiation Research grants to Requester, Rachel N. Andrews, the permission to re-

publish:  Andrews RN, Metheny-Barlow LJ, Peiffer AM, Hanbury DB, Tooze JA, 

Bourland JD, Hampson RE, Deadwyler SA, Cline JM. “Cerebrovascular Remodeling and 

Neuroinflammation is a Late Effect of Radiation-Induced Brain Injury in Non-Human 

Primates.” Radiat Res. 2017 May;187(5):599-611. doi: 10.1667/RR14616.1. Epub 2017 

Mar 6. PubMed PMID: 28398880; PubMed Central PMCID: PMC5508216.  

Please ensure that full acknowledgment of previous publication is cited. 

Congratulations on making it to this final step. 

 

All the best, Judy 

 

Judy E. Fye 

Managing Editor 

Radiation Research 

Indiana University School of Medicine 

Department of Radiation Oncology 

535 Barnhill Drive, RT 041 

Indianapolis, IN 46202 

e-mail: jfye@iupui.edu 

(317) 944 1308 

 



233 

 

APPENDIX A 

 

Multi-regional microvascular histomorphometry in normal and irradiated Rhesus 

macaques 

 

Rachel. N. Andrews, D.V.M. 

 

  



234 

 

METHODS 

Animals and Tissue 

 The animals were the same as those assessed in Chapters 2 and 3. Briefly, 

archived, paraffin embedded brain tissues containing the dorsolateral prefrontal cortex 

(Brodmann area 46), hippocampus, and deep white matter (centrum semiovale) from 7 

adult, male Rhesus macaques (Macaca mulatta) (6-11 years old, 5.3-8.7 kg) were 

evaluated for changes in microvascular investiture related to prior fractionated whole 

brain irradiation (fWBI).  4, adult male rhesus macaques (aged 5.6-10.7 years, 7.5-8.7 kg) 

received 40 Gy fWBI 4-7 months prior to necropsy as part of a previous experiment.  

Control comparators (n=3, aged 5.5-6.6 years, 5.3-8.3 kg) were part of an 

unrelated study in which they were given single dose 10 Gy thoracic irradiation, and 

subcutaneous injections of vehicle (1 mL SQ, sterile phosphorus-buffered saline(PBS)), 

twice daily for 4 months, ceasing 4 months prior to necropsy. Housing, diet, euthanasia, 

and tissue collection are as detailed in Hanbury et al. (1), and the same for both groups. 

Both studies were performed in accordance with the Guide for Care and Use of 

Laboratory Animals and all procedures approved by the Wake Forest University School 

of Medicine Institutional Animal Care and Use Committee (IACUC). The Wake Forest 

University School of Medicine conforms to all state and federal animal welfare laws and 

is accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC).  

Irradiation 

Fractionated whole brain irradiation procedures are as described in Hanbury et 

al.(1) and Robbins et al. (2). NHP were sedated with ketamine HCl (15 mg/kg body 
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weight, intramuscularly), and maintained on isoflurane gas (3% induction, 1.5% 

maintenance) in 100% oxygen during irradiation. Animals were irradiated using a clinical 

linear accelerator, and a total of 40 Gy mid-plane was given (8 fractions x 5 Gy/fraction; 

2 fractions/wk x 4 wks; nominal dose rate of 4.9-5.4 Gy/min) in opposed lateral fields of 

6MV x rays.  

Control comparators were given 10 Gy, single dose thoracic irradiation to the 

anterior-posterior thoracic mid-plane in parallel opposed anterior-posterior fields of 6 

MV x rays via a clinical linear accelerator. The nominal dose rate was 4 Gy/min. The 

field of irradiation included the heart, mediastinum and superior, lateral and inferior lung 

fields extending up to 4 cm caudal to the xyphoid.  The total dose to the brain in thoracic 

irradiated animals is estimated to be < 0.1 Gy.  

Histology and Immunohistochemistry (IHC) 

Formalin fixed, paraffin embedded brain tissues containing 4 mm coronal slabs of 

dorsolateral prefrontal cortex, hippocampus and deep white matter (centrum semiovale) 

were sectioned coronally at 4 μm. IHC was performed on a Leica Bond RX (Leica 

Biosystems, Buffalo Grove, IL) automated stainer. Sections from animals receiving fWBI 

and control comparators were stained concurrently.  The cerebral vasculature was 

visualized with a rabbit polyclonal anti-glucose transporter GLUT1 antibody (rabbit 

polyclonal, 1:2000; Abcam, catalog #ab652). Slides were air-dried overnight and loaded 

onto the Leica Bond RX. All sections were dewaxed, rinsed, and underwent heat-induced 

epitope retrieval for 20 minutes at 99°C in citrate buffer pH 6.0. Endogenous peroxidase 

activity was blocked by 10 minute incubation with IHC/ISH Super Blocking Novocastra 

solution (catalog #PV6122, Leica Biosystems). All slides were incubated with the 
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primary antibody for 15 minutes and then rinsed. Secondary antibody and chromagen 

application were as according to manufacturer’s specifications (Bond Polymer Refine 

Detection, ACD, catalog #: DS9800). Slides were then removed from the instrument, 

dehydrated, cleared with xylene and coverslipped.  

Histomorphometry 

 Digital images were captured using an Olympus BX61VS virtual slide 

microscope using VS120 software at 20x magnification. Regions of interest were 

delineated as follows: the dorsal segment of Brodmann area 46 was manually delineated 

using a brain atlas for the rhesus macaque (3), rectangular ROIs no less than 0.6 mm
2
 and 

5.5 mm
2
 were placed within the boundaries of the dentate gyrus and centrum semiovale, 

respectively. ROIs were equivalent to minimum of 21, 4 and 34 40x high power fields for 

the DLPFC, HC and WM respectively. 

Microvessel density and cross-sectional microvascular area fraction were 

measured in VisioPharm (version 6.5.0.2303; Broomfield, CO, USA) using the following 

modifications to APP #10022 (“CD31, Tumor Neovascularization”) and an unbiased 

counting frame. Imported images were pre-processed with a Red-Blue -> Mean value 

filter; images were thresholded to exclude all background objects. Microvessel density 

was defined as the number of microvascular profiles per mm
2
. Cross-sectional 

microvascular area fraction was defined as the total area occupied by blood vessels 

including lumina divided by the total area (area within blood vessels/total area of the 

region of interest) and expressed as percent area (microvascular area fraction * 100). 
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Statistical Analyses 

 Two seperate 2x3 analyses of variance (ANOVAs) were conducted to compare 

the main effects of irradiation status and region, and the interaction effects between 

radiation status and region on microvessel density and microvascular area fraction. Post-

hoc comparisons were performed to assess the effect of irradiation within regions using 

Bonferroni’s procedure. Multiplicity adjusted p-values are reported, and p < 0.05 was 

considered significant. 
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RESULTS 

 Microvessel density, but not microvascular area fraction differed between regions 

evaluated (p < 0.0001). Microvessel density and microvascular area fraction were not 

affected by irradiation. There was no interaction effect between irradiation status and 

region. The increased variance in hippocampal microvessel area fraction is presumed due 

to measurement of a venule in cross-section within the dentate gyrus in one animal.  

Figure 1: Microvascular histomorphometric in irradiated and normal Rhesus macaques

Representative micrograph of GLUT-1 immunohistochemistry (endothelial cells)  in deep temporal white 

matter. Microvessel density, but not microvascular area fraction differed between regions ( p < 0.0001). 

Irradiation did not affect microvessel density or microvascular area fraction. Bars: Mean, Error bars: 

standard deviation.  
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METHODS 

Animals and Tissue 

 The animals were the same as those assessed in Chapters 2 and 3.  

 

Histology and Immunohistochemistry 

Separate, formalin fixed, paraffin embedded brain tissues containing 4 mm 

coronal slabs of dorsolateral prefrontal cortex, hippocampus and deep white matter 

(centrum semiovale) were sectioned coronally at 4 μm. IHC was performed on a Leica 

Bond RX (Leica Biosystems, Buffalo Grove, IL) automated stainer. Sections from 

animals receiving fWBI and control comparators were stained concurrently.  Activated 

microglia were visualized with a mouse monoclonal anti-IBA antibody (1:2000; 

Millipore, catalog #MABN92). Slides were air-dried overnight and loaded onto the Leica 

Bond RX. Sections were dewaxed, rinsed, and underwent heat-induced epitope retrieval 

for 20 minutes at 99°C in EDTA buffer pH 9.0. Endogenous peroxidase activity was 

blocked by 10 minute incubation with IHC/ISH Super Blocking Novocastra solution 

(catalog #PV6122, Leica Biosystems). Slides were incubated with the primary antibody 

for 15 minutes and then rinsed. Secondary antibody and chromagen application were as 

according to manufacturer’s specifications (Bond Polymer Refine Red Detection Kit, 

catalog # DS9390, Leica Biosystems). Slides were then removed from the instrument, 

dehydrated, cleared with xylene and coverslipped.  

Histomorphometry 

Digital images were captured using an Olympus BX61VS virtual slide 

microscope at 20x magnification using VS120 software. Regions of interest were selected 



242 

 

as follows: the dorsal segment of Brodmann area 46 was manually delineated using a 

brain atlas for the rhesus macaque (1), rectangular ROIs no less than 0.7mm
2
 and 13.3 

mm
2
 were placed within the boundaries of the dentate gyrus and centrum semiovale, 

respectively. ROIs were equivalent to minimum of 12, 2 and 8 40x high power fields for 

the DLPFC, HC and WM respectively. 

Microglial percent area was quantified as [(area red staining / total ROI 

area)*100] and measured in VisioPharm (version 6.5.0.2303; Broomfield, CO, USA) 

using a custom, automated image processing algorithm. Imported images were pre-

processed with a H&E - Eosin filter; and thresholded to exclude all background (non-red) 

objects.  

Gene Expression Analyses 

 RNA extraction, real-time quantitative polymerase chain reaction and gene 

expression analyses were completed as described in Chapters 2 and 3.  

Statistical Analyses 

All statistical analyses were completed in GraphPad Prism version 7.0 (GraphPad 

Software, La Jolla California USA, www.graphpad.com). A 2x3 analysis of variance 

(ANOVA) was conducted to compare the main effects of irradiation status and region, 

and the interaction effects between radiation status and region on microglial activation.  

Post-hoc comparisons were performed to assess the effect of irradiation within regions 

using Bonferroni’s procedure. Multiplicity adjusted p-values are reported, and p < 0.05 

was considered significant.  

  

http://www.graphpad.com/
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RESULTS 

Irradiation (main effect: p < 0.001) and brain region ( main effect: p < 0.0012) 

affect the percent area occupied by activated microglia. The presence of a significant 

radiation status x region interaction ( p < 0.001) implies that microglial activation is 

differentially regulated by region. Post-hoc analysis reveals that this effect occurs within 

white matter ( p < 0.0001 ), but not dorsolateral prefrontal cortex or hippocampus.  

 

Figure 1: Irradiation resulted in increased microglial activation within white matter 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) IBA-1 immunohistochemistry, control animal: Low magnification assessment demonstrates a relative 

lack of activated microglia in cortex and white matter. B) IBA-1 immunohistochemistry, fWBI animal: 

Irradiation resulted in a prominent increase in activated microglia, most prominently within white matter. 

C) Microglial activation following irradiation is differentially regulated by region (# main effect of region:  

p < 0.0012 ) and occurs within white matter ( *p  < 0.001, Bonferroni post-hoc ).  D) Gene expression of 

AIF1, the IBA-1 encoding gene is also up-regulated within white matter ( p < 0.05 ) and significantly 

different than expression levels in the DLPFC. Bars: mean, Error bars: standard deviation. 
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Gene expression of AIF (allograft inflammatory factor), the gene which is 

transcribed into IBA-1, was increased within white matter ( p < 0.05 ), but not prefrontal 

cortex or hippocampus.  
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METHODS  

Subjects 

Archived magnetic resonance imaging (MRI) sequences were evaluated from 170 

Rhesus macaques, aged 3-18 years (median age: 6 years). 141 were males, and were 29 

females. 53 animals (median age: 6.2 years; range: 4-18) had no prior history of 

irradiation, and were either part of unrelated studies or adopted as control comparators 

and enrolled within the non-human primate Radiation Survivor Cohort (RSC). 117 

animals (median age: 6.5 years; range: 3-18 years) were given single dose total body 

irradiation (1.14 - 8.5 Gy) as part of separate studies at other institutions and then adopted 

into the RSC for long-term surveillance for the sequelae of radiation exposure. Tabulated 

demographic data include age, radiation dose, and age at irradiation (Table I).  

Table I: Subject Demographics 

  
n 

Age at 

Assessment 

(months) 

Age at 

Irradiation 

(months) 

Dose 

(Gy) 

Irradiation 

to Diagnosis 

Interval 

(months) 

Age at 

Lesion 

Diagnosis 

(months) 

Non-

Irradiated 53 74 [42-220] - - - - 

Irradiated 

NSL 101 71 [34-198] 50 [28-183] 6.6 [1.14-8.5]* - - 

Irradiated 

SWI 16 86 [51-118] 45.5 [36-80] 7.4 [4-8.4]* 12.5 [7-136] 86 [51-176] 

NSL: No significant lesions 

SWI: Susceptibility weighted imaging (brain lesion) 

* p < 0.05 

All data are presented as median [range] 

Animals were housed in stainless steel cages, in temperature and humidity 

controlled rooms with a 12 hour light/dark cycle. Diet was contingent upon the 
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experimental study in which the animal was enrolled; animals were either fed 

commercially available monkey chow (Purina, St. Louis, MO) or Typical American 

Primate diet [(TAD); Diet #5L0P; LabDiet, Land O’Lakes Inc.; St. Louis, MO] designed 

to approximate the macronutrients of a western dietary profile. All animals received daily 

clinical assessment by trained veterinary personnel including cage-side neurologic 

evaluation when indicated; all animals were neurologically normal. All procedures were 

approved by the Wake Forest University School of Medicine (WFUSM) Institutional 

Animal Care and Use Committee (IACUC), and performed in accordance with all state 

and federal animal welfare laws. WFUSM is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care (AAALAC).  

 

Magnetic Resonance Imaging 

All animals were sedated with ketamine HCl (15 mg/kg body weight, IM), and 

maintained on inhaled isofluorane (3% induction, 1.5% maintenance) in 100% oxygen 

anesthesia for the duration of the MRI procedure. Images were acquired on a 3.0 Tesla 

Siemens Skyra clinical magnetic resonance scanner, operating on D13 platform with a 

maximum gradient field strength = 45 mT/m. Sequences were optimized for non-human 

primates and acquired using a dedicated, 8 channel, non-human primate RF coil (Rapid 

MR International, Columbus, OH) tuned to 127.7 MHz. 

 T1-weighted anatomic images were obtained using a 3D volumetric MPRAGE 

sequence (TR=2700 msec; TE=3.39 msec; TI=880 msec; FA=8 degrees; 160 slices, voxel 

dimension=0.5 x0.5 x 0.5 mm). Brain lesions consistent with hemorrhage and necrosis 

were identified by Susceptibility Weighted Image (SWI) sequence (TR=28ms, TE=20ms, 
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Flip angle=15 degrees, NEX=2, with voxel size = 0.5 x 0.5 x 0.5 mm ). SWI and T1 

sequences were co-registered, and the anatomic location of SWI-hypointense foci was 

determined from the corresponding T1 structural image. Lesion dimensions were 

measured on T1 structural images in three perpendicularly oriented planes.  

 

Statistical Analyses  

All statistical analyses were completed in GraphPad Prism version 7.0 (GraphPad 

Software, La Jolla California USA, www.graphpad.com). Animals were stratified by 

irradiation and SWI lesion status. Normality was assessed by Shapiro-Wilk test. Non-

parametric data (age at irradiation, age at lesion diagnosis, dose, and irradiation to 

diagnosis interval) were compared by Mann Whitney U. The age at time of assessment 

between non-irradiated, irradiated NSL and irradiated SWI groups was compared by 

Kruskal-Wallis one-way analysis of variance (ANOVA). The association between prior 

radiation exposure and brain lesions on MRI was assessed by Fisher’s exact test, and the 

odds ratio calculated by Woolf-logit method. Significance for all analyses was set to p < 

0.05. 

   

  

http://www.graphpad.com/
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RESULTS 

Susceptibility Weighted Imaging (SWI) Hypointense Brain Lesions on MRI 

Focal and multifocal T1 hypointense, SWI hypointense brain lesions consistent 

with necrosis and chronic hemorrhage were noted in 16 irradiated animals, and zero non-

irradiated comparators (Figure 1). No significant proprioceptive, locomotor or cranial 

nerve deficits were noted on cage-side neurologic evaluation.  

Figure 1: Animals receiving TBI developed hypointense lesions on susceptibility 

weighted imaging comparable to those which occur in RIBI following fWBI. 

Left: Multifocal hemorrhage and necrosis (white arrows) in an animal that developed RIBI after receiving 

40 Gy fWBI (8x5 Gy fractions, 2x per week) as part of a separate study. Scan taken at 12 months post-

irradiation. Right: Comparable lesions in an animal which had received 8.0 Gy TBI, 1 year prior to MRI.  

Animals receiving previous total body irradiation were more likely than non-

irradiated comparators to have SWI hypointense brain lesions on MRI (14% vs 0% 

respectively, p = 0.003, Fisher’s exact test, Figure 2A). Lesions occurred with a 

predilection for white matter (14/16). Animals that developed brain lesions received 

fWBI TBI 
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higher doses of TBI (Figure 2B). 3 out of 16 lesions developed during the surveillance 

period and are termed ‘incident’ lesions; the remaining 13 were present at the time of first 

scan (‘prevalent’ lesions). Incident lesions took longer to develop ( p = 0.002 ) and 

animals that developed incident lesions were older ( p =  0.04 ) than those with prevalent 

lesions. There was no difference in the dose of irradiation, or age at irradiation between 

animals developing incident and prevalent SWI lesions.  

Figure 2: TBI is associated with MRI detectable brain lesions, which occur at higher 

doses of radiation
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A) Animals receiving TBI were more likely than control comparators to develop SWI hypointense brain 

lesions (14% and 0% respectively, Fisher’s exact test). B) Animals that developed brain lesions received 

higher doses of TBI than those without lesions (median: 7.4 Gy vs 6.6 Gy, respectively). 

NSL: No significant lesions, SWI: Susceptibility weighted imaging (brain lesion). Black squares indicate 

incident lesions which occurred during the surveillance period. Bars indicate median value, error bars are 

95% confidence interval. * p < 0.05, ** p < 0.01 

Table II: Incident and Prevalent SWI Lesions 

  n 

Age at 

Assessment 

(months) 

Age at 

Irradiation 

(months) 

Median Dose 

(Gy) 

Median Irradiation to 

Diagnosis Interval 

(months) 

Incident SWI 3 108 [96-118]* 40 [36-52] 7.55 [7.55-7.85] 82 [82-136]* 

Prevalent SWI 13 68 [51-111]* 27 [39-80] 7 [4-8.5] 11 [7-75]* 

SWI: Susceptibility weight imaging (brain lesion) 

* p < 0.05 

All data are presented as median [range] 
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Correlative Gross and Histopathology 

Of the sixteen animals diagnosed with SWI brain lesions, one animal (age: 11 

years; dose: 7.2 Gy; irradiation-death interval: 8 years) was humanely euthanized due to 

illness unassociated with neurologic dysfunction (multiple neoplasms: chondrolipoma, 

renal carcinoma and poorly-differentiated neuroendocrine neoplasia). There was no gross 

or histologic evidence of metastatic disease.  

Figure 3: Gross and histopathologic evaluation of a prevalent SWI lesion 

Focal brain (prevalent) lesion was first noted six years post-irradiation, at the time the first MRI scan was 

completed . A) T1 MRI indicating focal parenchymal loss with central T1 isointense heterogeneity. B) SWI 

MRI indicating the presence of iron or calcium (blood or necrosis, respectively). C) Gross necropsy 

demonstrating focal brain lesion containing hemorrhage. D) Corresponding histopathology (hematoxylin 

and eosin): Subcortical white matter contained a focal, well demarcated vascular vascular malformation 

(cavernous hemangioma).  
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6 year-post irradiation, a 1.9 x 1.9 x 1.5 mm, heterogeneously T1 hypointense, 

SWI hypointense focus, consistent with focal necrosis and/or hemorrhage was noted 

within the subcortical white matter of the right inferior occipital lobe. Two years later, the 

lesion had increased to 2.3 x 2.8 x 2.6 mm. At necropsy, the occipital white matter 

contained a 2.7 x 2.1 mm, firm, well-demarcated, irregular, dark red-brown focus. 

Histopathologic evaluation revealed a well demarcated vascular malformation composed 

of irregularly dilated and haphazardly arranged vascular channels with walls variably 

thickened by dense, homogeneous extracellular matrix, consistent with a cavernous 

hemangioma. The adjacent parenchyma was multifocally edematous, contained scattered 

gemistocytic (reactive) astrocytes, and macrophages containing hemosiderin (evidence 

chronic hemorrhage). Cavernous hemangiomas are sequelae of cerebral irradiation in 

humans (1-3).  
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